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Abstract
A significant interaction between kidneys and lungs has been shown in physiological and pathological conditions. The two 
organs can both be targets of the same systemic disease (eg., some vasculitides). Moreover, loss of normal function of either 
of them can induce direct and indirect dysregulation of the other one. Subjects suffering from COPD may have systemic 
inflammation, hypoxemia, endothelial dysfunction, increased sympathetic activation and increased aortic stiffness. As well 
as the exposure to nicotine, all the foresaid factors can induce a microvascular damage, albuminuria, and a worsening of 
renal function. Renal failure in COPD can be unrecognized since elderly and frail patients may have normal serum creatinine 
concentration. Lungs and kidneys participate in maintaining the acid-base balance. Compensatory role of the lungs rapidly 
expresses through an increase or reduction of ventilation. Renal compensation usually requires a few days as it is achieved 
through changes in bicarbonate reabsorption. Chronic kidney disease and end-stage renal diseases increase the risk of pneu-
monia. Vaccination against Streptococcus pneumonia and seasonal influenza is recommended for these patients. Vaccines 
against the last very virulent H1N1 influenza A strain are also available and effective. Acute lung injury and acute kidney 
injury are frequent complications in critical illnesses, associated with high morbidity and mortality. The concomitant failure 
of kidneys and lungs implies a multidisciplinary approach, both in terms of diagnostic processes and therapeutic management.
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Conditions in which lungs and kidneys are 
both targets of disease

Lungs and kidneys are different organs with their own body 
localization, structure, and function, but it is a shared con-
cept that they are not completely independent from each 
other and can suffer damages concurrently in the course of 

systemic diseases (Table 1) [1]. Vasculitides and autoim-
mune disorders are the best-known examples. Goodpasture’s 
syndrome (also known as anti-glomerular basement anti-
body disease) is an autoimmune disease characterized by 
the production of antibodies which affect both lungs and 
kidneys. Antineutrophil cytoplasmic antibody (ANCA)-
associated vasculitides are a small group of necrotizing 
vasculitides including Granulomatosis with polyangiitis 
(GPA), Microscopic polyangiitis (MPA), and Eosinophilic 
granulomatosis with polyangiitis (EGPA) [2].

GPA, also known as Wegener’s granulomatosis, is a 
potentially fatal vasculitis affecting small- and medium-
size vessels, often causing a granulomatous inflammation 
of the upper and lower respiratory tracts and a pauci-immune 
glomerulonephritis.

EGPA (or Churg–Strauss syndrome) is another vasculi-
tis affecting mainly small vessels with almost constant res-
piratory involvement (chronic rhinosinusitis and asthma) 
and possible renal dysfunction. All the aforementioned 
diseases are acknowledged causes of pulmonary-renal 
syndrome, involving pulmonary vascular beds with diffuse 
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alveolar hemorrhage and kidney damage, in particular 
glomerulonephritis.

Pulmonary-renal syndrome can be also induced by micro-
scopic polyangiitis and immune-complex vasculitides like 
systemic lupus erythematosus, cryoglobulinemic vasculitis, 
and Schönlein-Henoch Purpura.

Several alterations in lung function have been described 
in patients with diabetes mellitus. Consequently, the term 
“diabetic lung” has been coined considering the similarity 
to the dysfunction that develops in other organs, including 
the kidneys, during the course of this chronic illness (e.g., 
diabetic foot, diabetic nephropathy, diabetic vasculopathy).

Some studies have proved that patients with both type 
1 and 2 diabetes mellitus show impaired alveolar-capillary 
diffusion capacity for carbon monoxide (DLCO), as well 
as reduced lung volumes and flows, if compared to healthy 
subjects. The pathogenic mechanisms of these alterations 
are not entirely clear, but there has been speculation about 
microvascular damage of pulmonary capillary due to dia-
betic microangiopathy [3–5].

The extent of the lowering in DLCO seems to be linked to 
the degree of severity of other vascular complications, such 
as retinopathy and renal microangiopathy [6, 7]. Further-
more, at histopathologic level these functional modifications 
are supposed to correspond to a thickening of basal lamina 
of the pulmonary capillaries. This may contribute, in asso-
ciation with alveolar epithelium thickening, to a reduction 
in gas exchange capacity of the lungs [8].

Renal involvement in chronic obstructive 
pulmonary disease

Renal involvement in chronic respiratory diseases is com-
monly observed in clinical practice. Several studies have 
reported that prevalence of renal failure is higher in patients 
with diseases affecting mainly the lungs, especially in 
chronic obstructive pulmonary disease (COPD) [9–11]. 
This evidence is remarkable having considered that COPD 
is the seventh most frequent chronic disease in the world 

Table 1  Diseases that can affect lungs and kidneys, and their possible manifestations

Disease Main renal manifestations Main respiratory manifestations

Granulomatosis with polyangiitis (GPA or 
Wegener’s granulomatosis)

Rapidly progressive necrotizing glomerulo-
nephritis, leading to acute and chronic renal 
failure

Proteinuria
Hematuria

Frequent involvement of the upper respiratory 
tract (rhinitis, sinusitis)

Granulomatous inflammation
Pulmonary hemorrhage
Hemoptysis
Nodules and/or cavitations
Peripheral wedge-shaped opacities

Anti-glomerular basement antibody disease (or 
Goodpasture’s syndrome)

Rapidly progressive glomerulonephritis with 
cellular crescents and linear deposits of IgG

Acute and chronic renal failure

Pulmonary hemorrhage
Ground-glass and airspace opacities
Crazy paving pattern

Eosinophilic granulomatosis with polyangiitis 
(EGPA or Churg–Strauss syndrome)

Necrotizing crescentic glomerulonephritis
Proteinuria
Reduced renal function

Severe bronchial hyperreactivity
Allergic rhinitis
Progression to persistent airflow obstruction

Microscopic polyangiitis (MPA) Pauci-immune necrotizing glomerulonephritis
Hematuria
Proteinuria
Rapid progressive glomerulonephritis may 

occur

Interstitial lung disease from reticular pattern 
to honeycombing lungs

Hemoptysis
Ground-glass opacities
Thickening of bronchovascular bundles

Systemic lupus erythematosus Lupus nephritis
Hematuria
Proteinuria
Nephrotic syndrome

Pleuritis (with or without effusion)
Interstitial lung disease
Alveolar hemorrhage
Shrinking lung syndrome

Schönlein-Henoch Purpura Acute glomerular lesions
Hematuria
Proteinuria
Nephrotic syndrome

Diffuse alveolar hemorrhage
Usual interstitial pneumonia

Diabetes Albuminuria/proteinuria
Reduced glomerular filtration rate

Decreased lung diffusing capacity
Decreased pulmonary capillary blood volume

Sarcoidosis Renal dysfunction related to hypercalcemia, 
hypercalciuria, and nephrocalcinosis

Granulomatous infiltration of the renal inter-
stitium

Glomerulonephritis may occur

Hilar lymphadenopathy
Parenchymal nodules or infiltrates
Bronchiectasis
Pulmonary fibrosis
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and it is expected to reach the fourth place in 2020 [12, 13]. 
COPD is considered the result of inflammatory processes 
of the airways and destructive changes of lung parenchyma, 
which lead to a progressive and irreversible airflow limita-
tion. Inhalation of toxic gases and particles, in first place 
tobacco smoke, are the main factors capable of triggering 
these processes, but there is evidence that other elements and 
the genetic status may also play a role [14]. COPD is a com-
plex and heterogeneous disease, frequently associated with 
several comorbidities [15]. It is estimated that in patients 
with COPD, concurrent diseases are often responsible for a 
higher morbidity and mortality than the respiratory disease 
itself [16]. The frequent association of a lot of other diseases 
with COPD has been for a long time considered consequence 
of their high prevalence in elderly people. However, increas-
ing evidence supports the idea that COPD per se has a role in 
the development of extrapulmonary problems, to the extent 
that some authors consider COPD a systemic inflammatory 
disease [17, 18].

There is evidence that some comorbidities of COPD are 
associated with increased frequency in specific phenotypes. 
For instance, osteoporosis and lung cancer appear to be pref-
erentially associated with the emphysematous phenotype 
compared to bronchitis phenotype [19, 20]. Likewise, it has 
been suggested that a dysfunction of the kidney is linked in 
more cases with the emphysematous phenotype of COPD, 
and that this association is independent from known risk 
factors for renal failure like advanced age, diabetes mellitus, 
and hypertension [21].

Several components of tobacco smoke such as nicotine 
and heavy metals, are identified as risk factors for develop-
ment of renal disease [22]. Among smokers, a higher inci-
dence of microalbuminuria and progression to overt pro-
teinuria has been shown [23]. The renal damage induced by 
cigarette smoking is due, at least in part, to increased blood 
pressure, mediated by nicotine activation of the sympathetic 
nervous system. Nicotine also considerably decreases the 
activity of superoxide dismutase and increases the activity 
of catalase in the kidney.

The course of nephropathies is accelerated by nicotine 
with an increased incidence of progression from microal-
buminuria to proteinuria. Coronary heart disease, which is 
highly prevalent in patients with COPD, is associated with 
renal vascular disease [24].

Albuminuria reflects an increased permeability of glo-
merulus, usually due to microvascular damage. This may 
be due to direct podocyte injury, but other potential contrib-
uting factors have been identified in subjects with COPD: 
systemic inflammation, hypoxemia, endothelial dysfunction, 
increased sympathetic activation, and increased aortic stiff-
ness (Fig. 1) [25–29].

These determinants explain why the coexistence of 
COPD and chronic renal failure is not a rare event. Chronic 

kidney disease (CKD) in older patients with COPD is likely 
to be underestimated [30]. It is noteworthy that many studies 
on COPD exclude patients with a serum creatinine greater 
than 2 mg/dL [31], or do not specify how the diagnosis of 
renal failure was made [32].

Many COPD patients are elderly and frail, and they may 
often have a hidden or unrecognized renal failure, where, 
nonetheless, the serum creatinine concentration is normal 
[33]. A certain degree of discrepancy exists in the estimation 
of glomerular filtrate provided by equations in elderly and 
fragile subjects, inducing misclassification and interfering 
with the proper management of CKD [34]. The prevalence 
of chronic renal failure increases with age and is frequently 
associated with chronic diseases such as congestive heart 
failure or diabetes mellitus. When present as a comorbidity, 
renal failure implies negative prognostic repercussions and 
affects therapeutic strategies [35].

Implications of renal dysfunction in patients 
with chronic pulmonary disease

The kidneys, as well as the lungs, participate to the main-
tenance of the acid-base balance and therefore blood pH 
(Fig. 2). Particularly, kidneys are the main organs involved 
when the acid–base balance is chronically impaired due to 
a respiratory cause [36].

In cases of “pump failure” with hypoventilation, e.g., due 
to emphysema or neuromuscular diseases, carbon dioxide 
 (CO2) retention is frequently observed. A sudden worsen-
ing of alveolar ventilation can provoke an acute increase in 
blood  CO2 levels, which rapidly reduces pH to values of 
acidosis (lower than 7.35).

If respiratory acidosis persists, kidneys respond by retain-
ing bicarbonate ions  (HCO3

−).

Fig. 1  Factors contributing to the worsening of renal function in 
COPD
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This mostly occurs because the increase in  CO2 at the 
level of renal tubular cells stimulates the secretion of  H+ ions 
and the elimination of more acid urine, while  HCO3

− ions 
are reabsorbed.

In the case of renal impairment, acid–base balance is not 
efficiently restored, resulting in prolonged blood acidosis 
and suffering for the whole body.

It has been shown that in patients with COPD exacerba-
tion and hypercapnia, the development of sufficient meta-
bolic compensation and adequate renal function significantly 
decreases mortality [37]. Acidosis is an adverse prognostic 
indicator and is responsible for several deleterious effects on 
hemodynamics and metabolism [38, 39]. Acidosis causes 
myocardial depression, arrhythmias, a decrease in peripheral 
vascular resistances, and hypotension. In addition, hyper-
capnic acidosis is responsible for weakness of respiratory 
muscles, an increase of proinflammatory cytokines and 
apoptosis, and cachexia. Moreover, in hypercapnic COPD 
patients a reduction in renal blood flow, an activation of 
the renin-angiotensin system, and an increase in circulating 
values of antidiuretic hormone, atrial natriuretic peptide, 
and endothelin-1 have been reported [40]. It has been sup-
posed that these hormonal abnormalities can play a role in 
the retention of salt and water and in the development of 
pulmonary hypertension, independently from the presence 
of myocardial dysfunction.

When renal failure occurs in COPD patients, the com-
pensatory role of kidney in respiratory acidosis may be 
less effective, resulting in a reduced ammoniagenesis and 

titratable acidity production with consequent limited rise 
of serum bicarbonate and a more severe acidosis. Clini-
cal reports have demonstrated that bicarbonate levels in 
these patients are inversely related to survival and that 
concomitant renal failure is predictive of death and risk 
of exacerbation [41–43].

Chronic acidosis, insulin resistance, hypercalcemia in 
addition to malnutrition and uremic toxins may contrib-
ute developing systemic skeletal muscle atrophy in uremic 
patients. The resulting muscle weakness and poor physi-
cal performance mirror a progressive general physical 
deconditioning. An impairment in lung function has also 
been found, due to reduced respiratory muscle strength 
and phrenic neuropathy. This condition could worsen the 
exercise tolerance in individuals suffering from pulmonary 
diseases. Maximal inspiratory pressure (MIP) and maxi-
mal expiratory pressure (MEP) are reduced in patients on 
hemodialysis or continuous ambulatory peritoneal dialysis, 
as well as in renal transplant recipients [44]. However, 
the lowest inspiratory muscle strength has been found in 
peritoneal dialysis subjects, suggesting that the presence 
of intra-abdominal dialysate might interfere with dia-
phragmatic contraction [45]. Muscles and cardiovascular 
limitations lead patients to reduce daily life activities and 
increase disability and mortality. Weakening of respira-
tory and lower-limb muscle seems to be progressive and 
partially reversible following exercise, but little is known 
whether training could lead to a better outcome [46, 47].

Fig. 2  Mechanisms of renal 
compensation to respiratory 
acidosis (a) and pulmonary 
compensation to metabolic 
acidosis (b)
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Exhaled breath gases in chronic kidney 
disease

The composition of exhaled breath in subjects with CKD 
changes according to the excretion of several volatile com-
pounds that are retained due to decreased renal function. 
These gases can now be detected through various tech-
niques (e.g., gas chromatography), although the collec-
tion of exhaled breath is difficult because the sample is 
easily contaminated by organic compounds produced in 
the mouth or by room air.

The most notable volatile substance detected in the 
breath of patients with CKD is ammonia, that is respon-
sible for the typical uremic breath of these patients. The 
concentration of ammonia in healthy people is about 800 
parts per billion by volume (ppbv) [48], with great vari-
ability, mostly derived from the abovementioned sampling 
problems. In people with undergoing hemodialysis, this 
concentration increases up to 2000 ppbv [49].

Several other metabolites are retained in CKD and 
excreted by the lung, such as the secondary and tertiary 
amines dimethylamine and trimethylamine [50], hydroxy-
acetone and 3-hydroxy-2 butanone. Other compounds such 
as 4-heptanal, 4-heptanone, and 2-heptanone, are detecta-
ble only in patients undergoing hemodialysis [51]. Finally, 
it is not clear whether isoprene in breath increases as a 
consequence of impaired renal function. While in a rat 
model of renal insufficiency it shows an early increase, in 
humans it only increases during hemodialysis: therefore, 
it is not clear whether the result in rats is a consequence 
of renal injury rather than an actual retention in the blood 
[52].

Implications of the respiratory impairment 
in patients with chronic renal failure

CO2 elimination through breathing is a powerful and rapid 
mechanism which regulates acid-base status of the blood 
and of the body as a whole. The lungs daily eliminate 
over 10,000 mEq of carbonic acid, compared to less than 
100 mEq of fixed acid daily eliminated by the kidney. By 
regulating (increasing) the alveolar ventilation, it is pos-
sible to maintain a normal blood pH even when levels 
of  HCO3

− are relatively low as a consequence of renal 
dysfunction, as well as of other sources of  HCO3

− loss 
(e.g., enteric).

Generally, in a patient with low levels of bicarbonates, 
hyperventilation and hypocapnia are observed. This should 
be taken into account in the clinical evaluation of such a 
patient, since this status may raise the suspicion of a lung 

disease. Compensatory hyperventilation usually is associ-
ated with  pO2 levels that move towards the upper limit of 
normal. Low levels of  pO2 (hypoxemia) despite hyper-
ventilation should lead to the hypothesis of a concomitant 
respiratory problem.

Patients with advanced cystic fibrosis, who often develop 
respiratory failure and hypercapnia, may have altered elec-
trolyte transport and malnutrition. Such conditions may pre-
dispose to metabolic alkalosis and, therefore, may contribute 
to hypercapnia, especially during acute exacerbations [53].

Acid–base balance can be influenced by drugs frequently 
used in patients with chronic renal failure, such as diuret-
ics. Loop and thiazide diuretics increase sodium delivery to 
the distal tubule, thus stimulating the aldosterone-sensitive 
sodium pump to intensify sodium reabsorption in exchange 
for potassium and hydrogen ions, which are consequently 
lost in the urine. This situation can cause metabolic alkalosis 
and in the same time electrolyte alterations, such as hypoka-
lemia and hyponatremia [54].

Respiratory infections in hemodialysis

Chronic kidney disease and end-stage renal disease (ESRD) 
increase the risk of bacterial infections, particularly urinary 
tract infections, pneumonia, and sepsis [55, 56]. This risk is 
partially due to dialysis access devices, but patients requiring 
renal replacement therapy are also susceptible to non-access-
related infections. Many of these patients also have diabetes, 
take immunosuppressant agents and chronically retain ure-
mic toxins. It follows that particular attention should be paid 
to the diagnosis and treatment of these infections. Choos-
ing appropriate antibiotics class and dosage is crucial and 
nephrotoxic drugs should be avoided, if possible, in patients 
with residual renal function.

Pneumonia are the second more common cause of severe 
infections among subjects undergoing hemodialysis [57]. 
They are most frequently community-acquired pneumonia, 
mainly caused by Streptococcus pneumoniae and seasonal 
influenza. Treatment of pneumonia in hemodialysis patients 
does not differ from the one for the general population, but 
the death rates are 14–16 times higher [58]. A polysaccha-
ride vaccine against Streptococcus pneumonia is available 
with a satisfactory early serological response in these par-
ticular subjects. However, studies with over 6 months of 
observation showed a more rapid decline in antibody titer 
compared to the general population [59]. Vaccination of all 
patients with ESRD and re-vaccination after 5 years is usu-
ally recommended.

Influenza affects 10–20% of the general population, 
reaching 50% in case of a pandemic outbreak. Even though 
hemodialysis patients may have a reduced immune response 
to the vaccine against influenza, it is believed to provide 
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sufficient protection and should be annually performed. A 
second dose of seasonal influenza vaccine showed no benefit 
to hemodialysis patients [60].

ESRD patients also are at high risk for infection by the 
last very virulent H1N1 influenza A strain. Suspected cases 
should start treatment within 48 h, even before the definitive 
identification of H1N1 influenza A strain. The neuroami-
nidase inhibitor oseltamivir at a dose of 30 mg after every 
hemodialysis session is the treatment of choice. However, 
its use should be limited to subjects with high diagnostic 
suspicion, to avoid the development of resistance, which 
occurred with former antiviral agents like amantadine. Vac-
cines against H1N1 influenza A strain with or without the 
immune adjuvant MF59 are available and effective.

Tuberculosis (TB) is another respiratory infection which 
assumes peculiar features in ESRD patients. The latter have 
an increased risk of active TB, which may also occur as 
a fever of unknown origin or with extrapulmonary locali-
zation. As a consequence, the Centers for Disease Control 
(CDC) recommend that all hemodialysis patients should be 
tested with tuberculin skin test (TST). A quite high percent-
age of anergy (30–40%) due to a defective cellular immunity 
has been described in this population, with resulting reduc-
tion of hypersensitivity skin reactions and TST sensitivity 
[61]. Therefore, in hemodialysis patients, TST is considered 
positive if the skin induration is larger than 5 mm in diam-
eter. In the case of TST positivity, preventive treatment with 
isoniazid alone or in combination with rifampicin is recom-
mended. In many countries, this policy is limited to renal 
transplant recipient candidates because of the increased risk 
of activation after transplantation. Other methods for diag-
nosing latent TB like INF-γ release assay (IGRA) or even 
serologic tests have been proposed [62].

The occurrence of lung diseases after kidney 
transplantation

Pulmonary complications are among the major causes of 
morbidity and mortality after renal transplantation. Their 
occurrence heavily affects the prognosis of kidney trans-
plant patients and is associated with a 20% incidence of graft 
failure [63].

Studies show a variable incidence of lung diseases after 
kidney transplantation, ranging from 3.1 to 37%, with mor-
tality rates of 22.5–32% [64–66].

The most common complication is pneumonia, followed 
by cardiogenic pulmonary edema and acute lung injury 
(ALI) or acute respiratory distress syndrome (ARDS) 
resulting from extrapulmonary bacterial sepsis. Noninfec-
tious complications after renal transplantation include ate-
lectasis, pulmonary thromboembolism, and post-transplant 
malignancy [67].

An early and accurate diagnosis of pneumonia is crucial 
both because of its high morbidity and mortality and also 
because of the frequent complications associated with the 
drugs needed to treat the infection.

Most infections during the first month after kidney trans-
plantation are caused by hospital bacteria. Between the sec-
ond and sixth month after transplantation, when immuno-
suppression reaches its maximum levels, the patient is highly 
susceptible to opportunistic pulmonary infections [68].

Pathogens that most frequently cause pneumonia during 
this time period include bacteria, fungi (especially Pneumo-
cystis jirovecii), and viruses (especially Cytomegalovirus). 
The risk for opportunistic infections is particularly high in 
patients treated for chronic rejection or recurrent episodes 
of acute rejection [69]. The level of immunosuppression is 
usually reduced beyond 6 months, when the infections are 
mainly due to common community-acquired pathogens.

It should be noticed that several immunosuppressive 
drugs have been clearly shown to be toxic for lungs. Aza-
thioprine and mammalian target of rapamycin inhibitors 
(mTOR, e.g., Sirolimus and Everolimus) are those at greater 
risk for pulmonary complications. A few reports suggest 
that Tacrolimus and Mycophenolate mofetil may also lead 
to lung injury [70–72].

A relationship between interstitial lung disease and spe-
cific drug concentration has been found [73]. Formulas to 
calculate more precisely immunosuppressants drugs dosage 
have been suggested in order to lower the probability of lung 
toxicity in clinical practice [74].

Effects of acute lung injury and mechanical 
ventilation on renal function

ALI and acute kidney injury (AKI) are frequent complica-
tions in critical illnesses, associated with high morbidity and 
mortality [75]. ALI is defined by several clinical criteria, 
including acute onset of bilateral pulmonary infiltrates with 
hypoxemia and PaO2/FIO2 ratio of less than 300 mm Hg, 
without evidence of hydrostatic pulmonary edema [76]. 
The same clinical features but PaO2/FIO2 ratio lower than 
200 mmHg, define the acute respiratory distress syndrome 
(ARDS). The AKI, also known as acute renal failure (ARF), 
is an abrupt loss of kidney function, with retention of nitrog-
enous waste products such as urea, and alteration of fluid and 
electrolyte homeostasis [77].

Both forms of end-organ injury commonly occur in simi-
lar settings of systemic inflammatory response syndrome, 
shock, and evolving multiple organ dysfunction. The com-
plex interplay between injured organs in patients with mul-
tiple organ dysfunction syndrome has been called “the slip-
pery slope of critical illness” [78].
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Respiratory complications are common in patients with 
AKI and include pulmonary edema, respiratory failure need-
ing mechanical ventilation, prolonged duration of mechani-
cal ventilation and difficult weaning from it. Data from 
patients and animal models support the notion that cardio-
genic pulmonary edema (from volume overload) and non-
cardiogenic pulmonary edema (from endothelial injury due 
to inflammation and apoptosis) can occur in AKI.

Recent data show that kidneys play an important role in 
the production and elimination of inflammation mediators of 
ALI. On the other hand, exposure to the inflammatory set-
ting of ALI and mechanical ventilation-induced injury may 
precipitate the onset of AKI. The term ventilator-induced 
kidney injury (VIKI) has been suggested to describe this 
phenomenon.

It is believed that hemodynamic and neurohormonal fac-
tors are able to reduce renal perfusion and function during 
positive-pressure mechanical ventilation (PPV) [79]. Hemo-
dynamic effects of PPV arise from the increased intratho-
racic pressure, which in turn lowers the venous return to the 
heart (preload) and may result in decreased cardiac output. 
This may lead to hypotension and fluid-responsive shock, 
which is common in the initial postintubation period when 
PPV is initiated. Growth of intrathoracic pressure has been 
shown to be correlated with a diminution in renal plasma 
flow, glomerular filtration rate (GFR) and urine output dur-
ing PPV.

Neurohormonal effects of PPV include the production of 
vasoactive substances, rennin-angiotensin axis activation, 
increased nonosmotic vasopressin (ADH) secretion, sup-
pression of atrial natriuretic peptide (ANP) release, down-
stream stimulation of aldosterone production. Each of these 
neurohormonal pathways may result in a reduction of renal 
blood flow and GFR, fluid retention (salt and water), and 
oliguria.

Permissive hypercapnia is a commonly accepted mechan-
ical ventilation practice, in which tidal volumes and alveo-
lar ventilation are reduced in order to diminish ventilator-
induced lung injury (VALI) while treating ALI. Through 
a variety of mechanisms, permissive hypercapnia may 
favorably influence the course of ALI, associated VALI, and 
harmful organ cross-talk between damaged lungs and other 
organs, leading to a protective effect against the develop-
ment of VIKI.
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