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Key points
1. Cardiogenic pulmonary edema develops secondary to a rise of hydrostatic pressure in the pulmonary capillaries. It is associated with an underlying cardiac disease. Thoracic radiographs show dilated pulmonary veins, cardiogenic pulmonary edema (characterized by interstitial to alveolar pattern progressing from the perihilar to the caudodorsal lung fields), and changes compatible with left-sided cardiac disease (enlarged left atrium). Treatment includes diuresis to decrease preload.

2. The term noncardiogenic pulmonary edema (NCPE) is used for all non idiopathic cases of pulmonary edema that are not the direct result of cardiac disease and subsequent elevations in leſt atrial pressure; these patients have a normal pulmonary capillary wedge pressure (PCWP <18 mm Hg). Treatment is largely supportive. 

3. Possible mechanisms of NCPE include local increase in hydrostatic pressure (without increase in LA pressure and underlying cardiac disease), and/or increased permeability which can be secondary to an upper airway obstruction, neurogenic pulmonary edema, ALI/ARDS, smoke inhalation, transfusion (TRALI), near-drowning or submersion injury, drugs, anaphylaxis, oxygen toxicity or pulmonary embolus. 

4. Fluid that moves into the alveolar lumen can be removed by the pneumocytes (via their Na+/K+ ATPase pumps) and by aquaporins located in the alveolar epithelial barrier.


Questions
1. On thoracic radiographs, where are pulmonary infiltrates more commonly seen in:
	a. Cardiogenic pulmonary edema?
	b. Noncardiogenic pulmonary edema?

2. Which of the following is a proposed mechanism for the formation of pulmonary edema after neurogenic events? 
a. A sympathetic stimulation and decrease in pulmonary and systemic 
pressures 
b. A  parasympathetic stimulation and subsequent pulmonary hypertension 
and systemic hypotension 
c. An acute increase in hydrostatic pulmonary capillary pressure and secondary 
damage to the tight junctions of the alveoli secondary to a cathecolamine storm
 d. A decrease in neuropeptide Y and an increase in endothelin-1

3. Breathing against an obstructed airway generates a large ________________(positive or negative) intrathoracic pressure.

4. TRUE or FALSE: A PCWP of 20 mm Hg can indicate a noncardiogenic pulmonary edema. 

5. [bookmark: _GoBack]Removal of fluid from the alveoli depends on the action of the ___________________ and the ______________________ located in the alveolar epithelial barrier. 




Questions & Answers

1. On thoracic radiographs, where are pulmonary infiltrates more commonly seen in: 
	a. Cardiogenic pulmonary edema? Perihilar
	b. Noncardiogenic pulmonary edema? Caudodorsal lung fields

2. Which of the following is a proposed mechanism for the formation of pulmonary edema after neurogenic events? 
a. A sympathetic stimulation and decrease in pulmonary and systemic 
pressures 
b. A  parasympathetic stimulation and subsequent pulmonary hypertension 
and systemic hypotension 
c. An acute increase in hydrostatic pulmonary capillary pressure and secondary damage to the tight junctions of the alveoli secondary to a catecholamine storm
 d. A decrease in neuropeptide Y and an increase in endothelin-1

The blast theory = 
Catecholamine storm  increase in systemic and pulmonary pressures 	Volume shiſt from the systemic circulation to the pulmonary circulation 
Massive systemic vasoconstriction causes pulmonary and systemic hypertension
Acute and extensive increase in capillary hydrostatic pressure upstream in the pulmonary microcirculation  damages the capillary-alveolar epithelium and tight junctions  vascular leakage and pulmonary edema.
Neuropeptide Y:  may directly increase the permeability of the pulmonary   vasculature
Endothelin-1: potent vasoconstriction  increases pulmonary vascular pressure and also increases vascular permeability

3. Breathing against an obstructed airway generates a large negative intrathoracic pressure.
Breathing against an obstructed airway generates a large negative intrathoracic pressure. The abrupt decrease in pressure promotes increased pulmonary venous flow to the heart, thereby acutely increasing pulmonary intravascular volume and pressures. With this transient increase in pulmonary capillary hydrostatic pressure, fluid moves from the pulmonary capillary system into the pulmonary interstitial space and the airway.

4. TRUE or FALSE: A PCWP of 20 mm Hg can indicate a noncardiogenic pulmonary edema. 
>18 mm Hg can indicate cardiac dysfunction or volume overload
NCPE:   within the normal range (5-10 mm Hg)

5. Removal of fluid from the alveoli depends on the action of the Na+/K+ ATPase pumps and the aquaporins located in the alveolar epithelial barrier. 
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· Cardiogenic pulmonary edema
· Normal hydrostatic pressure in the pulmonary capillaries: < 12 mm Hg
· Cardiogenic pulmonary edema develops secondary to a rise of hydrostatic pressure in the pulmonary capillaries; when the increase in pressure is gradual, pressure may exceed 20 mm Hg before edema develops because of the capacity of lymphatic drainage can be increased
· Cardiogenic pulmonary edema = presence of an underlying cardiac disease: degenerative mitral valve disease, dilated cardiomyopathy, PDA, rarely SAS, rarely VSD
· Xrays: dilated pulmonary veins, cardiogenic edema (interstial  alveolar pattern; perihilar  caudo-dorsal lung fields), left-sided cardiac disease (enlarged left atrium)
· Clinical signs associated with cardiac disease
· Tx: decreased preload = diuresis
· Non cardiogenic pulmonary edema
· Low alveolar pressure, post-obstructive
· Low alveolar pressure, re-expansion edema
· Neurogenic
· Sympathoadrenergic stimulation  pulmonary venous constriction which shifts blood from the systemic circulation to the pulmonary circulation  increase in pulmonary hydrostatic pressure
· Increased permeability/vasculitis
· High altitude
· Tx: not diuresis! 
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· Pulmonary edema = pathologic accumulation of fluid in the extravascular space of the lung.
· Noncardiogenic = all non idiopathic cases of pulmonary edema that are not the direct result of cardiac disease and subsequent elevations in leſt atrial pressure; these patients have a pulmonary capillary wedge pressure (PCWP) <18 mm Hg.
· CPE and NCPE both cause interstitial edema, which is associated with perivascular and peribronchial expansion and increased lymphatic flow. Interstitial edema may progress into alveolar edema with alveolar flooding and secondary respiratory compromise.
·  Capillary-alveolar space has three anatomic regions:  alveolar wall, capillary endothelium, intermediary interstitial space. Fluid constantly moves between those compartments. 
· Tight junctions between pneumocytes type I = permeable to gas and water; non selective movement of solutes
· Loose junctions between the capillary endothelium cells = highly permeable to fluids and colloids
· Interstitial space: connective tissue, fibroblasts, macrophages, small arteries, veins, and lymphatic channels.
· [image: ]
· K : filtration coefficient, which is directly proportional to the endothelial surface area and inversely proportional to membrane thickness. 
· δ: reflection coefficient = degree of permeability of the membrane to macromolecules.

·  Albumin and its associated sodium ions are the main solutes contributing to oncotic pressure both inside and outside the capillary.
· Compared with skin or muscle tissue, the pulmonary capillary endothelium is more permeable to albumin: strong oncotic gradient between intravascular and interstitial spaces cannot be maintained  inherent leakiness allows the lungs to be more resistant than peripheral tissues to edema secondary to low oncotic states.
·  Very low pressure gradient in normal conditions. 
· Overall, the net Starling forces of the lung favor reabsorption of water into the intravascular space, keeping the lungs “dry.” (low interstitial oncotic pull matched against a small hydrostatic push) 
· Colloid osmotic pressure measurement: colloid osmometer or  Landis-Pappenheimer formula: COP = 2.1 TP + [0.16 TP2 ] + [0.009 TP3]
· Pulmonary defenses
· COP decreases secondary to a dilutional effect when fluid flows out of the capillaries into the interstitial space  interstitial hydrostatic pressure increases  net filtration pressure decreases 
· Interstitial fluid accumulates lymphatic flow increases (and ventilation increases lymphatic flow)
· As hydrostatic pressure increases within the capillary, the capillary endothelium initially resists fluid movement. After a threshold pressure is reached, fluid begins to move out of the capillary and into the interstitium. Lymphatic flow subsequently increases. When interstitial and lymphatic flows are overwhelmed, the excess fluid starts to flow into the interlobular, perivascular, and peribronchovascular interstitial spaces. The fluid that flows into the alveolar space is low in protein. Removal of fluid from the alveoli depends on the active Na+ /K+ pump and the aquaporins located in the alveolar epithelial barrier. 
· [image: ]
· NCPE -mechanisms
· Increase in hydrostatic pressure without increase in left atrial pressure or cardiac disease and/or permeability changes in the alveolar or capillary endothelial surface.
· [image: ]
· UPPER AIRWAY OBSTRUCTION
· Post-obstructive pulmonary edema (POPE) or negative pressure pulmonary edema
· Strangulation, collapse, FB, mass
· Young dogs:  complete occlusion of the trachea or larynx due to the softness of tissues and cartilage
· Brachycephalic dogs:  acute stresses such as heat, exercise, intubation, or leash strangulation may increase the risk for acute airway obstruction, POPE, and aspiration pneumonia.
· Proposed mechanisms:  
· Excessive negative intrathoracic pressure, hypoxia, and sympathetic overstimulation.
· Breathing against an obstructed airway generates a large negative intrathoracic pressure. The abrupt decrease in pressure promotes increased pulmonary venous flow to the heart, thereby acutely increasing pulmonary intravascular volume and pressures. Increased aſterload stress on the ventricles and  increases in both systolic and end-diastolic volumes. With this transient increase in pulmonary capillary hydrostatic pressure, fluid moves from the pulmonary capillary system into the pulmonary interstitial space and the airway. Surfactant is depleted as fluid floods the alveoli, leading to increased work of breathing. Furthermore, mechanical stress on the pulmonary tissue may cause microlesions within the alveolar epithelium that allow solutes and proteins to flow into the alveolar lumen.
· Transient hypoxia may directly damage the alveolar epithelium and cause pulmonary vasoconstriction
· Acute sympathetic stimulation also promotes pooling of blood within the pulmonary circulation and, subse-quently, transiently increases capillary hydrostatic pressure.
· Dyspnea, stridor, increased lung sounds, crackles
· Oxygen supplementation, anxiolytic to decrease hyperventilation and allow irritated tissues to heal
· It has been suggested that bulldogs develop a compensatory hyperactivity of the upper airway dilating muscles to keep the airway open. With sedation, this mechanism is removed, and the resultant relaxation of the dilating muscles could worsen upper airway collapse.
· NEUROGENIC PULMONARY EDEMA
· Seizures, head trauma, subdural hematomas, subarachnoid hemorrhage, electrocution (?)
· Pathogenesis?
· Most likely hydrostatic and permeability changes
· The blast theory = Catecholamine storm  increase in systemic and pulmonary pressures  volume shiſt from the systemic circulation to the pulmonary circulation  massive systemic vasoconstriction causes pulmonary and systemic hypertension increase capillary hydrostatic pressure upstream in the pulmonary microcirculation  the acute and extensive increase in pulmonary capillary hydrostatic pressure damages the capillary-alveolar epithelium and tight junctions  vascular leakage and pulmonary edema.
· Neuropeptide Y:  may directly increase the permeability of the pulmonary vasculature
· Endothelin-1: potent vasoconstriction  increases pulmonary vascular pressure and also increases vascular permeability 
·  Onset of respiratory distress is oſten seen within an hour of the neurogenic event.
· ALI/ARDS
·  = Sequel[ae] of diffuse damage to the pulmonary parenchyma within hours to days by a variety of local or systemic insults, including pneumonia, sepsis, SIRS, and shock
· Increased permeability due to widespread pulmonary endothelial and epithelial disruption accompanied by a diffuse inflammatory reaction.
·  At the onset of injury, ALI/ARDS pathology is mainly secondary to permeability and inflammatory cell infiltration, which occurs in the exudative phase. As the edema resolves, further pathology develops in the proliferative and fibrotic stages of ALI/ARDS.
· Dx: At least 4 of the following 5 criteria
1. Arterial hypoxemia refractory to oxygen theray
· PaO2:FiO2 ratio ≤300 mm Hg  = ALI, ≤200 mm Hg = ARDS
2. Acute onset of respiratory distress within the past 72 hours
3. Evidence of pulmonary capillary leakage without evidence of increased capillary hydrostatic pressure (e.g., bilateral infiltrates on thoracic radiographs, proteinaceous fluid within the conducting airways, increased extravascular lung water)
4.  Evidence of pulmonary inflammation
5. Presence of a known risk factor: primary pulmonary disease or systemic disease (sepsis, SIRS, shock)
· Clinical signs may be delayed between 1-4 days after the local or systemic insult
· Harsh lung sounds, crackles, tachypnea, respiratory distress or failure, cough with pink, foamy sputum in severely affected patients.
· OTHER CAUSES
· Smoke inhalation
· Damage through tissue hypoxemia, thermal damage and irritation
· Damage to the entire respiratory tract  - thermal injury more in the upper airways; leads to extensive edema and ulceration, can lead to airway obstruction (in human related to the amount of smoke inhaled)
· Toxins and particles can cause direct damage to the capillary-alveolar system  increase in pulmonary microvascular permability  inflammation and edema
· Peak microvascular damage seen about 24 hours post-exposure
· Secondary inflammatory changes occur after the initial pulmonary edema  secondary pneumonia
· Transfusion-related acute lung injury (TRALI)
· 2-6 hours post-transfusion (blood products with plasma)
· Immune-inflammation response
· Resolves within 96 hours
· Not reported in veterinary patients
· Near-drowning or submersion injury
· Morbidity/mortality affected by type of water (salt vs fresh), temperature, contaminants
· Diagnostic testing
· History, PE
· Thoracic radiography
· NCPE: normal or small heart, normal or small vessels, alveolar and/or interstitial or bronchial pattern, mostly caudodorsal lung region, diffuse infiltrate in ALI/ARDS
· Arterial blood gas
· A-a gradient
· PaO2:FiO2
· Pulse oximetry
· PCWP = indirect measurement of leſt ventricular end-diastolic pressure and leſt atrial pressure, is not a common practice in veterinary medicine; however, it is considered the gold standard for defining the cause of pulmonary edema. 
·  Swan-Ganz catheter is placed from the jugular vein into the pulmonary artery. 
· A pressure sensor at the tip of the catheter measures the pressure in the lung on the pulmonary venous side of the balloon and estimates the pressure in the left atrium
· Low-pressure system:  normal = 5-10 mm Hg
·  >18 mm Hg can indicate cardiac dysfunction or volume overload
· NCPE:   within the normal range
· CBC/chem/electrolytes/UA/coagulation panel: systemic contributions
· Pulmonary edema fluid to plasma ratio (EF: PL ratio) to compare protein ratio
· Fluid from the distal airways
·   >0.65 is indicative of NCPE (human)
· Important to collect edema fluid at the onset of clinical signs; as patients begin to heal, the fluid from the airway is absorbed, leaving the protein within the lumen and falsely elevating the edema fluid protein measurement.
· A small pilot study performed by Rozanski et al in dogs and cats compared edema fluid and plasma protein in intubated patients and found that, compared with patients with CPE, patients with NCPE had not only higher actual edema fluid protein concentrations (4.2 g/dL versus 2.3 g/dL), but also higher EF:PL ratios (0.83 versus 0.34; P <.05)
· NT-proBNP
· BNP delp distinguish between CPE and NCPE and is commonly used in human medicine to identify patients with CHF. Secretion of BNP is increased with pressure overload and leſt ventricular pathology. In humans, if BNP is <100 pg/mL, heart function is likely normal and observed pulmonary edema is unlikely to be of cardiac origin. A recently published multicenter, cross-sectional study supports the use of NT-proBNP measurement in dogs and determined a cutoff con-centration that can discriminate dogs with CPE from  dogs with primary respiratory disease with moderately good sensitivity and specificity (NT-proBNP, >1158 pmol/L).
· Treatment
· Supportive
· Oxygen supplementation/ventilation therapy
· Fluid therapy: can increase the pulmonary capillary hydrostatic push or increase leakage in patients with microvascular damage and thereby make the pulmonary edema worse
· Colloid vs endothelial integrity: if the capillary endothelium is damaged, the colloid solution may leak into the interstitium and pull more fluid into the interstitium
· Furosemide: proposed to lower pulmonary capillary hydrostatic pressure and decrease “flooding” in an NCPE patient with permeability edema. Furosemide could be used to treat bronchospasm and acts as a bronchodilator.
· β2 adrenergic agonists: to help increase alveolar fluid clearance has been the subject of some research. β1 and β2 receptors exist within the apical and basolateral surface of the alveolar epithelium. Some studies indicate that alveolar clearance significantly increases when β agonists such as terbutaline are administered. The efficacy of these medications is unclear at this time.
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