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Summary

Lung and kidney function are intimately related in both health and disease. Respiratory changes
help to mitigate the systemic effects of renal acid-base disturbances, and the reverse is also true,
although renal compensation occurs more slowly than its respiratory counterpart. A large number
of diseases affect both the lungs and the kidneys, presenting most often with alveolar hemorrhage
and glomerulonephritis. Most of these conditions are uncommon or rare, although three of them—
Wegener’s granulomatosis, systemic lupus erythematosus, and Goodpasture’s syndrome—are not
infrequently encountered by respiratory care clinicians. Respiratory complications of chronic renal
failure include pulmonary edema, fibrinous pleuritis, pulmonary calcification, and a predisposition
to tuberculosis. Urinothorax is a rare entity associated with obstructive uropathy. Sleep distur-
bances are extremely common in patients with end-stage renal disease, with sleep apnea occurring
in 60% or more of such patients. The management of patients with acute renal failure is frequently
complicated by pulmonary edema and the effects of both fluid overload and metabolic acidosis.
These processes affect the management of mechanical ventilation in such patients and may interfere
with weaning. Successful lung-protective ventilation in patients with acute lung injury and renal
failure may require modification of hemodialysis in order to combat severe acidemia. Hemodialysis-
related hypoxemia, which was once believed to be the result of pulmonary leukostasis and com-
plement activation, is explained by diffusion of CO2 into the dialysate, with concomitant alveolar
hypoventilation in the process of maintaining a normal PaCO2

. Like acute lung injury, renal failure
is a common complication of critical illness. An increasing body of evidence also supports the notion
that the kidneys, like the lungs, are susceptible to injury induced as a result of positive-pressure
mechanical ventilation. Key words: acute renal failure, chronic renal failure, hemodialysis, hypoxia,
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physiology, ventilatory drive, hypoventilation, pulmonary-renal syndrome, ventilator-induced renal in-
jury. [Respir Care 2006;51(4):413–422. © 2006 Daedalus Enterprises]

Introduction

The relationships between the lungs and the kidneys are
clinically important ones in both health and disease. This
article first reviews the interactions between respiratory
and renal function under normal conditions. It then pro-
vides a brief overview of the large group of diseases that
affect both the lungs and the kidneys, and summarizes
three of them in somewhat more detail. How chronic renal
failure may affect respiratory function and the intratho-
racic structures is then described, along with a brief review
of the corresponding manifestations of acute renal failure
and the ways in which respiratory care is affected by them.
The phenomenon of dialysis-related hypoxemia is de-
scribed and explained. Finally, the ways in which critical
illness and its management may adversely impact kidney
function are summarized.

Physiologic Connections Between the Lungs
and the Kidneys

Under normal circumstances, the lungs and kidneys work
together to maintain acid-base balance in the body, ac-
cording to the relationship described by the Henderson-
Hasselbalch1,2 equation:

pH � pK � log (base concentration/acid concentration)

According to this equation, the overall acidity or alka-
linity of the blood, which we quantify by the negative
logarithm of the hydrogen ion concentration (or pH), is
determined by the relationship between the amount of base
and the amount of acid present, also expressed logarith-
mically, as modified by a mathematical constant (pK) for
the particular acid involved. The carbonic acid-bicarbon-
ate system is the major buffering system of the extracel-
lular fluid. Bicarbonate (HCO3

–) dissociates into CO2 and

water in the presence of the enzyme carbonic anhydrase,
so that the acid-base quotient in the above equation can be
thought of as the HCO3

– concentration divided by the CO2

concentration. The CO2 concentration is related to the par-
tial pressure of CO2 in the arterial blood by the solubility
constant 0.03, so the Henderson-Hasselbalch equation can
be rewritten in terms of what clinicians typically measure:

pH � 6.1 � log (HCO3
– concentration/(0.03 � PaCO2

))

Because the HCO3
– concentration is normally regulated

by the kidneys, and PaCO2
is determined by alveolar ven-

tilation, the relationship can also be rewritten conceptually
as:

pH � pK � (kidneys/lungs)

A decrease in HCO3
– concentration (metabolic acido-

sis),3 whether from an increase in acid in the body or an
overall loss of HCO3

–, provokes an increase in alveolar
ventilation (respiratory alkalosis),4 which tends to restore
the balance between the two and thus bring the low arterial
pH (acidemia) back toward normal. This may be thought
of as respiratory compensation for metabolic acidosis. An
increase in HCO3

– concentration (metabolic alkalosis)5

causes an increase in arterial pH (alkalemia), which tends
to decrease alveolar ventilation (respiratory acidosis).6 In
this instance, however, respiratory compensation is usu-
ally less vigorous, because the respiratory stimulant effect
of hypercapnia is much stronger than the respiratory de-
pressant effect of alkalemia. In both instances, the respi-
ratory changes are immediate (within a few minutes) be-
cause of the rapidity of equilibration between alveolar gas
and pulmonary capillary blood.

The familiar clinical presentation of diabetic ketoacido-
sis is an example of respiratory compensation for severe
metabolic acidosis. Patients with this disorder may hyper-
ventilate to PaCO2

levels of � 10 mm Hg, which diminishes
(but does not completely correct) their severe acidemia.
On the other hand, in the less frequent circumstance of
primary metabolic alkalosis, as is seen with protracted
vomiting or the ingestion of excess alkali, patients typi-
cally present with only modest hypercapnia (eg, PaCO2

48–50 mm Hg) despite pH in excess of 7.60.
An increase in PaCO2

stimulates the kidneys to hold on to
HCO3

–, producing metabolic alkalosis that tends to nor-
malize arterial pH. Conversely, hypocapnia prompts an
increased loss of HCO3

–, causing a compensatory meta-
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bolic acidosis that decreases arterial pH. The renal re-
sponses to respiratory acid-base disturbances occur much
more slowly, however—over a few days—than do respi-
ratory adjustments to metabolic disturbances. As a result,
because carbonic-acid/HCO3

– buffering acts immediately
but is relatively weak, sudden alterations in respiratory
acid-base status cause more sudden and severe changes in
arterial pH than do their primary metabolic counterparts.

An example of the more gradual adjustment of meta-
bolic status with changes in ventilatory status is respira-
tory acidosis in patients with chronic obstructive pulmo-
nary disease. When such patients present in exacerbation
they may be severely acidemic if hypercapnia has devel-
oped rapidly, whereas the same PaCO2

in a clinically stable
patient tends to be associated with a much more normal
pH (Table 1).

More comprehensive discussion of the different types of
acid-base disturbance, their effects on respiratory and re-
nal function, and their management is beyond the scope of
this brief review. However, good recent reviews of these
topics are available.3–8 The kidneys also regulate fluid
balance in the body,1 and derangements in overall volume
status can affect pulmonary function, as discussed below.

Diseases That Affect Both Lungs and Kidneys

There are a number of “pulmonary renal syndromes”
that affect both the lungs and the kidneys.9–11 These dis-
orders most commonly present with hemoptysis from dif-
fuse alveolar hemorrhage, along with renal insufficiency
associated with either acute glomerulonephritis or other
vasculitis. However, patients may develop pulmonary hem-
orrhage without evidence of renal involvement, with the
latter appearing only later in the clinical course. The re-
verse sequence may also occur.

Many of these diseases have overlapping and variable
features, prompting investigators to classify them in vari-
ous ways. Schwarz and colleagues have used the presence
or absence of pulmonary capillaritis as a means of cate-
gorizing these diseases (Table 2).12,13 Another classifica-
tion scheme uses the presence or absence of anti-glomer-
ular basement membranes antibody, antineutrophil
cytoplasmic antibody (ANCA), or prominent vasculitis,

although here, again, overlapping features in different cases
often makes clear distinction difficult. For example, in one
series of 88 patients who presented with pulmonary hem-
orrhage and nephritis, 48 were positive for ANCA, 7 had
both ANCA and anti-glomerular basement membranes an-
tibodies, and 6 had only the latter, while the other 27 had
a variety of other findings, including infection and pulmo-
nary embolism.14

Three of the most familiar diseases with both pulmo-
nary and renal manifestations are Wegener’s granuloma-
tosis, systemic lupus erythematosus, and Goodpasture’s
syndrome.

Wegener’s Granulomatosis

Wegener’s granulomatosis is a clinical syndrome con-
sisting mainly of necrotizing granulomatous vasculitis of
the upper and lower respiratory tract, along with glomer-
ulonephritis.15 The eyes, ears, heart, skin, joints, and cen-
tral nervous system may also be involved. It is the most
common vasculitis involving the lungs, and most frequently
affects middle-aged white men. Sinusitis is the most com-
mon clinical manifestation, followed by fever, arthralgias,
cough, rhinitis, hemoptysis, otitis, and ocular inflamma-
tion.16 Although Wegener’s granulomatosis may be con-
fined to the kidneys, the lungs are involved in more than
four fifths of all patients with the disease. Likewise, some
patients have pulmonary but not renal involvement. The
pulmonary involvement is variable, but localized infiltrates
and/or nodules, either bilateral or unilateral, are most com-
mon. Cavitation occurs in 10–20% of cases. The cause of
the disease is unknown, but it is characterized by the pres-
ence of positive tests for ANCA in at least 90% of affected

Table 1. Renal Compensation for Respiratory Acidosis

Normal

Acute Respiratory
Acidosis (minutes
to hours; no renal

compensation)

Chronic Respiratory
Acidosis (days to

weeks; renal
compensation

present)

pH 7.40 7.24 7.38
PaCO2

(mm Hg) 40 56 56
HCO3

� (mEq/L) 24 25 33

Table 2. Diseases That Affect Both Lungs and Kidneys

Diseases that cause alveolar hemorrhage in the presence of
pulmonary capillaritis

Wegener’s granulomatosis
Microscopic polyangiitis
Mixed cryoglobulinemia
Henoch-Schönlein purpura
Immune-complex-associated glomerulonephritis
Pauci-immune glomerulonephritis

Diseases that cause alveolar hemorrhage in which pulmonary
capillaritis is variably present

Systemic lupus erythematosus
Other connective tissue diseases
Goodpasture’s syndrome

Diseases that cause alveolar hemorrhage without pulmonary
capillaritis

Thrombotic thrombocytopenic purpura
Drug-induced (eg, penicillamine)

Diseases in which alveolar hemorrhage is not a typical feature
Allergic granulomatosis and angiitis (Churg-Strauss syndrome)
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patients. It was almost always fatal within a few months,
prior to the advent of combination therapy with cortico-
steroids and cytotoxic agents, but today more than three
quarters of all patients achieve complete remission, with
long-term survival.15

Systemic Lupus Erythematosus

Systemic lupus erythematosus is a multisystem inflam-
matory disorder of unknown cause, which is most com-
mon in women, especially African-Americans.17 It is char-
acterized by the presence of antinuclear antibodies. Among
its many manifestations are a characteristic but highly vari-
able malar rash, photosensitivity, arthritis, various neuro-
logic problems, and hematologic and immune defects. Pul-
monary and renal involvement are very common. Thoracic
manifestations include pleuritis, acute lupus pneumonitis,
interstitial pulmonary fibrosis, pulmonary vasculitis, dif-
fuse alveolar hemorrhage, pulmonary hypertension, orga-
nizing pneumonia, and the “shrinking lung syndrome.”15

Pleuritis, with pleuritic pain and effusions, is common, as
is acute pneumonitis. Although these usually occur in pa-
tients with an established diagnosis of lupus, either of
them, and any of the other intrathoracic processes listed,
may be the initial manifestation of the disease. Lupus has
a highly variable course, and both the response to treat-
ment and the overall prognosis may be difficult to predict.

Goodpasture’s Syndrome

Goodpasture’s syndrome is a disorder of unknown eti-
ology, manifested by diffuse alveolar hemorrhage and glo-
merulonephritis.10 It is also known as anti-glomerular base-
ment membrane antibody disease, as the presence of such
antibodies is characteristic and believed to account for at
least some of its manifestations. It is most common in
men, particularly in the third decade of life, and presents
with cough, hemoptysis, and fatigue. Alveolar hemorrhage
appears to be more common among patients who smoke.
Although either pulmonary or renal involvement may be
present in isolation, at least at the time of presentation, the
majority of patients with Goodpasture’s syndrome have
both. The diagnosis is typically made with renal biopsy.
The disease is treated with plasmapheresis, corticosteroids,
and cytotoxic drugs, but the prognosis is guarded at best,
and dialysis or renal transplantation are often necessary.

Respiratory Effects of Chronic Renal Failure

A number of complications related to the respiratory
system occur in patients with chronic renal disease (Table
3).18–20 Some of these are related to alterations in volume
status, plasma oncotic pressure, bone and mineral metab-
olism, concomitant heart failure, and altered immune func-

tion in such patients, although in other instances the pre-
cise mechanisms are not well understood.

Pulmonary Edema

Pulmonary edema (Fig. 1) is a common complication in
both acute and chronic renal failure. Its pathogenesis is
controversial. Hypoalbuminemia, characteristic of chronic
renal failure, decreases plasma oncotic pressure and thus
fosters movement of fluid out of the pulmonary capillaries.
Such movement is also promoted by the increased hydro-
static pressure that occurs in congestive heart failure, which
is common in this condition. One would assume that the

Fig. 1. A bedside chest radiograph of a patient with chronic renal
failure who presented with shortness of breath. The cardiac sil-
houette is enlarged, suggesting congestive heart failure. The right
hemidiaphragm is obscured, and the right lung is displaced later-
ally from the chest wall (black arrows), suggesting a large right-
sided pleural effusion. Both lung fields have generally increased
opacity and loss of the usual distinctness of the vascular mark-
ings, consistent with pulmonary edema. (Courtesy of Eric J Stern
MD, University of Washington, Seattle, Washington.)

Table 3. Complications of Chronic Renal Failure Related to the
Respiratory System

Pulmonary edema
Fibrinous pleuritis

Pleuritic chest pain
Pleural effusion
Fibrothorax

Pericardial effusion
Tuberculosis and other infections
Pulmonary calcification
Urinothorax
Sleep apnea
Anemia
Dialysis-associated hypoxemia
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edema fluid resulting from these processes would be low
in protein, as is characteristic of “cardiac” or hydrostatic
pulmonary edema. However, the finding of increased pro-
tein concentrations in the edema fluid of patients with
renal failure21 suggests that capillary permeability is also
altered. Such a suggestion is supported by the occurrence
of pulmonary edema in patients who are clinically euv-
olemic and do not have other features of heart failure.
However, other studies of the edema fluid in patients with
chronic renal failure22 have found low protein levels, more
consistent with those found in heart failure than in inflam-
matory conditions such as acute respiratory distress syn-
drome (ARDS). Left-ventricular failure and other cardiac
diseases are common in chronic renal failure, further com-
plicating attempts to clarify the nature of pulmonary edema
in patients with this condition.

Pulmonary congestion in patients with chronic renal fail-
ure is associated with a restrictive pattern on pulmonary
function testing, and reduced airflow can also be observed
on spirometry. These abnormalities have been demonstrated
to improve or resolve with hemodialysis.23–25 This obser-
vation would seem to strengthen the argument that in-
creased lung water results primarily from overall hyper-
volemia in the presence of low serum albumen levels in
this condition, and accounts for the symptoms and signs
traditionally associated with “uremic lung.”19

Fibrinous Pleuritis

Pleural disease is common in chronic renal failure, be-
ing present in as many as 20–40% of autopsies on patients
with this condition.26,27 The most common manifestation
encountered clinically is pleural effusion (see Fig. 1), which
was present in 3% of all patients with end-stage renal

disease in one series.28 The effusion is typically an exu-
date, and may be hemorrhagic.27,29 They are typically uni-
lateral, and can be quite large.

Most patients with fibrinous pleuritis are asymptomatic.
Dyspnea is the most common symptom, but this condition
can also be associated with fever and pleuritic chest pain,
sometimes with an audible friction rub on auscultation.
Fibrothorax can also occur.

Pericardial Effusion

Although the pathogenesis of fibrinous pleuritis is in-
completely understood, it seems likely that a similar mech-
anism accounts for the occurrence of pericardial effusion30

in patients with chronic renal failure. While the rapid de-
velopment of even a small amount of pericardial fluid can
cause hemodynamic compromise, gradual fluid accumu-
lation allows the pericardium to stretch, and even large
chronic effusions (Fig. 2) are usually asymptomatic. While
acute uremic pericarditis may cause pain and systemic
symptoms, requiring specific diagnostic and therapeutic
procedures,31 pericardiocentesis is generally not required
for chronic effusions, and the latter typically decrease with
dialysis, renal transplantation, or other measures to control
the underlying disease.

Tuberculosis and Other Infections

Although not so dramatically as those with acquired
immune deficiency syndrome, malignancy, or treatment
with immunosuppressive therapy, patients with chronic
renal failure are immunocompromised. Compared to the
general population, patients with chronic renal failure and
those on chronic dialysis have at least a several-fold greater

Fig. 2. Pericardial effusion in a patient with chronic renal failure. Left: On the plain chest radiograph, the markedly enlarged cardiac silhouette
has a globular, “water-bag” appearance typical of a large chronic pericardial effusion. Right: Computed tomography confirms the presence
of a large pericardial effusion (black arrowheads). (Courtesy of Eric J Stern MD, University of Washington, Seattle, Washington.)
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risk of developing tuberculosis.32 Patients on chronic am-
bulatory peritoneal dialysis are particularly prone to de-
velopment of tuberculous peritonitis,32,33 the symptoms
and signs of which may be subtle in this population.

Pulmonary Calcification

Metastatic calcification occurs as a complication of
chronic renal failure, and may be found in a wide variety
of visceral organs and soft tissues. When it occurs in the
lungs, it is usually asymptomatic. Although not typically
apparent on chest radiography, pulmonary calcification can
sometimes be detected with computed tomography, or,
more specifically, by technitium-99m-diphosphonate scan-
ning.34,35 When visible on the standard chest radiograph,
pulmonary calcification most often produces small nodu-
lar opacities, which may occasionally coalesce into larger
infiltrates.36,37

Urinothorax

Urinothorax, or collection of urine in the pleural space,
is a rare complication of obstructive uropathy. As of 2004,
53 cases had been reported in the world’s literature.38 Most
patients who are found to have urinothorax also have a
urine collection (urinoma) in the abdominal cavity or ret-
roperitoneal space.39 Reported underlying causes include
obstructing malignancy, retroperitoneal fibrosis, and
chronic fibrosis following urinary diversion.38

The pleural fluid in urinothorax is transudative, although
the lactic dehydrogenase level can be high, causing mis-
classification as an exudate.38 The pH and glucose levels
tend to be low. An elevated pleural fluid-to-serum creati-
nine ratio (which should be about 1 but may be 10 or more
in urinothorax) confirms the diagnosis.

Sleep Apnea

Sleep apnea is extremely common in patients with
chronic renal failure.40–42 Its prevalence is said to be 10-
fold higher in patients with end-stage renal disease than in
the general population,43 and studies have found that at
least 60% of patients on chronic hemodialysis have the
disorder.18,44 Other sleep disturbances, such as restless-
legs syndrome and periodic limb movement disorder, are
also very common in this population.44 Several potential
explanations have been proposed, but the mechanism re-
mains unknown. There appears to be a strong link between
sleep apnea and nocturnal hypoxemia and cardiovascular
complications in patients with chronic renal failure.45,46

Hemodialysis during the night is said to have an amelio-
rating effect on sleep apnea,43,47,48 although the reason for
this also remains a mystery. As in obstructive sleep apnea

unassociated with renal disease, treatment with continuous
positive airway pressure is effective.

Anemia

Anemia is common and important in chronic renal in-
sufficiency. It contributes to the frequent cardiovascular
complications in this condition and negatively affects pa-
tients’ quality of life.49,50 If the anemia is untreated, he-
moglobin concentrations typically fall below 10 g/dL, and
frequently to half or less of the normal value. With blood-
oxygen carrying capacity thus markedly diminished, car-
diac output must increase in order to maintain normal
tissue oxygen delivery, and even in the absence of pulmo-
nary disease, patients are vulnerable to tissue hypoxia dur-
ing exertion and at times of acute illness. Treatment with
recombinant human erythropoietin corrects anemia, avoids
the requirement for blood transfusions and also improves
quality of life and exercise capacity.51

Respiratory Effects of Acute Renal Failure

Acute renal failure is common in the intensive care unit
(ICU). A recent observational study of nearly 30,000 pa-
tients admitted to the ICUs of 54 hospitals in 23 countries
found that 5.7% of all patients had acute respiratory failure
during their stay, and that nearly three quarters of these
required some form of renal replacement therapy.52 De-
velopment of acute renal failure predisposes patients to
overall fluid overload, and decreased plasma oncotic pres-
sure from hypoalbuminemia and hemodilution promotes
leakage of fluid from pulmonary capillaries. The restric-
tive effects of pulmonary interstitial and alveolar edema,
pleural effusion, and chest-wall edema increase the work
of spontaneous breathing and may contribute to the devel-
opment of acute ventilatory failure. In addition, the met-
abolic acidosis present in most instances of acute renal
failure increases the demand for ventilation through com-
pensatory respiratory alkalosis, further disrupting the re-
lationship between the patient’s ventilatory needs and ca-
pabilities. Pulmonary edema and ventilation at low lung
volumes can cause or worsen hypoxemia.

Acute renal failure can necessitate a number of modi-
fications in the management of mechanical ventilation (Ta-
ble 4). Higher airway pressure is required to maintain the
same level of ventilation in the presence of pulmonary
edema, pleural effusion, or total-body-fluid overload. Air-
way mucosal edema can reduce effective airway diameter,
predisposing to air trapping and endogenous positive end-
expiratory pressure (auto-PEEP), which can reduce venous
return, further compromising cardiac function and increas-
ing the risk of alveolar rupture.53

The management of acute lung injury (ALI) and ARDS
using lung-protective ventilation is made more difficult in
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the presence of metabolic acidosis, which increases ven-
tilatory drive and worsens acidemia related to permissive
hypercapnia. Because low-tidal-volume, lung-protective
ventilation substantially improves survival in ALI and
ARDS, its use should not be abandoned because of aci-
demia in the face of acute renal failure. Using a dialysate
solution with a higher concentration of bicarbonate can
facilitate “compensation” for hypercapnia and permit both
renal replacement therapy and lung-protective ventilation
to be maintained.

Weaning in the face of a metabolic acidosis is a chal-
lenge because of the requirement that the patient be able to
maintain a higher-than-usual minute ventilation. Other-
wise-healthy patients may have no trouble with this re-
quirement, but in patients with severe obstructive lung
disease or ARDS, weaning may have to be deferred until
either ventilatory function improves or the required hyper-
pnea diminishes.

Hemodialysis-Related Hypoxemia

Shortly after it was introduced in the treatment of renal
failure, most patients undergoing hemodialysis were dis-
covered to develop hypoxemia while connected to the ma-
chine. This phenomenon generated much interest among
both renal and respiratory clinicians and resulted in dozens

of publications during the 1970s, as its possible mecha-
nisms were investigated. Proposed explanations included:
a shift in the oxyhemoglobin dissociation curve due to the
increased pH during dialysis; depression of central venti-
latory drive; impairment of oxygen diffusion; leukostasis
in small pulmonary vessels leading to mismatching of ven-
tilation and perfusion; and alveolar hypoventilation due to
diffusion of CO2 into the dialysate.18

Studies in both animals and humans demonstrated that
leukocytes did accumulate in the lungs during hemodial-
ysis, with activation of complement and other events as-
sociated with inflammation.54,55 For several years “dialy-
sis lung” was a subject of intense interest, both at the
bedside and in the laboratory. It was demonstrated that
PaO2

falls within a few minutes of the initiation of hemo-
dialysis, usually by 10–15 mm Hg but sometimes consid-
erably more, reaching a nadir after 30–60 min and then
returning to pre-dialysis levels on termination of the pro-
cedure.18,56 The magnitude of the PaO2

-drop varies accord-
ing to the chemical composition of the dialysate and the
type of membrane used.57

Current understanding of dialysis-related hypoxemia is
based on the fundamentals of alveolar ventilation, as taught
in physiology class. Leukostasis and complement activa-
tion do occur during dialysis, but they are almost certainly
unrelated to the observed changes in PaO2

. The hypoxemia
is explained by decreased alveolar ventilation in response
to diffusion of CO2 into the dialysate, as diagrammed in
Figure 3. As CO2 diffuses into the dialysate, the CO2

content in venous blood falls. Because ventilation is tightly
controlled by the peripheral and central chemoreceptors in
response to changes in PaCO2

, this fall in blood CO2 con-
tent diminishes central ventilatory drive and decreases
minute ventilation. Because some of the body’s CO2 pro-
duction is being eliminated through dialysis, in order to
maintain a normal PaCO2

less CO2 must be eliminated via
the lungs. As alveolar ventilation falls and oxygen extrac-
tion remains the same, alveolar PO2

decreases, hence PaO2

falls.
That this basic physiological sequence was in fact re-

sponsible for dialysis-associated hypoxemia was finally
demonstrated by a series of elegant studies of ventilation
and perfusion in several laboratories.56,58,59 This mecha-
nism is an example of alveolar hypoventilation without
hypercapnia,60 something that is possible only if CO2 is
being removed from the body by some route other than the
lungs.

How Critical Illness and Mechanical Ventilation
Can Damage the Kidneys

Patients may be admitted to the ICU because of illness
or injury causing acute renal failure. However, there are
several ways in which critical illness not initially involv-

Table 4. Ways in Which Acute Renal Failure Affects Ventilator
Management

Decreased respiratory-system compliance
Intrapulmonary causes

Pulmonary edema
Airway edema

Extrapulmonary causes
Pleural effusion
Pericardial effusion
Chest-wall edema

Clinical implication
Requirement for higher airway pressure

Increased airway resistance
Causes

Airway edema
Decreased lung volumes

Clinical implication
Increased likelihood of dynamic hyperinflation and intrinsic

positive end-expiratory pressure
Metabolic acidosis

Causes
Impaired excretion of acid and metabolic products

Clinical implications
Need for compensatory hyperventilation
Worse acidemia with lung-protective ventilation
Increased minute ventilation requirement may interfere with

weaning
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ing the kidneys, and the management of that illness in the
ICU, can precipitate iatrogenic renal damage (Table 5).
Just as acute processes that precipitate the systemic in-
flammatory response syndrome predispose patients to ALI
and ARDS, these same processes are associated with the
development of acute renal failure in the ICU.61 Urinary-
tract infection, the most common hospital-acquired infec-
tion, can lead to renal failure, particularly in patients with
underlying renal disease. A host of drugs used in the ICU
can cause or aggravate renal failure.

Shock from any cause is a known precipitant of acute
renal failure, as are conditions that predispose to dimin-
ished renal perfusion. One of the latter that has received
increasing attention in recent years is the abdominal com-
partment syndrome.62–64 In this syndrome, raised intra-
abdominal pressure impairs venous return to the heart,
diminishes cardiac output, and causes venous congestion
of the abdominal organs, including the kidneys. Clinically,
the abdominal compartment syndrome is characterized by
hypotension, raised airway pressure, and oliguria. In this
clinical setting its presence is confirmed by measurement
of pressure in the urinary bladder. Although some authors
consider intravesical pressures in excess of 12 mm Hg to

be associated with adverse effects,64 others use a pressure
of � 30 cm H2O to diagnose the syndrome.65

Although ventilator-induced lung injury is now a wide-
ly-accepted entity and a much-investigated subject,66–68

until recently much less attention was focused on the po-
tential association between mechanical ventilation and re-
nal injury. However, an increasing body of experimental
evidence supports the concept that ventilatory support, par-
ticularly with high airway pressure and distending volume,
can damage the kidneys as well as the lungs.69–71 In ad-
dition, permissive hypercapnia and permissive hypoxemia,
while potentially protecting the lungs from mechanical
and biochemical damage, may be associated with adverse
effects on renal perfusion and excretory function.69 The
emerging concept of biotrauma,68 through which mechan-
ical events in the lungs and airways initiate systemic pro-
cesses that adversely affect other tissues and organs, may
apply to the kidneys as well as to the lungs.69

Summary

Awareness of the interrelatedness of respiratory and re-
nal function is important in managing patients with dis-
eases of both the lungs and the kidneys. Among the dis-
ease processes with both pulmonary and renal
manifestations, Wegener’s granulomatosis, systemic lupus
erythematosus, and Goodpasture’s syndrome are most
likely to be encountered in respiratory care. Patients with
chronic renal failure are subject to several important re-
spiratory complications, including pulmonary edema, pleu-
ral effusions and other manifestations of fibrinous pleuri-
tis, and sleep apnea. In managing acute renal failure, the
clinician must often contend with respiratory manifesta-
tions of volume overload and metabolic acidosis. Mechan-
ical ventilation in patients with renal failure can be espe-
cially challenging, particularly with respect to lung-
protective ventilation and weaning. Although it was once
believed to be caused by pulmonary leukostasis and com-
plement activation triggered by the dialysis membranes,

Table 5. Mechanisms by Which Critical Illness and Its Management
Can Damage the Kidneys

Systemic effects of sepsis
Intensive-care-unit-acquired urinary tract infection
Drug toxicity
Abdominal compartment syndrome
Ventilator-induced renal injury

Adverse effects of permissive hypercapnia and hypoxia on renal
blood flow

Renal hypoperfusion due to decreased cardiac output in the face of
raised intrathoracic pressure

Effects of systemic inflammatory mediators released in response to
mechanical ventilation

Fig. 3. The pathogenesis of dialysis-associated hypoxemia. For
further explanation, see text.
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hypoxemia during dialysis is now understood to be a pre-
dictable effect of the loss of CO2 into the dialysate. Crit-
ical illness of any primary cause predisposes patients not
only to ALI and ARDS but also to development of acute
renal failure. Finally, there is currently an increasing ap-
preciation of the potential for ventilator-induced renal in-
jury, and this subject of investigation is sure to see more
activity in the future.
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