Pathophysiology 4:  Renal and Pulmonary
Glomerular Function:

· The ultrafiltrate of the kidney includes waste, water and electrolytes, and it’s modified to maintain stable plasma levels of these things.  Normally, it filters over 90 ml/min.  The functional unit of the kidney is the nephron.  There are 1-1.5 million nephrons per kidney.  

· Blood comes in through the afferent arteriole, though the glomerulus, and out the efferent arteriole.  Both afferent and efferent arterioles can vasoconstrict or vasodilate as needed.  The efferent arteriole then breaks up into the peritubular capillaries, which surround the same nephron.  The loop of Henle (in juxtaglomerular nephrons, which are important for urinary concentration) are supplied by vasa recta. Bowman’s capsule and Bowman’s space surround the glomerulus and connect it to the proximal tubule.  

· The glomerulus mediates filtration.  Except for macromolecules, the filtrate is basically the same as the plasma.  The filtration barrier consists of the fenestrated endothelial cells (keep cells from being filtered), the glomerular capillary basement membrane (blocks large proteins, slows small ones), and podocytes/glomerular epithelial cells with foot processes and filtration slits (the finest filtration barrier).  The podocytes and filtration slits are particularly  important for keeping the ultrafiltrate protein-free.  
· Kidney function is measured with the glomerular filtration rate, normally over 90 ml/min.  GFR = Kf[(Pgc-Pbs) – s(πgc-πbs)].  Kf is a constant that represents surface area and permeability.  s is how well proteins are kept out, and we’ll assume it’s 1 (100%).  Normally, the oncotic pressure of bowman’s space is zero, so this simplifies to:                                       GFR= Kf[(Pgc-Pbs) - πgc)]=Kf*Puf.  If you want to simplify even more, consider just Kf and the filtration pressure (Puf) which combines all three pressure measurements. 
· Hydrostatic pressure in the glomerular capillaries favors filtration.  Oncotic pressure in the glomerular capillaries and hydrostatic pressure in the Bowman’s space oppose filtration.     Net filtration pressure (Puf) = Pgc - Pbs - πgc
· The hydrostatic pressure in the glomerular capillaries doesn’t change much as blood traverses the capillaries.  But, as fluid is lost, the oncotic pressure in the capillaries increases.  This causes you to lose less fluid, and eventually the filtration pressure will reach zero (filtration pressure equilibrium). 
· Physiologic regulation of GFR alters these parameters, more often via the filtration pressure than Kf.  The glomerular capillary pressure is controlled by the afferent and efferent arterioles.  

· Renal plasma flow = (aortic pressure – renal venous pressure) / renal vascular resistance.  This is analogous to V=IR, or in this case I = V / R.  The renal vascular resistance is determined by both the afferent and efferent arterioles, so constricting either one will decrease the renal plasma flow.  

· Stimulation of the sympathetic nervous system will cause the release of norEpi.  This can reduce GFR by constricting both afferent and efferent arterioles, but having a greater effect on the afferent arterioles.  You body may respond to norEpi (or angiotensin II) by producing prostaglandins, which act to vasodilate; these affect the afferent arteriole more than the efferent.  NSAIDs can block the prostaglandin effect and lead to renal damage.
· GFR may also be reduced by changes in Kf (surface area or permeability).  Mesangial cells in between capillaries of the glomerulus can contract and close capillaries or reduce flow in them.  This will decrease GFR.  

· Autoregulation is the body’s response that maintains a pretty constant GFR despite increases or decreases in arterial blood pressure.  Renal blood flow and GFR stay very constant when arterial pressures are between 90-120 mmHg.  

· When blood pressure decreases, volume sensors cause JG cells in the macula densa to release renin.  This cleaves angiotensinogen to angiotensin, which cleaves angiotensinogen II to angiotensin II.  Angiotensin II is a systemic vasoconstrictor and induces the adrenal cortex to release aldosterone.  Aldosterone and antiotensin II both contribute to increased sodium absorption and volume increases that help increase BP.  Angiotensin II also constricts efferent arterioles more than the afferent to increase GFR.  ACE inhibitors can block this effect.
· The myogenic mechanism is when arterioles stretch under greater pressure, and the smooth muscle reflexively contracts and increases resistance.  In the afferent arteriole, this keeps GFR down.  With decreased pressure, arterioles will dilate too.  
· Tubuloglomerular feedback is mediated by the JGA, which is part of the thick ascending limb that contacts the afferent/efferent arterioles and the macula densa cells contacting the glomerulus.  In this apparatus, granular cells of the afferent (and efferent) arterioles produce renin.  The macula densa senses the rate of delivery of Cl- to the distal nephron, and if it’s high due to high blood pressure, the macula densa releases adenosine.  This will constrict the afferent arteriole.  The opposite occurs if blood pressure decreases. 

· Keeping GFR normal will prevent increased fluid/sodium loss, and it’ll prevent long-term kidney damage due to high pressure.  

· An ideal substance for measuring GFR is one that is freely filtered, and not absorbed, secreted, produced, or metabolized.  Inulin fulfills these requirements, but it isn’t clinically as easy to use, because you have to inject it, etc.  

· [Inulinplasma] * GFR = amount filtered = amount excreted = [Inulinurine] * (Urine flow rate)   So:  GFR = ([Inulinurine] / [Inulinplasma]) * (Urine Flow Rate).                                                   For substances other than inulin or creatinine, substitute ‘clearance’ for GFR.  Clearance is the same thing, and it tells you the amount of blood that is completely cleared of that substance in a certain amount of time.

· In practice, creatinine is used to estimate GFR.  It’s a breakdown product of skeletal muscle.  Some creatinine is secreted in the proximal tubule, so this can make urine readings high.  But, some plasma proteins are falsely detected as creatinine and make the blood readings high too…so these basically offset each other in the equation.  
· Normal plasma creatinine = 0.6-1.3.  This is affected by how fast muscle produces it and how fast the kidneys excrete it.  To estimate it, they look at a plasma sample and a 24 hour urine collection.  Because you collect urine by the day and want to know creatinine in mls/minute, it’s useful to know that there are 1440 minutes/day.  

· Problems with using creatinine are that it’s hard to get an accurate urine collection and tubular secretion causes increasing overestimation of GFR measurements as GFR declines.  Creatinine clearance declines with increased age, increased plasma creatinine, decreased lead body weight, is lower in females, and is higher in African Americans.  
· The relationship between plasma creatinine and GFR is not linear, and near normal values, small changes in plasma creatinine may represent large changes in GFR.  As GFR declines, changes in plasma creatinine correlate with smaller changes in GFR.  It’s exponential, and looks the same as radioactive decay with GFR on the X-axis.
· Blood urea nitrogen (BUN) is a measure of waste product accumulation.  It’s influenced by lots of factors, but generally shows the same relationship to GFR as creatinine does.  More protein intake, tissue breakdown or volume depletion can elevate BUN.  

· Glomerular permeability and permselectivity are determined by glomerular endothelial cells, basement membrane, and podocytes (glomerular epithelial cells w/ foot processes).  They keep cells and large proteins in the capillaries via charge and size filters.  

· These components all have negatively charged sialic acid moieties, so they keep other (-) charged things like albumin from crossing as easily.  In Minimal Change Disease, the charge barrier is compromised and you get more albumin leaking out (but not more neutral or cationic proteins) resulting in selective proteinuria.  

· Like most filters, this screens for size too.  You still do lose some albumin, but it’s taken back up in the proximal tubules.  Albumin in the urine should be less than 30 mg/day, and total urine protein should be less than 100-150 mg/day.  Membranous glomerulopathy compromises the size barrier.  

· Proteinuria (significant protein in the urine) is indicative of renal disease.  If it’s >2g/day, it’s highly suggestive of glomerular disease.  

· Glomerular proteinuria is caused by loss of protein via the glomeruli.  It may be selective (mostly albumin, as in minimal change disease) or non-selective (all plasma proteins proportionally represented).  An early sign of diabetes is microalbuminuria, with levels undetectable by urine dipstick.  It requires a urine microalbumin test, and if it’s positive it is means the patient is at higher risk of developing kidney failure.  

· Tubular proteinuria is due to an inability to reabsorb the small amount of proteins (including albumin) that get through the filter.  In this case, β2 microglobulin is excreted in excess.
· Overproduction proteinuria occurs with plasma cell dyscrasias like multiple myeloma.  Ig light chains are often in the urine, and can be detected with a sulfosalicylic acid test.  A standard urine dipstick only detects albumin.  Ig light chains may be toxic to renal tubular cells and can lead to tubular damage and cast nephropathy.  In Light Chain Deposition Disease and Amyloidosis, Ig light chains aren’t freely filtered and may deposit in the glomerulus.  

· You may get both glomerular and tubular damage, in which case you see lots of types of protein, but a particularly large amount of albumin.  

Tubular Function:
· The tubules reabsorb about 99% of the ultrafiltrate.  Some parts of the tubules secrete solutes like K and H too.  These processes determine the composition of the final urine, and they can be regulated by hormones.  The vast majority of reabsorption occurs in the early tubules, with only fine tuning happening later.  
· The basolateral membrane of tubular cells has a 3Na/2K ATPase that helps establish a Na gradient (140 mEq/L in the blood, 20 mEq/L in the cell).  Directional movement of solutes involves different pumps on apical and basolateral membranes.  Solutes and ions can also be moved between cells (paracellular movement).  
· The proximal tubule reabsorbs most of the filtered Na, water, K, Cl, bicarbonate, glucose, and AAs.  Angiotensin II (stimulated by low volume) increases the activity of the Na-H exchanger to increase Na absorption.  H just cycles at the surface while bicarbonate and sodium are absorbed in the ‘A’ mechanism.  Bicarbonate cycling is called ‘reclamation.’
· The loop of Henle is important for Na, Cl, and K reabsorption.  It also contributes to urinary dilution and concentration.  K is recycled at the apical surface so that it’s no longer a rate limiting step.  Water is impermeable in the ascending limb.  Loop diuretics block the Na/K/2Cl symporter so that more salt get out in the urine.

· The distal tubule reabsorbs Na and Cl, plays a role in calcium regulation, and helps dilute the urine.  Aldosterone acts here to increase Na reabsorption if there’s low volume.  Thiazide diuretics block the Na/Cl symporter to increase the amount of salt lost in the urine.  
· The collecting duct principal cells absorb Na and secrete K.  Aldosterone upregulates the Na/K ATPase (which makes the inside of the cell more electronegative and draws in Na).  ADH upregulates aquaporins for water reabsorption.  
· The collecting duct intercalated A cells excrete H via an H ATPase.  They also have an H/K exchanger that secretes H and is activated by low serum K.   Aldosterone increases acid excretion.  Intercalated B cells secrete base if you’re alkylotic via a Cl/HCO3 exchanger.
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· Urinary dilution/concentration occurs in the tubules.  The proximal tubule has isotonic absorption.  The loop of Henle and distal tubule absorb Na without water, which dilutes the urine.  Then, as it passes through the collecting duct, you remove the amount of water necessary to get the desired urinary concentration.  The water permeability is controlled by ADH.  With ADH, you get more aquaporin 2 and more water reabsorption as the filtrate passes through the concentrated interstitium (due to absorption of NaCl in the loop of Henle).  

Sodium Balance:

· Half of the body mass is made of water.  1/3 of that is extracellular.  Only ¼ of the extracellular fluid is in the plasma.  Almost all of the body’s sodium is extracellular, due to low cellular [Na]

· Almost all ingested sodium is absorbed by the gut, so diet modification can make a big difference in treating hypertension.  Epithelial cells have really low [Na], so Na is taken up from the GI lumen and pumped out the basolateral side of gut cells (all the sodium goes to the ECF).  When sodium is ingested, increased osmolarity stimulates thirst and water is absorbed so that the osmolarity isn’t changed overall.  

· So, changes in extracellular sodium are reflected by changes in ECF volume.  And, serum (extracellular) [Na] reflects the osmolarity of the body as a whole.  Abnormalities in water balance keep your body from regulating osmolarity, so changes in serum [Na] reflect problems of water balance.  

· Sodium balance is the body’s ability to regulate the total amount of Na in the system (NOT [Na]).  This is sensed as volume, since the more sodium is present the more water will be present to keep the osmolarity constant.  Normally, Na excretion varies with intake in an attempt to keep them equal (only fails with large changes in intake).  This occurs almost entirely in the kidneys.  

· The vast majority of sodium is reabsorbed in the PCT and TAL of the loop of Henle.  The DCT and collecting ducts absorb a little for fine tuning.  

· If you ingest a big quantity of sodium, you initially take up lots of fluid and gain weight.  Over time, your Na excretion will increase and you’ll eventually get back down to normal.

· There is a linear relationship between the amount of Na you take in and the ECF volume.  If you ingest more, you’ll have more sodium and take in more water to keep the osmolarity constant.  Then, when you have a higher volume, it’ll cause you to excrete more to get the volume back down.  So, there’s also a linear relationship between ECF volume and Na excretion.
· Total body sodium determines the extracellular volume, which contributes to the vascular volume and blood pressure.  So, total body sodium is important for cardiovascular function.  If you have too much Na, you get ECF increase and edema.  Too little and you can deplete the intravascular volume.  

· The total body sodium determines the extracellular volume.  So to achieve sodium balance, you sense the effective circulating volume (as a measure of extracellular volume).  This then influences the kidney response via effectors.  The effective circulating volume (ECV) is the part of the ECF in the arterial system perfusing the tissues.  
· The ECV (effective circulating volume) is the way we detect total body sodium.  We want to keep enough blood going to the brain, so we primarily monitor the ECV in the carotids.  There are other ECV sensors in the great vessels of the chest and the artria.  These sensors all sense stretch, which is directly related to the pressure.  There are less important receptors in the renal afferent arteriole, hepatic vessels, and some in the venous circulation.  In this system, redundancy is important for protecting against failure of one part.

· The left atrial sensors release atrial natriuretic peptide (ANP) if stretched too much, which inhibits Na reabsorption in the collecting duct and causes you to excrete more Na and water, depleting the volume. 

· The carotid body receptors mediate their action through the sympathetic nervous system and ADH.  With decreased stretch (blood pressure), sympathetic stimulation is increased and you get increased sodium retention and vasoconstriction (to shunt more blood to the brain).  The opposite occurs with increased stretch (blood pressure), and you decrease sympathetic stimulation.  

· Sympathetic stimulation causes venous restriction and increased contractility to increase cardiac output.  It causes arterial constriction and increases renin secretion.  It also increases tubular Na reabsorption.  

· ADH is released with large decreases in volume to cause vasoconstriction and water retention.  ADH is most important and more sensitive to changes in osmolarity, but in situations of volume loss it can be stimulated by both the carotid bodies and by angiotensin II
· The stretch receptors in the afferent arteriole cause JG cells to secrete renin in response to decreased pressure.  This activates angiotensinogen (from the liver), which is then converted to angiotensin II by ACE (mostly in lungs).  

· Angiotensin II increases peripheral resistance, increases proximal tubule sodium reabsorption, increases aldosterone secretion, and increases GFR (constricts the efferent arteriole more than the afferent arteriole).  

· Aldosterone is the major regulator of sodium reabsorption.  It acts mostly at the collecting duct principal cells to increase Na/K exchange by increasing the number of sodium channels (in the cortical collecting ducts and DCT).  

· Tubuloglomerular feedback regulates GFR in response to sodium.  It’s mostly local.  Increased Cl delivery indicates increased renal flow and GFR.  It feeds back to vasoconstrict and decrease GFR.  

· Overall, angiotensin II and sympathetic stimulation act on systemic hemodynamics to increase volume/pressure.  Angiotensin II, sympathetic stimulation, aldosterone, ANP, and GFR all affect renal Na excretion.  

· Edematous states:  with excessive extracellular volume, you can get edema (fluid leak) which is more than lymphatics can accomodate.  You often see edema first in the eyelids, legs and lungs.  The most common causes are congestive heart failure, cirrhosis and the nephrotic syndrome.  All of these show a decrease in effective circulating volume despite large extracellular volumes, leading to increase in sympathetic tone, increase in angiotensin II and increase in aldosterone.  In a CHF patient, it would take a lot less sodium intake to produce edema, because they hold on to Na and fluid more.  
· Congestive heart failure:  A situation where you have low cardiac output.  This leads to hypoperfusion of baroreceptors, increased sympathetic tone, ADH, and renin secretion that increase fluid retention.  This happens despite excess volume, and pulmonary/peripheral edema can result.  
· Cirrhosis:  Portal hypertension traps blood in the portal circulation and prevents venous return.  Blood collects in the venous system, and the decreased effective circulatory volume leads to increased sodium/fluid retention.  The edema in this case frequently produces ascites and peripheral edema.  

· Nephrotic syndrome:  excessive loss of protein in the urine, which may show as foamy urine.  It’s characterized by protein > 3g/day, increased cholesterol, decreased blood albumin, and increased urine albumin.  Complications include pulmonary emboli and thromboemolic disease.  You get hypoalbuminemia and decreased oncotic pressure that leads to loss of vascular fluid into the interstitium.  Decreased effective cellular volume leads to sodium retention.  This often presents as peripheral edema, maybe anasarca (edema throughout the body).  

Osmolality:
· Osmoles are just the number of moles of a substance dissolved in a solution.  Osmolality is moles/kg.  Osmolarity is moles/L.  Under physiologic conditions, these two are basically the same.  Osmotic pressure is the hydrostatic pressure exerted by particles in solution.  

· Tonicity is a measure of effective osmolality (solutes restricted to a compartment that contribute to tonicity).  Na is the major extracellular osmole and determines most of the tonicity in humans.  Ineffective osmoles freely cross membranes (urea, glucose).

· Estimated osmolality = 2[Na] + BUN/2.8 + glucose/18

· Estimated effective osmolality = 2[Na]

· The extracellular [Na] is approximaetly 140.  

· The osmolal gap = measured osmolality – estimated osmolality.  If the osmolal gap > 10 mOsm/kg, it indicates the presence of an osmotically active particle other than Na/urea/glucose.  The common causes are often toxic things like ethanol, methanol, ethylene glycol, isopropyl alcohol, etc.  
· The osmolality of all body compartments is the same at steady state.  Changes in tonicity of one compartment induces water movement that makes the concentrations equal.  Since Na is the main extracellular osmole, changes in tonicity usually reflect a change in [Na].  

· Plasma osmolality is usually 280-285 mOsm/kg, and Na is usually 140 mmol/L.  Osmolality is regulated by gain or loss of water (NOT sodium), which is mediated by ADH.  So changes in osmolality/tonicity usually reflect a problem with water balance.  

· ADH is released mostly with increases in osmolality (usually from increased Na intake) or via angiotensin II when there is severe volume loss.  Increased osmolality also triggers thirst.  ADH is released with increased osmolality, but also pain, nausea or >10% decreased ECV.  With a fall in tonicity or ethanol, less ADH is released.  

· ADH binds to a V2 receptor, induces cAMP signaling and inserts aquaporin2 into the membrane of cells in the collecting duct (leading to concentrated urine and water retention).  At high ADH levels, it may activate V1 receptors on the vasculature to induce vasoconstriction.  

· Blood pressure and osmolality are regulated independently.  Blood pressure (volume) is sensed as ECF volume and regulated through Na balance, the sympathetic nervous system, renin/angiotenin/aldosterone, and ANP.  Osmolality is sensed as tonicity/[Na] and is regulated through water balance by ADH and thirst.  This is potentially confusing, because [Na] isn’t mediated by excreting/retaining sodium, rather by excreting/retaining water.

· Water is a poor plasma volume expander, since it’ll go to both intra and extracellular volumes.  An isotonic volume expander will stay in the body compartment you put it in.  

· The approach to hyponatremia ([Na]<135):  Assess history and clinical status.  Determine osmolaltiy.  Evaluate volume status.  Evaluate urine osmolality and electrolytes.  Then treat.
· Hyponatremia/hypoosmolar situations are almost always problems of water balance.  It creates symptoms only when there is hypoosmolality (if there’s too little Na but more of something else that keeps osmolality normal, that’s asymptomatic).  Mild hyponatremia causes apathy, restlessness, nausea, and lethargy.  Moderate hyponatremia causes agitation, disorientation and headache.  Severe hyponatremia causes seizure, coma, areflexia, incontinence, Cheyne-Stokes (alternation between deep/rapid breaths and apnea), and maybe even death.  

· Isoosmolar hyponatremia – you have low [Na] but no overall change in tonicity, so there must be volume expansion (dilutes Na) usually by addition of an iso-osmolar solution with no sodium.  No symptoms or water shift takes place.  This can occur with:

· Isotonic infusion

· Pseudohyponatremia due to hyperlipidemia or hyperproteinemia, but may just be an artifact of flame photometer Na detection.  It’s rarely seen today.
· Hyperosmolar hyponatremia – you have low [Na] but high overall tonicity.  This requires addition of non-sodium osmoles to make the solution hyperosmolar.  Addition of these solutes will cause water to move from the intracellular compartment to the extracellular fluid (diluting the Na).  Causes include:

· Diabetic ketoacidosis:  glucose is restricted to the extracellular fluid because of a lack of insulin.  It becomes an effective osmole in this case.  When [glucose] is over 100, [Na] falls about 2 mEq/L for each increase in [glucose] of 100 mg/dl.  

· Hypertonic infusions:  may be given for cerebral edema, so that the water is drawn away from the brain and into the ECF volume.  

· It is treated by treating the underlying conditions.

· Hypoosmolar hyponatremia – this is the most common disorder of sodium concentration, in which both [Na] and overall osmolality are low.  This is when [Na]<135 and plasma osmolality < 280 mOsm/kg.  It requires ingestion of dilute (hypotonic) fluid.  The volume status of the patient must be determined to diagnose the etiology, since serum [Na] alone doesn’t tell you anything about total body volume.  
· Hypovolemic:  This is basically dehydration, where you have low volume due to water loss, but the loss of sodium is greater than the loss of water.  If loss of volume is significant (low ECV), ADH release may be stimulated to reabsorb water (without Na) and cause Urine osmolarity > Serum osmolarity.  These conditions may be due to:

· Renal loss:  In these cases the [Naurine] >20, because of a problem with conserving and reabsorbing Na.  This may be due to diuretics or other kidney problems.  If the diuretic is removed, the [Naurine] will fall <10 because the renin-angiotensin-aldosterone system will be stimulated to reabsorb sodium.  
· Extra-renal loss:  This is often due to diarrhea, vomiting, or GI loss of fluid (in stool).  In these cases [Naurine] <10, because the renin-angiotensin-aldosterone system is stimulated by low volume and reabsorbs a lot of sodium.  

· Treatment:  replace Na and water

· Hypervolemic:  These cases show the physical exam findings of hypervolemia.  In these cases, the gain of water is greater than the gain of Na.  You’ll often have a decreased effective circulating volume despite hypervolemia, which causes non-osmotic stimulus of ADH release and uptake of more water than sodium.  This causes the Urine osmolarity > Serum osmolarity.  May be due to

· Cirrhosis, Congestive Heart Failure:  in these cases, [Naurine] <10 due to stimulation of the renin-angiotensin-aldosterone system from decreased effective circulating volume.   

· Renal failure:  in these cases, [Naurine] >20 due to the kidneys’ inability to fully excrete its Na/water load.  

· Treatment:  restrict fluids or remove Na/water via diuretics or dialysis or aquaretics.  

· Ex:  In CHF, loop diuretics promote the excretion of free water (hypotonic urine), impaired renal perfusion (due to low ECV) limits the kidneys’ ability to excrete excess Na and water, and the release of ADH due to low ECV leads to more water retention than sodium retention.  

· Euvolemic:  This is due to impaired free water excretion when you still have normal effective circulating volume.  There is no clinical evidence of hypo or hyper-volemia, but you have still gained water.  Diagnoses include:

· If [Naurine] <10 due to urinary dilution, it’s polydipsia (drink too much water).  ADH is suppressed by low serum osmolality.  You have more water (dilute Na), but no clinical evidence of it.
· If [Naurine] >20, it’s due to increased ADH release (water is absorbed and urine is concentrated).  May be due to physiologic stimuli, a reset osmostat, or syndrome of inappropriate ADH release (SIADH).  SIADH is where you are clinically euvolemic, low serum osmolality, high urine osmolality (greater than serum), normal dietary intake with high urine Na, and no other diagnosis.  SIADH may be idiopathic or related to various other conditions.  

· Hypothyroidism

· Adrenal insufficiency

· Treatment:  fluid restriction, high solute diet, water removal via aquaretics or demeclocycline.  Aquaretics like conivaptan are V2 receptor antagonists that don’t really influence sodium excretion but cause you to lose water.  To treat SIADH, you can address the underlying cause, restrict fluids, consider aquaretics, or give hypertonic saline for short-term use…because BP and tonicity are regulated separately, giving isotonic saline will cause sodium to be excreted and water to retained, worsening the situation.  
· If a patient is suffering CNS complications of hypotonicity (due to fluid in the blood moving to the more hypertonic brain), the way to treat this quickly is with a hypertonic IV solution of NaCl.  It’s important not to change [Na] by more than .5 mEq/L per hour, because changing too fast will cause the brain to shrink or swell and can result in osmotic demyelination.  

· Hypernatremia is much easier to treat than hyponatremia.  Hypernatremia (Na>145) is always due to a lack of water relative to Na, and plasma osmolality is always increased.  Water shifts out of the brain and you get cerebral atrophy.  

· The most common causes are loss (water is lost more than sodium, producing dilute urine) or inadequate intake of water.  It may also be iatrogenic, due to hypertonic infusion.  

· As with hyponatremia, correcting too quickly can cause movement of fluid between the blood and brain.  In this case, you’d get cerebral edema with rapid correction.  

· Polyuria and polydipsia may be due to:  primary polydipsia, diuresis (osmotic from diabetes mellitus or drugs), or a concentrating defect (diabetes insipidus, where the kidney can’t hold on to water).  Diabetes insipidus may be central (lack of ADH) or nephrogenic (lack of response to ADH).  It presents as hypernatremia with low urine osmolality.  Nephrogenic diabetes insipidus can be caused by drugs like lithium, or also hypercalcemia. 
Potassium Balance:

· K is the major intracellular cation, with concentrations of 140 mEq/L in cells compared to 4-5 extracellularly.  This distribution is largely maintained by the Na/K ATPase.  

· K is important for regulating protein and glycogen synthesis as part of cell metabolism, and is also determines the resting potential across cell membranes.  The RMP depends on the activity of the pump and the membrane permeability to K, and its normal value is around -88 mV, and it’s critical for normal neural and muscular function.  More simply, it depends on extracellular and intracellular K.  In hyperkalemia there is extra K in the extracellular space, and in hypokalemia there is too little K in the extracellular space.  Both situations result in muscle paralysis and cardiac arrhythmias.  

· So, regulating K balance is important.  Potassium is handled by moving it into cells and excreting it (90-95% by the kidney).  

· Factors that affect K distribution:

· Na/K ATPase activity is the primary regulator of normal K distribution.  It’s activity is affected by catecholamines (increase via the β2 receptor…can produce hypokalemia during stress and epinephrine release), insulin (increase), thyroid hormone, and the state of K balance.  If insulin or catecholamines are deficient, elevated K is usually excreted in the urine.

· Plasma [K] increases promote K entry into cells by passive mechanisms.  Hypokalemia, likewise, causes K to leave cells.  Usually, plasma [K] varies directly with stores.  
· Extracellular pH:  Acidosis (metabolic much more than respiratory) causes excess H ions to be buffered in cells, and electroneutrality is maintained by moving K and Na out of cells into the ECF.  So plasma [K] increases.  With alkylosis, H ions move out of cells and K and Na move in, causing hypokalemia.  

· Hyperosmolarity causes water to move out of cells and K to follow.  Increased K in cells increases K exit via K channels.  

· Cell breakdown (trauma, crush injuries) causes release of K.  If there is rapid cell production (correction of B12/folate deficiency anemias), [K] will drop.  

· The kidneys play a major role in maintaining K balance.  Steroids, changes in rate of stool water excretion and changes in K balance may alter the role of fecal K loss, but it’s usually not that important.  In the kidney, 70-80% of K is reabsorbed in the PCT, and 15-20% in the thick ascending limb via the Na/K/2Cl transporter.  The rate of K excretion is determined by K secretion by principal cells in the cortical and outer medullar collecting ducts.
· A basolateral Na/K ATPase pumps K into cells.  Potassium is passively secreted via channels into the urine, largely due to the electrical gradient generated from Na reabsorption.  As the tubular flow constantly dilutes K in the tubule, the concentration gradient also favors K excretion.  

· Aldosterone increases K secretion by increasing the number of sodium channels, enhancing the activity of the Na/K ATPase, and increasing the number of open K channels.

· High plasma [K] induces all of the same effects as aldosterone, but less potently.

· Increased distal flow rate may favor further secretion of K, both by diluting the intraluminal K concentration and increasing Na delivery.  

· Sodium reabsorption generates an electrical gradient favoring K secretion and activates the Na/K ATPase.  The diuretic amiloride blocks Na channels and leads to both decreased Na absorption and decreased K secretion.

· The electrical gradient also contributes, and if a poorly reabsorbed ion like HCO3 is present, even more of a gradient will be present and cause more K secretion.  So metabolic alkylosis can cause hypokalemia this way.  

Hyperkalemia ([K]>5.5 mEq/L):

· Hyperkalemia can be caused by: 

· Increased K intake, which is rarely a problem unless there’s a defect in excretion.  Most of it is taken up by cells (stimulated by insulin or [K]), or excreted in urine (mediated by aldosterone and [K])
· Pseudohyperkalemia, where K moves out of cells after a blood sample is drawn due to mechanical trauma releasing it from cells.  This can also happen if K is measured from serum, since clotting releases some K from platelets and WBCs.  To avoid this, [K] should be measured from plasma, not serum.

· Shift out of cells due to deficiency of insulin, catecholamines, or Na/K ATPase activity.  This can occur in diabetics (with ketoacidosis or hyperglycemia), where failure to secrete insulin results in a lack of K movement into cells, and failure to absorb glucose increases osmolarity and pulls more K and water out of cells.  Β-blockers can also interfere with K entry into cells.  Tissue breakdown can also release lots of K.

· Decreased renal excretion caused by renal failure (you can increase excretion via aldosterone until oligouria impairs K excretion because of decreased flow in the distal nephron), effective circulating volume depletion (also decreases GFR and flow through the nephron), or hypoaldosteronism.  Hypoaldosteronism can be due to decreased production, or diminished effect (aldosterone normally stimulates K secretion in response to high [K] or angiotensin II).  You usually see hyperkalemia, Na wasting and metabolic acidosis.  Hyporeninemic hypoaldosteronism (type IV RTA) is the most common cause of hyperkalemia in adults, producing mild to moderate renal dysfunction.  ACE inhibitors, NSAIDs and cyclosporin can produce a similar syndrome.  Primary adrenal insufficiency, autoimmune disorders, AIDS, heparin, K-sparing diuretics (spironolactone directly angonizes aldosterone, amiloride and triamterene block the luminal Na channel) and inherited defects (21-hydroxylase deficiency) can all cause hypoaldosteronism too.  
· Symptoms include muscle weakness and abnormal cardiac function (peaked T-wave, loss of P wave, and sine pattern on EKG).  

· Treament:  Calcium antagonizes K effects at the membrane, so can be used for immediate treatment of life-threatening hyperkalemia.  Insulin lowers plasma K by driving it into cells (usually given with glucose to prevent hypoglycemia).  Cation exchange resins lead to loss of K in the gut instead of Na, but they can cause intestinal necrosis.  Dialysis and diuretics are also common treatments.  

Hypokalemia ([K]<3.5 mEq/L)

· Causes include:

· Rarely a lab abnormality

· A change in internal balance and shift of K into cells:  alkalemia can cause K uptake (causes of metabolic alkylosis lead to K and H loss together), insulin or adrenergic activity increases K uptake.
· A decreased total body [K]:  This is rarely due to decreased intake.  With decreased intake, you can decrease K secretion from principal cells, and also increase K reabsorption through intercalated cells (via an H/K exchanger).  If urine K is low, then the kidney is working correctly and it’s probably due to GI K loss, but if urine K is high, then the kidney is malfunctioning.  

It’s more commonly due to K loss.  In GI loss, GI secretions contain K that is lost in diarrhea.  Renal loss can be due to diuretics (increase delivery of Na to collecting duct, which stimulates K secretion…and they cause volume depletion, which leads to aldosterone secretion and more K secretion), hypokalemia of vomiting (usually transient, but loss of H leads to alkylosis, and excreting HCO3 promotes K secretion…and volume depletion also contributes), mineralocorticoid excess (usually increases K excretion and shows alkylosis and volume expansion too…may result from Cushing’s glucocorticoid excess and cross-reactivity at receptors, enzyme deficiencies in steroid synthesis that accumulate metabolites with mineralocorticoid activity, or hyperreninism from renal artery stenosis), Barterr’s and Gitelman’s syndromes, nonreabsorbable anions like bicarb, amphotercinB antifungal treatment, and hypomagnesimia.  
· Symptoms of hypokalemia include muscle weakness or paralysis, including in the intestines. It can impair renal function, leading to an inability to concentrate urine (causing polyuria/polydipsia), urinary acidification due to exchange of K and H stimulating cells to secrete H more, or vacuolar lesions of epithelial cells with interstitial fibrosis and tubular dilatation.  Rhabdomyolysis (muscle breakdown) can occur.  EKGs show ST depression, decreased T waves and increased U waves.  The P-R interval may be prolonged, and the QRS complex widened.  

· Treatment includes K replacement with KCl.  Rapid IV replacement can cause hyperkalemia and be dangerous, so oral administration is preferred.  
Acute Renal Failure:

· Acute renal failure (acute kidney injury) is an abrupt (within 48 hrs) decline in GFR with increased serum creatinine (by .3 mg/dL from baseline or over 50% increase), or oliguria (decreased urine output) of less than 500 mL/day or anuria of less than 50 mL/day.  But urine output can be normal or elevated in ARF.  Relying on creatinine can be unreliable because it depends on muscle mass, so normal for someone small could be .5 whereas normal for someone huge might be 1.3.  Creatinine can also be falsely elevated by meds like cimetidine and trimethoprim.  Officially, normal is up to 1.2  If serum creatinine doubles, GFR is usually halved.  

· A typical blood chemistry panel is represented as:         Na       Cl             BUN         Glucose









K       CO2       Creatinine

· Elevated BUN and creatinine are seen with ARF.  
· ARF causes lots of morbidity and mortality.  It increases risk of death in hospital-acquired cases by over 6x.  40-80% mortality with oliguric ARF.  Its very common, present in 1-4% of general admission and 10-30% of ICU admissions.
· ARF is classified by anatomic site.  It is termed prerenal (getting blood to kidneys), parenchymatous/intrinsic/renal (in the kidneys), or obstructive uropathy (getting urine out of the kidneys).  Within the kidney, the problems can be vascular, glomerular, interstitial or tubular (ischemic or toxic).
· Prerenal ARF:  Urine formation begins with delivery of blood to the glomerulus.  The kidney tries to maintain GFR despite changes in perfusion pressure (autoregulation).  Decreased perfusion leads to prostaglandins vasodilating the afferent arteriole and angiotensin II preferentially constricting the efferent arteriole.  This can be blocked with ACE inhibitors or NSAIDs, and small decreases in perfusion pressure under those circumstances might have a big effect.  Or a big enough drop in perfusion pressure will lead to decreased GFR.  

· Prerenal acute failure can result from decreased intravascular fluid volume (from fluid loss or ECF sequestration and loss of fluid from the vascular space such as edema), decreased cardiac output (myocardial dysfunction, or peripheral vasodilation with drugs/sepsis), renal vasoconstriction (due to drugs or hepatorenal syndrome), or renal artery occlusion (thrombus, trauma).  
· You can often figure out the cause through a history with meds and assessment of volume status on physical exam (BP, heart rate, orthostatics, dry mouth, skin tenting).  You may also get a good sense by seeing how well you return to baseline in response to fluids.  Giving fluids should help.

· Lab diagnosis of prerenal failure:  normal urinalysis, BUN:creatinine ratio > 20:1 (trying to retain sodium and BUN because kidneys think you’re hypovolemic), urine [Na] < 20 mEq/L, fractional excretion of sodium (FENa)<1%, and urine osmolality > 500 mosmol/kg (the detected low volume triggers non-osmotic ADH release so you retain lots of water and get concentrated urine).  FENa = fraction of filtered sodium that gets secreted = (UNa/UCr) / (PNa/PCr)
· A low FENa (<1%) means you are reabsorbing lots of salt, which is consistent with a prerenal state in which the kidneys think you are volume depleted due to low renal perfusion.  Renal disease like Acute Tubular Necrosis (ATN) can impair the capacity to reabsorb sodium.  Oliguria is required to accurately suggest prerenal disease.  And, these values can’t be interpreted in the setting of diuretic use.  

· Problems with using the BUN/creatinine ratio include increased urea formation with catabolic states or GI bleeds, or decreased urea formation with protein malnutrition, advanced liver disease, or hereditary deficiency in urea cycle enzymes.  

· Hepatorenal syndrome can occur in patients with chronic liver disease, and it’s very common in patients with cirrhosis and ascietes.  You get systemic vasodilatation but vasoconstriction of the renal circulation for some unknown reason, which together really decreases renal perfusion (prerenal ARF).  But, you don’t see any renal abnormalities.  If you give a liver transplant, renal function is restored.  \
· Postrenal ARF (aka obstructive uropathy) blocks urine flaw and can occur anywhere between renal pelvis and urethra.  Assuming there’s no intrinsic renal disease, you need bilateral obstruction to develop ARF (since 1 kidney can get the job done).  

· The major causes of postrenal ARF are anatomic abnormalities in kids (urethral valves or ureterovesical/ureteropelvic junction stricture/sclerosis), in young adults it’s calculi, and in older adults stones, prostatic hypertrophy/cancer, retroperitoneal or pelvic cancer.  

· The renal calyces and pelvises of each kidney usually only have a little urine, but obstruction can cause proximal dilatation that destroys the medulla and compresses the cortex.  Failure can be due to pressure atrophy, ischemia or intrarenal reflux.  Hydronephrosis is dilatation of urinary tract proximal to obstruction, and this increases the chance of urinary tract infection.

· Diagnosis is ideally done by ultrasound to look for obstruction (hydronephrosis).  CT can be done if US isn’t clear, abdominal X-ray may be done, or intravenous pyelogram with radiocontrast can also be done.  

· If an obstruction is present, treat emergent issues first (sepsis, electrolyte problems) then attempt to preserve renal function by relieving the obstruction (catheterize, surgery or do percutaneous nephrostomy).  

· Intrinsic ARF should be considered when pre and post renal disorders have been excluded.  They are categorized according to the anatomy (vascular, glomerular, interstitial, tubular).  Acute tubular necrosis (ATN) is the most common cause or ARF.

· Vascular renal ARF includes thrombotic microangiopathies.  This is where you get vascular thrombosis that are secondary to endothelial cell injury and platelet activation.  This can happen with malignant hypertension, scleroderma, TTP, HUS, or pregnancy.  In addition to thrombotic microangiopathies, you can get bilateral renal vein thrombosis.

· Glomerular ARF:  Many glomerular issues are not acute.  The rapidly progressive glomerulonephridities (RPGN) show extensive crescent formation (inflammatory and hypercellular).  They are glomerulonephritis, and the nephritic syndrome includes hematuria with RBC casts, decreased GFR, non-nephrotic proteinuria, edema, and hypertension.  They fall in three categories (mainly with systemic diseases):

· Anti-GBM antibodies against collagen in the basement membrane (also in the lungs, so you may see lung hemorrhage…as in goodpasture’s)

· Immune complex formation/deposition due to lupus (anti-dsDNA), post-strep (hx pharyngitis), IgA (mesangial IgA deposits) nephropathy, endocarditis (murmurs), or mixed cryoglobulinemia.  

· Pauci-immune (ANCA associated…no immune complexes) glomerulonephritis.  Seen along with Wegener’s granulomatosis (respiratory disease also seen) and Microscopic polyangiitis (renal limited vascuilitis).  

· Diagnosis of RPGN can be made if you see renal insufficiency, urinalysis showing glomerular hematuria with abnormal looking RBCs/casts/mild proteinuria, and systemic complaints like edema, fatigue, etc.  

· HIV associated nephropathy can lead to rapid ESRD.  You see ARF with heavy proteinuria, no hematuria, enlarged kidneys, and FSGS with collapsed basement membrane.  

· Interstitial ARF:  Acute interstitial nephritis (AIN).  These are characterized by inflammatory infiltrates in the interstitium.  It’s pretty rare, but often very treatable.  They’re most commonly due to a drug reaction (methicillin, NSAIDs), infection, systemic disease or malignancy.  These are hypersensitivity reactions to an antigen mostly due to cell-mediated processes (though antibodies/ICs may contribute).  Either way, you get an inflammatory reaction that can lead to fibroblast proliferation and fibrosis.  

· It develops in about 3 weeks of exposure to antigen.  You can get mild proteinuria, hematuria, WBC casts, eosinophilis in the urine, and maybe flank pain.  Fever, arthralgia, rash and eosinophilia may occur systemically.

· H&P are essential to diagnosis.  May look for serum/urine eosinophils, hematuria, increased creatinine, etc.  Definitive diagnosis from renal biopsy. 

· Treat by removing the offending agents

· Tubular ARF:  Acute tubular necrosis (ATN).  This is injury to the renal parenchyma following renal ischemia (sepsis, bleeds, surgery) or toxin exposure.  ATN is the most common cause or ARF in hospitalized patients.  Often, the best thing you can try to do is find and treat the underlying cause.  

· Ischemic ATN has a high mortality rate.  It results from a prolonged prerenal state, where decreased perfusion is prolonged and severe.  The PCT and TAL are most susceptible since the medulla doesn’t get much perfusion to begin with.  Poor oxygenation leads to tubular injury, increased Ca, generated radicals, and apoptosis.  You get tubular injury and tubule death or sloughing.  Complement, adhesion molecules, inflammatory mediators all contribute.  

· Toxic ATN may be due to endogenous toxins (myoglobinuria, hemoglobinuria, light chains, crystals, etc).  Myoglobinuria (rhabdomyolysis) is an important cause of ARF.  Myglobin is released from damaged skeletal muscle and overwhelms the proximal tubule reabsorption mechanisms.  It gets to the distal tubule and forms casts, particularly in acidic urine.  You can also get renal vasoconstriction and edema that can contribute to hypovolemia and decreased GFR.  Toxicity from iron can occur too.  Rhabdomyolysis can be cause by trauma, drugs (statins), infection, ischemia, etc.  Rhabdomyolysis can be diagnosed by history, + dipstick heme with no RBCs visible, elevated serum creatine kinase (shows muscle damage), hyperkalemia, hyperuricemia, metabolic acidosis, hyperphosphatemia that complexes with calcium to produce hypocalcemia.  Treat with high urine flow rate via infusing saline.  Dialysis may be necessary.

· Toxin ATN may also be due to exogenous toxins (radiocontrast dyes, lithium, aminoglycosides or amphotercin B).  Aminoglycosides are nephrotoxic, but take 5-10 days to show symptoms.  You can get polyuria (unusual for ARF).  Recovery may not occur for 3 weeks after cessation of dosing.  Radiocontrast dyes may act directly as tubular toxins and vasocontrictors that can contribute to prerenal ARF.  

· With ATN in general, you see muddy brown granular casts when you look at urinalysis.  There is lots of Na in the urine due to tubular damage (inability to reabsorb completely), and you may get loss of concentrating ability in the urine.  

· Prerenal shows normal urinalysis, low urine Na, low FENa, and high urine osmolality.  It is the second most common cause of ARF.

· ATN shows brown casts on urinalysis, high urine Na, normal FENa, and low urine osmolality.  It is the most common cause of ARF.

· The general approach to ARF is to address life threatening issues first (hyperkalemia, pulmonary edema, severe uremia), determine the cause and treat.  Treatment for prerenal often involves IV fluid.  Dialysis may be necessary in severe cases. 

Kidney Stones:

· Kidney stones are very common, affecting 10% of the population and increasing in prevalence.  They are also expensive.  

· They may be the expression of an underlying metabolic disorder.  Kidney stones today can be diagnosed by CT, and treatment is minimally invasive (shock waves).  But, our understanding of pathogenesis hasn’t really improved much recently.  

· Stones can be classified as due to infection (struvite) or metabolism (most often calcium, but also cystine or uric acid).  

· Struvite stones (staghorn stones) are made of magnesium, ammonium and phosphate.  They only form with elevated pH and elevated ammonia, which can occur with the presence of an organism that produces urease.  Proteus and Klebsiella are the two most common, and a UTI with these may indicate the presence of upper urinary tract involvement.  E. coli doesn’t produce urease.  Urease splits urea into ammonia and carbon dioxide.  The ammonia raises pH, causing deposition of crystals.  These stones grow rapidly and can get really big.  If untreated, patients get chronic urinary tract infection, sepsis, and maybe loss of renal function.  Now, we remove stones surgically and monitor infection.  

· Metabolic stones form due to abnormal urine chemistry due to renal pathophysiology.  The four common types of stones are:  Cystine, uric acid, calcium phosphate and calcium oxalate.  

· Cystinuria is rare (<1%) but it tends to occur in young kids (around 12).  It’s heritable as an autosomal recessive phenomenon.  They show a high recurrence rate and are at increased risk for a loss of renal function over time.  Stones can be fragmented and extracted.  It occurs due to impaired transport in the proximal tubule that reduces reabsorption of some AAs, including cystine.  Cystine isn’t soluble at urinary pH, so forms crystals/stones.  Cystine forms unique hexagonal crystals.  As urinary pH rises, cystine solubility increases.  So you can try giving oral bases to treat stones.  Stones form at renal papilla.  

· Uric acid stones make up 5-10% of stones.  They are most common in patients with no obvious uric acid abnormality (except purine gluttony).  These are more common in gout patients though.  These are also associated with chronic diarrhea or diabetes/metabolic syndrome.  Uric acid stones are radiolucent on plain X-ray, but are visible on CT.  Patients present with flank pain.  These stones don’t require increased urinary uric acid (though it helps), but acidic urine pH is required.  When pH is less than 5.75, formation of solid crystals is promoted.  The pathology of kidneys that tend to form uric acid stones is unknown.  

· Idiopathic calcium oxalate:  most patients in this country with kidney stones.  For other stones like struvite, cystine, or uric acid, supersaturation is what causes stones.  But, for calcium oxalate, it’s more complex.  Supersaturation is necessary but other factors are key.  Everyone’s urine is supersaturated with calcium oxalate, but not everyone forms stones because there are usually inhibitors which prevent stone formation.  So we need to figure out what’s going on with the stone formers.  Calcium oxalate stones are often attached to deposits of calcium phosphate plaques at renal papillae (Randall’s Plaque).  People who tend to form stones have more calcium phosphate plaques.  The initial site of crystallization is the basement membrane of the thin loop of Henle.  So, we think that the initial calcium phosphate deposits initially form at the basement membrane of the thin loops of Henle.  These eventually accumulate and erode into the papillary tip (forming plaques at the renal papilla).  Calcium oxalate crystals attach here and grow to clinically significant stones that may break off and pass down the ureters.  

· Non-idiopathic calcium oxalate stones:  These patients may have enteric hyperoxaluria (high urine oxalate).  These patients have a short gut (decreased bowel length due to bowel resection or IBD or bariatric surgery).  This creates a malabsorptive state.  Fat is malabsorbed, and fat-soluble vitamins and calcium are saponified and unable to bind oxalate (which calcium normally does).  Normally calcium and oxalate bind and become insoluble and pass out of the body.  But, if calcium is saponified, free oxalate is free to be absorbed and goes to the kidney.  Patients get high oxalate levels, and this causes calcium oxalate stones to precipitate in the kidney.  

· Calcium phosphate stones:  Calcium phosphate crystallization is pH dependent (unlike calcium oxalate stones).  They form at alkaline urinary pH.  In some cases, these stones can be a consequence of overtreatment of uric acid stones via alkylation.  

· These are most common in distal renal tubular acidosis in which the distal nephron can’t secrete acid and acidify urine.  Urinary pH can’t be lowered effectively, so alkaline urine promotes stone formation.  But stone formation is multifactorial.  Acidosis drives calcium phosphate release from the bone, elevated urinary pH, and urinary citrate (can inhibit calcium crystallization) is low.  

· These stones also occur in cases of primary hyperparathyroidism.  1 in 5 patients with hyperparathyroidism gets kidney stones.  Hyperparathyroidism is a disease of middle age, more common in women.  All of the consequences (calcium oxalate and calcium phosphate stones, in addition to bones and abdominal moans) are due to excess PTH.  Excess PTH creates hypercalcemia (increased absorption), delivering more Ca to the kidney and urine.  You see increased renal Ca absorption, but it’s overwhelmed by the hypercalciuria.  Increased bone resorption exacerbates this and can lead to osteoporosis/osteopenia.  Stones may be their first presentation, and calcium may only be mildly elevated.

· Idiopathic hypercalciuria is when people have high urinary calcium with no other detectable causes.  Occurs despite normal serum calcium.  It can be due to intestinal overabsorption or defective renal tubular reabsorption.  

· Basically, forming kidney stone formation is complex.  But, metabolic and surgical findings in distinct stone groups are different (histology of renal papillae of a stone former is particular to the clinical setting).  Urologists, nephrologists and basic scientists must collaborate to gain better insight and clinical treatment.  

· Patients with kidney stones are largely treated surgically.  A small incision can be made and a needle can be threaded into the kidney under x-ray guidance.  You can then ultrasonically ablate a large stone.  Smaller stones can be retrieved through the ureter and up into the kidney.  Or shock wave lithotripsy can be done non-invasively and you can fragment stones that can wash out of the kidney without ever making an incision.  
Metabolic Acidosis:
· Acidosis is a process that lowers pH.  Acidemia is when blood pH < 7.4.  These often go together.  Alkalosis is a process that raises pH.  Alkalemia is when blood pH > 7.4.  

· With regard to acid balance, the kidneys regulate [bicarbonate] and the lungs manage PCO2.  pH = 6.1 + log ([HCO3] / .03PCO2)

· Metabolic acidosis is when you get a fall in plasma HCO3 and low arterial pH (unless something else is going on).  Recall: H2O + CO2 → HCO3 + H.  In response to metabolic acidosis, there should be compensatory hyperventilation to exhale carbon dioxide and reduce acid levels.  

· Metabolic acidosis results from reduced bicarbonate, so it can be caused by increased acid production (or exogenous addition of acid), decreased renal acid excretion, or loss of bicarbonate in the stool (as in diarrhea).  

· Extracellular fluids are usually between pH 7.37 – 7.43.  Intracellular fluids are more acidic.  One of the primary functions of the kidney is to regulate acid/base balance.  The acids in the body can be classified as carbonic acids (CO2 → H2CO3) or non-carbonic acids (like phosphoric or sulfuric acid which are products of protein catabolism).  In the absence of kidney function, you’ll become acidotic.  

· To control an acid load, the body’s primary extracellular buffer is bicarbonate.  Intracellular buffers include proteins, carbonates and phosphates.  55-60% of acid loads are eventually buffered by cells and bones.  When H moves into cells, K moves out.  
· The kidney’s response is to reclaim filtered bicarbonate, which it does completely (90% proximal, 10% distal).  Acid is also secreted and combines with titratable acids or more importantly NH3.  

· In the proximal tubule, bicarb is reclaimed as H ions are secreted in exchange for absorbing Na.  In the collecting duct, bicarb is reclaimed as H ions are pumped out actively via ATP and enter the blood through Cl exchange.                                                                            PCT: [image: image6.png]Tubular lumeny Blood
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· In the proximal tubule acids (H ions) are excreted in exchange for Na as titratable acids, meaning they combine with things like HPO4 or HSO4.  Bicarb is absorbed with Na.  In the collecting duct, H ions are pumped actively and bicarb is absorbed in exchange for Cl.    PCT: [image: image8.png]‘Tubular lumen_ Blood
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· There’s a clear limit to how much titratable acid can be in the urine, but when acid is secreted in complex with NH3 as ammonium, you can excrete lots of acid safely.  Ammonia moves pretty freely among the urine, cells, and blood.  When H binds it in the kidney tubules, it gets trapped there (ammonium trapping).  Ammonium is the best way to get rid of acid in the urine.  Most ammonium trapping occurs in the collecting tubule, where H ions are pumped via an ATPase pump.  

· Ammonium is generated in the proximal tubule cells by breaking down amino acids.  In the ascending limb of the loop of Henle, ammonium leaves the kidney tubules via an Na/NH4/2Cl transporter, and from there the ammonium is converted to ammonia which diffuses freely.  This can be bound by H and trapped in the collecting duct for excretion in the urine.  

· To solve acid/base problems in the kidneys, first look at pH, then serum bicarbonate, assess the degree of compensation, calculate the anion gap, determine the underlying cause and apply the appropriate treatment.  

· H2O + CO2 → HCO3 + H.  Metabolic processes begin with changes in bicarbonate.  Respiratory processes begin with changes in CO2.  Metabolic acidosis is characterized by low pH, low HCO3 and low compensatory CO2.  Metabolic alkalosis is characterized by high pH, high HCO3 and high compensatory CO2.  Respiratory acidosis is characterized by low pH, high CO2 and high compensatory HCO3.  Respiratory alkalosis is characterized by high pH, low CO2 and low compensatory HCO3.  

· Arterial blood gas measurements are represented as:  pH/PCO2/PO2/HCO3.  Normal values for this would be 7.4 / 40 / 90 / 25.  By Henderson-Hasselbach (pH = 6.1 + log HCO3/.03PCO2) if you have two of pH, PCO2 and HCO3 you can solve for the third.  

· The serum anion gap is measured as:  Na – (Cl + HCO3).  It’s basically the most common cation minus the most common anions.  A normal gap is around 5-11 mEq/L due to unmeasured anions like phosphates, sulfates and proteins.  Metabolic acidosis is classified as high anion gap (tx underlying disorder) or normal anion gap (tx with bicarbonate replacement).

· High anion gap metabolic acidosis is caused by (SLUMPED) Salicylic acid overdose (aspirin metabolite, treated with dialysis), Lactic acidosis (due to increased lactate production from seizure, shock, hypoxia or sepsis…or due to diminished lactate utilization from liver disease), Uremia (renal failure – decreased GFR prevents excretion of titratable acid and increases anion gap, whereas decreased tubular function promotes HCl retention and doesn’t alter anion gap), Methanol poisoning (blindness, coma, death due to formic acid), Paraldehyde poisoning, Ethylene glycol poisoning (drunkenness, coma, flank pain, edema, death due to glycolic/oxalic acid, which also form urine crystals), or Diabetic ketoacidosis (fatty acid catabolism with low insulin produces acetoacetate and H).  
· Lactic acidosis and diabetic ketoacidosis cause production of hydrogen that binds bicarbonate and leaves lactate or acetate as non-Cl/HCO3 anions that increase the anion gap.  Ketoacidosis can result from uncontrolled diabetes mellitus, fasting or alcohol consumption that stimulates lipolysis.  
· Methanol and ethylene glycol require alcohol dehydrogenase to produce their toxic metabolites.  They are treated with an alcohol dehydrogenase antagonist (fomepizole) or ethanol.  
· Normal anion gap metabolic acidosis:  This is where bicarbonate losses are associated with Cl increases.  So, the anion gap shouldn’t change.  This may be due to:
· GI losses, for example diarrhea or ureterosigmoidostomy.  With diarrhea, intestinal fluids rich in bicarbonate are lost, but the volume depletion results in increased NaCl absorption.  Each bicarbonate lost is replaced by a chloride, so the anion gap stays normal.  In ureterosigmoidostomy, the ureters are fed into the colon.  The colon absorbs Cl in exchange for bicarbonate.  This causes hyperchloremic metabolic acidosis with a normal anion gap.  

· Renal tubular acidosis:  

· Proximal (type 2) renal tubular acidosis (RTA) is due to an inability to reclaim bicarbonate in the proximal tubule.  So you lose bicarbonate in the urine.  But, the distal nephron still secretes acid with no problem, so urine pH can be quite low.  Plasma bicarbonate is low (14-20 compared to the normal 25), and K can be normal or reduced.  You lose phosphate, glucose and amino acids in the urine too due to defective PCT absorption, and this can produce Fanconi syndrome.  Phosphate wasting can cause rickets or osteomalacia.  This can be cause by multiple myeloma or drugs.
· Distal type 1 RTA is due to a decreased H secretion in the distal tubules.  This is the only RTA where you can’t acidify the urine, so its pH is often high.  And, you can’t get the H into the tubule for ammonium trapping, so there low ammonium in the urine.  Plasma bicarbonate can fall below 10.  But, K isn’t affected (it’s normal or low).  This can be caused by chronic kidney disease, drugs, or autoimmune disorders.  

· Distal type 4 RTA is due to decreased H secretion in the collecting duct, but this H secretion is associated with K secretion.  This condition is associated with aldosterone deficiency or resistance (hypoaldosteronism).  You get hyperkalemic metabolic acidosis (usually the acidosis is pretty mild).  This may be, in part, due to the fact that you can still acidify the urine decently through distal tubule H secretion.  You do see reduced ammonium trapping and low urine ammonium though.  The causative aldosterone deficiency or resistance may be due to adrenal insufficiency, heparin, diabetic nephropathy, HIV, or various drugs.  
· Urine anion gap is calculated as Na + K – Cl.  The other main cation present is ammonium.  A negative urine anion gap indicates a lot of ammonium.  A urine anion gap at or near 0 indicates little ammonium in the urine.  

· With diarrhea you get metabolic acidosis.  So you excrete a lot of ammonium in the urine and the urine anion gap is negative.  Proximal RTA also causes a negative urine anion gap, since it too produces an acidosis in which distal ammonium production is unaffected.  

· Type I or IV RTA have impaired acid secretion and impaired ammonium production.  They have a urine anion gap around zero.  

· The usual respiratory compensation for acidosis is hyperventilation (compensatory alkalosis).  The appropriate level of PCO2 reduction is:  predicted PCO2 = 1.5 (HCO3) + 8 +/-2

· If the PCO2 is less than expected, there is a simultaneous respiratory alkalosis.  If it is greater than expected, there is a simultaneous respiratory acidosis.  

Metabolic Alkalosis:

· Metabolic alkalosis is a pathological process that results in excess serum HCO3 (>24 mEq/L) and is characterized by a rise in plasma pH (>7.4).  CO2 + H2O → H + HCO3.  Due to equilibrium and the lungs trying to compensate for the decreased H, you see increased CO2.  So with metabolic alkalosis you should see increased PCO2, and if you don’t it means that something else is also going on.  

· You can also think about this relationship in terms of the Henderson-Hasselbalch equation:  pH = 6.1 + log ([HCO3] / .03PCO2).  If bicarbonate increases, you expect carbon dioxide to increase to get the pH closer to normal.  

· For every 1 mEq/L increase in HCO3 over 24 (normal), you expect PCO2 to increase 0.7 mmHg over 40 (normal).  

· Serum bicarb alone won’t tell you someone’s acid/base status (for example it can be elevated in metabolic alkylosis or respiratory acidosis), so you need to look at serum pH (normal = 7.4).  Then you can look the [HCO3] and determine the expected respiratory compensation (predicted PCO2 compensation = .7 mmHg x Δ[HCO3]).

· In metabolic alkalosis, the primary defect is increased bicarbonate.  You see increased pH and a compensatory increase in PCO2.  This a very clinically important condition because it can cause depressed respiration and decreased oxygen delivery to tissues (high pH causes Hb to bind oxygen with higher affinity, and you also see vasoconstriction and decreased perfusion of vital organs).  Most importantly, you can get decreased cerebral or coronary perfusion and vascular constriction.  

· Proximal tubule cells have the net effect of reclaiming bicarbonate.  With this proximal bicarbonate absorption, you see proximal acidification of the tubule contents.  The filtered bicarbonate that remains in the lumen and weak acids and ammonium all buffer the secreted H ions.  90% of filtered bicarbonate is absorbed here.  
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· Collecting duct type A intercalated cells reabsorb the remaining bicarbonate with a basolateral bicarb/Cl exchanger.  These cells also secrete H that forms titratable acids or ammonium.  Acid excretion can be coupled to bicarbonate absorption, which is doubly bad for alkylosis.  Type A intercalated cells also have an H/K exchanger for H secretion and K absorption, and this can be activated with hypokalemia to make alkylosis worse too.  

· Collecting duct type B intercalated cells secrete bicarb in exchange for Cl, and this process requires the presence of Cl in the urinary space.  This is good for metabolic alkalosis.  

· Collecting duct principal cells mediate a sodium influx that creates a negative lumen and indirectly promotes H secretion from type A intercalated cells.
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· Aldosterone stimulates the H ATPase and also increases absorption of Na into principal cells that increases luminal negativity, both of which contribute to alkalosis.  

· Generation phase of metabolic alkalosis:  This starts the alkalosis.  It can be due to a loss of acid (vomiting, diuretics, increased aldosterone), H shifting into cells in exchange for K in hypokalemia, volume contraction (w/ the help of aldosterone), or an alkali load (antacid use, sodium bicarbonate administration, citrate from a massive blood transfusion).  

· Vomiting will cause you to lose HCl from the stomach, but the sodium bicarbonate from the pancreas that would have normally neutralized that acid stays in the blood to cause an alkalosis.  

· Diuretics block NaCl absorption and increase the delivery of NaCl to the collecting duct.  This promotes Na absorption by principal cells and leaves Cl in the lumen, which makes the lumen more negative and promotes K and H excretion (HCl).  The decreased volume load also stimulates aldosterone, causing more acid secretion.  The net result is effectively to excrete HCl out of the kidneys.  Urine Cl may be high when you’re using diuretics because its reabsorption is blocked, and this can chloride deplete you.  The negative lumen due to Na absorption and the acidic urine promote K loss too.

· Maintenance phase of metabolic alkalosis:  This keeps you alkaline and requires impaired renal HCO3 excretion.  This can be due to decreased GFR that keeps you from excreting excess bicarbonate or increased tubular bicarbonate reabsorption (due to volume depletion, hyperaldosteronism, hypokalemia or chloride depletion).  

· Vomiting or diuretics will deplete volume.  This causes aldosterone secretion which promotes H secretion (accompanied by bicarbonate production and absorption) in type A intercalated cells that maintains the alkalosis.  Aldosterone also increases Na reabsorption in the principal cells to make the lumen more negative and promote H secretion.  Even though you are alkalotic and aldosterone will make this worse, the need to maintain adequate volume supercedes regulation of acid/base balance.  Or you can have hyperaldosteronism that escapes regulation for other reasons (tumor, etc).

· Hypokalemia increases exchange of H/K in type A intercalated cells, promoting acid excretion and maintaining the alkalosis.  

· Chloride depletion can occur with vomiting or diuretic use.  When this occurs, you reabsorb more from the tubule and create a larger chloride gradient.  Because chloride secretion is coupled to acid secretion in type A intercalated cells, this increased chloride gradient makes it easier to excrete H and maintains alkalosis.  Lack of chloride in the lumen also prevents you from exchanging bicarbonate for Cl, which also maintains alkalosis.  

· In most cases, urine Na can be used to assess a patient’s volume status.  But, in metabolic alkalosis, you need to look at urine Cl to assess a patient’s volume status.  Normally with volume depletion you see low urine Na and Cl because you try to reabsorb NaCl and water from the kidney tubules.  But it alkalosis, you initially try to secrete lots of NaHCO3 to correct the alkalosis.  After about 4 days, urine Na is low because conserving volume becomes the highest priority.  These competing effects on urine Na in early metabolic alkalosis make it an unreliable way to assess volume, but Cl would be low in either case if volume is depleted.  

· Metabolic alkalosis with aldosterone excess states show increased urine Na and Cl.  In hyperaldosterone states you accumulate increased total body Na and Cl.  It seems like aldosterone should keep promoting further accumulation of NaCl, but your body somehow senses that total body NaCl is too high and you undergo aldosterone escape where Na and Cl are lost at high concentrations in the urine.  

· These mineralocorticoid excess states include primary hyperaldosteronism and Cushing’s syndrome.  They may present with hypertension, metabolic alkalosis and hypokalemia.  The aldosterone promotes H secretion directly through type A intercalated cells and indirectly through principal cells.  Hypokalemia and hyperaldosteronism maintain the alkalosis.  

· Syndrome of apparent mineralocorticoid excess can present the same way, but it’s really due to a deficiency in an enzyme that converts cortisol to cortisone.  Cortisol accumulates and can stimulate the mineralocorticoid receptor

· Metabolic alkalosis can also be caused by Bartter’s syndrome (defect in Na reabsorption in the thick ascending limb, like a loop diuretic) or Gitetlman’s syndrome (defect in Na reabsorption in the DCT like a thiazide diuretic).  Increased Na delivery to the distal nephron leads to H and K wasting.  

· Contraction alkalosis can occur in edematous patients who are given diuretics.  With edema, they have fairly normal concentrations (but large volumes) of bicarbonate.  When NaCl and water are lost, the bicarbonate is left behind and is concentrated.  

· Cl sensitive metabolic alkalosis (vomiting, diuretics) in which urine chloride <25 is treated by lowerering the bicarbonate reabsorption.  Treating with IV NaCl can get rid of the volume contraction and allow sodium bicarbonate to be excreted.  Increased Cl delivery to the distal nephron also promotes bicarbonate secretion by type B intercalated cells.  You can also give KCl to replenish K, and this also helps by decreasing H secretion.

· Cl resistant metabolic alkalosis (mineralocorticoid excess) is treated by correcting the hypokalemia, aldosterone antagonists like spironolactone, and hopefully removing the primary cause if it’s something like an adrenal adenoma.
Chronic Kidney Disease:
· Chronic kidney disease is defined by having kidney damage (structural or functional) for at least 3 months, or reduced GFR for 3 months.  New staging for CKD is primarily based on kidney function (GFR).  Stage 1 is normal GFR.  It progressively decreases until stage 5, where GFR<15.  
· GFR is estimated by inulin clearance (gold standard, but impractical), serum creatinine, creatinine clearance (measured by 24 hr urine sample), or the GFR estimate formulation.  GFR is better for staging CKD than serum creatinine because baseline creatinine can vary enormously, and people with different stages of CKD may present with the same creatinine.  
· There are 20 million people with CKD in the US.  Most of them are around stage 3, with moderate changes in GFR.  These are often not recognized by doctors, and as a result our actions may be more harmful than beneficial.  

· Diabetes is the most common primary diagnosis in patient with kidney failure, followed by hypertension and glomerulonephritis.  

· GFR is the sum of many single nephron GFRs.  As you lose nephrons, the overall GFR decreases.  Chronic renal failure occurs when injury damages glomeruli or tubules and you effectively lose nephrons.  The whole kidney GFR decreases, but the single nephron GFR for the remaining nephrons increases to compensate for the overall decrease in GFR.  This can damage the remaining nephrons and make the CKD worse.  This is why it’s usually progressive too.  
· The essential kidney functions include fluid and electrolyte homeostasis, acid/base balance, elimination of waste, blood pressure regulation, endocrine functions (produces EPO and 1,25 OH vitamin D).  

· Fluid and electrolyte homeostasis:  

· When GFR remains over 25cc/min, you can get enough fractional excretion of sodium (FeNa) to be ok.  If it falls below 25cc/min, you can’t get rid of enough sodium and you get edema, hypertension, and pulmonary congestion.  
· Normally the kidney can concentrate and dilute urine without any problem.  The inflammation and fibrosis of ESRD prevent countercurrent mechanisms from functioning as well, and you end up not being able to concentrate urine as effectively.  As you lose nephrons and GFR, you lose the ability to concentrate urine as much.  CKD limits both concentration and dilution of urine.  

· Normally an electric gradient helps drive K excretion, and urine flow also helps by keeping the local urine concentrations lower.  With low GFR, you may impair K excretion.  If a patient lacks aldosterone (enhances Na/K exchange), patients become hyperkalemic earlier (while they still have more GFR).  This often occurs in diabetes.  

· Acid/Base balance:  There’s a daily acid load of about 1 mEq/kg per day, from sulfuric acid produced by the metabolism of AAs.  So the acidosis of CKD primarily results from dietary intake.  This acid load is excreted as H and NH4.  

· Ammonia enters the kidney tubules in the PCT and descending limb of the loop of Henle.  Its is transported to the interstitum in the TAL, and returns to the tubule in the collecting duct.  

· As GFR falls, the remaining nephrons can’t excrete enough ammonium, and total ammonium excretion is decreased.  This results in acidosis.  The remaining H ions are buffered by bicarbonate in the blood or hydroxyapetite in the bones.  

· Elimination of waste:  Uremia is the deterioration of multiple kidney functions with progressive renal failure, which result in complex symptomatology.  It is hypothesized that the kidneys excrete a compound (toxin)that alters the biochemistry of nearly every tissue, but this compound hasn’t been defined yet.  When the kidney fails to function, this toxin may accumulate.  It may be small and water soluble, protein bound, or ‘middle’ molecules.  

· Small, water soluble candidates include urea.  Urea inhibits to Na/K/2Cl transporter to influence volume and [K], inhibits macrophage induced NO synthesis, and inhibits neutrophil superoxide production, induces seizure and suppresses NK cells.  CKD with lots of urea around may cause some of these things.  
· Protein bound candidates include P Cresol (a product of protein metabolism, affects oxygen uptake, drug-protein binding, growth, membrane permeability) and Indoles (products of liver metabolism, can inhibit endothelial proliferation and repair).

· Middle molecule candidates are protein over 500 daltons.  Ultrafiltrate protein fractions between 1-5 kD inhibit appetite and food intake in animals.  500-2000 dalton proteins inhibit apolipoprotein secretion and inhibit osteoclast mitogenesis.  B-2 microglobulins can lead to amyloid formation.  

· BP regulation:  CKD can cause an increase in sodium and blood volume, or it can increase norEpi and increase renin and increase sensitivity to pressors.  Either of these mechanisms would contribute to increased blood pressure.  Patients with CKD are often hypertensive.

· Endocrine:  

· “Anemia in CKD” is caused by deficiency in EPO.  Secondary causes can include iron deficiency, nutritional deficiencies, or GI bleeding.  This is quite common even with only moderately altered creatinine clearance.  It can be treated with EPO.
· Phosphorus, calcium and vitamin D are all related through parathyroid hormone.  Normally, PTH is secreted when serum calcium is low, and the PTH causes increased bone release of Ca and increased kidney/GI reabsorption of Ca.  With CKD, the kidney can’t respond to hyper or hypocalcemia.  For example, when there’s low [Ca], you get lots of PTH but the kidneys still don’t increase Ca absorption.  The PTH continues to eat away at the bones.  

· Normally the sun helps produce previtaminD, which gets converted to vitaminD3, which is hydroxylated by the liver and kidney to the active 1,25-dihydroxyvitaminD3.  This conversion to the active form is increased with PTH stimulus of the kidney, and it helps lead to increased Ca uptake in the intestine.  

· Normal phosphorus absorption isn’t well understood, but CKD can lead to hyperphosphatemia (possibly just due to the fact that the kidney can’t excrete enough).  
· With renal failure, you get hyperphosphatemia and decreased vitamin D from the kidney.  The phosphate precipitates with calcium (produces arterial and cardiac valve calcification) and the lack of vitamin D leads to decreased GI calcium absorption.  Together, they contribute to hypocalcemia.  This leads to PTH secretion, and can contribute to bone disease and bone loss.  Elevated PTH also leads to systemic toxicity and cardiovascular disease.  So as CKD progresses, you can get parathyroid gland hyperplasia.  

· This can be treated with activated vitamin D, which is shown to help patients live longer.  

End Stage Renal Disease:

· When GFR falls below 10 ml/min, most people need dialysis or transplantation.  Diabetic and heart failure patients may require earlier intervention. 

· Hemodialysis is an outpatient treatment done 3x/week.  It requires an a/v fistula in the arm, which may use the patient’s own vessels or a graft.  The dialyzer has lots of hollow fibers with semipermeable membranes, surrounded by a physiologic solution.  Blood flows through the fibers and undergoes exchange across the membrane.  

· Inadequate hemodialysis can lead to serositis of the pericardium, pleura or peritoneum.  Patients may have symptoms of uremia, and they may have poor survival.  Hemodialysis patients can also develop CHF, hypotension, malnutrition, accelerated athersclerosis, hyperparathyroidism, or depression.

· Peritoneal dialysis is done continuously, with multiple daily fluid exchanges per day.  It uses the peritoneum as a dialyzing membrane across which transfer or solutes can occur.  It is continuous and slower, avoiding the peaks/troughs of hemodialysis.  

· Common complications include uremia, catheter-related peritonitis, malnutrition, hyperparathyroidism, depression, etc.  

· Whereas dialysis is a treatment for ESRD, transplantation provides a cure.  It permits the many other functions of the kidney that dialysis does not (mineral balance, EPO, drug metabolism, etc).  If it works well, it can reverse all signs/symptoms of uremia.  

Pathogenesis of Hypertension:

· Hypertension is a persistent (repeated measures) elevation of the systolic (over 140) or diastolic (over 90) blood pressure.  This may be categorized as preHTN (SBP>120 or DBP>80), stage 1 (SBP>140 or DBP>90), or stage 2 (SBP>160 or DBP>10).  

· HTN is very prevalent and associated with increased risk of CV (ischemic heart disease, stroke) and renal disease (higher stage associated with more ESRD).  Hypertension is the 2nd leading cause of ESRD next to diabetes.  

· 24% of adults in the US have hypertension.  Risk is greatest in non-Hispanic black populations, and risk increases with age.  Awareness is very important, and while 70% of hypertensive people realize that they have HTN, only 60% are treated and only 34% are controlled.  
· BP = CO x Peripheral Resistance.  So, hypertension can be due to changes in CO or PVR.

· Increased cardiac output may be due to increased preload (from high ECF volume due to decreased GFR from kidney disease or increased tubular Na absorption from mineralocorticoids), increased myocardial contractility (sympathetic activity or circulating catecholamines) or increased heart rate.

· Increased peripheral vascular resistance may be due to arteriolar vasoconstriction or structural alterations in the arterial/arteriolar circulation (decreased elasticity or capacity to accommodate cardiac output).  

· Primary or ‘essential’ hypertension accounts for 95% of hypertension and is idiopathic.  It’s difficult to uncover mechanisms because so many systems are involved, including CO, PVR, RAA system, sympathetic nervous system, endothelin, NO, ANP, bradykinins, etc.  

· Most patients with essential HTN have a normal cardiac output, but an increased PVR which is determined by the smooth muscle constriction in the small arterioles.  If this is prolonged, it can cause thickening of the vessels and irreversible increased PVR.  

· Renin is usually secreted with low glomerular perfusion (stretch receptors), reduced salt intake (sensing tubular fluid contents) or sympathetic stimulation (sympathetic nerves contacting JG cells).  May patients with HTN have low renin and ATII levels.  White populations seems to have more renin activity than black populations.  Angiotensin II acts on a type 1 angiotensin II receptor to mediate vasoconstriction, aldosterone synthesis and release, stimulate thirst, increase sympathetic output, and induce vascular hyperplasia and hypertrophy. 
· Non-circulating/local renin-angiotensin systems may be important in controlling blood pressure and blood flow in the brain, kidneys, heart and arteries.  

· The sympathetic nervous system acts on the heart to increase CO, acts on the peripheral vasculature to increase resistance, and stimulates the kidneys to retain fluid.  This is thought to contribute to the development of HTN, but not maintaining it once it’s established.  The vascular changes (smooth muscle hypertrophy) induced by increased sympathetic activity may maintain HTN, even when actual sympathetic activity has decreased.

· Endothelin-1 is a potent endogenous vasoconstrictor released from endothelial cells.  Endothelin-1 levels are normal in HTN subjects, but these individuals may have increased sensitivity to it.  Rarely, endothelin secreting tumors can cause HTN.  An endothelin antagonist recently showed antihypertensive effects.  
· NO is released by endothelial cells in response to changes in BP, shear stress or pulsatile stretch.  It is a potent vasodilator and inhibitor or platelet adhesion/aggregation.  NO also suppresses migration and proliferation of vascular smooth muscle cells.  There may be continuous NO vasodilator tone to which hypertensive patients may be insensitive.  

· Genetics play a role in HTN.  Multiple genes contribute.  HTN is twice as likely in people whose parents have HTN.  Genetics may account for around 30% of BP variation.  Studies have suggested that this genetic influence may be due to kidney effects.  

· Liddle’s syndrome is HTN due to a mutation activating an epithelial Na channel.  These patients usually have low renin and aldosterone.  It responds to amiloride (inhibits distal renal epithelial Na channels).

· Congenital adrenal hyperplasia is due to 11-beta-hydroxylase deficiency causing decreased cortisol, increased ACTH and hypertension resulting from secretion of 11-deoxycorticosterone.  It’s associated with mutation of the CTP11B1 gene.  

· Intrauterine factors like maternal hypertension and poor birth weight can lead to decreased numbers of nephrons in the child, poor Na handling and hypertension.  

· Environmental factors like salt intake, obesity, occupation, alcohol, family size, and crowding affect hypertension.  Salt sensitivity, for example, can represent an interaction between the genetic predisposition and environmental exposure.  
· Secondary hypertension is implicated in only 5% of hypertensive patients.  

· Renal causes include renal parenchymal disease (GN, chronic pyelonephritis, polycystic kidney disease), renal vascular disease (renal artery stenosis), or renin secreting tumors.  Renal artery stenosis is often seen with post-stenotic dilatation due to turbulent flow.  Stenosis leads to decreased renal perfusion, activation of RAA system, and HTN.  This may be due to atherosclerosis or fibromuscular dysplasia.
· Endocrine causes include adrenal causes (cortical hyperfunction from Cushing’s, Conn syndrome, or congenital adrenal hyperplasia), pituitary causes (acromegaly, basophilic adenoma that produces ACTH), or thyroid causes (thryotoxicosis).  

· CV causes include congenital coarctation of the aorta, or polyarteritis nodosa or other vasculitis that affects the kidneys.  

· Neurologic causes include increased intracranial pressure or sleep apnea

· Other causes include pheochromocytoma (catecholamine secreting tumor of the adrenal glands, increases CO and PVR), drug induced causes, or genetic syndromes like Liddle’s.  
· Primary hyperaldosteronism may be due to Cushing’s or adrenal hyperplasia.  You get too much aldosterone, more Na retention, more volume expansion, and hypertension.  This also chronically suppresses renin.  

· Resistant hypertension can be due to many, many causes.  These include non-adherence of patients, inadequate drug dosing, obesity, alcohol, licorice, steroids, oral contraceptives, etc.  

· Paradoxically, even though HTN has high pressure, the main complications are due to thrombosis (stroke, MI), not hemorrhage.  

Genetic Renal Disease:
· Genetic Renal Disease includes glomerular disorders (Alport syndrome, Congenital Nephrotic syndrome) and tubular disorders (Barteters, Liddle, and ADPKD).  

Alport Syndrome (glomerular):  

· The most common form (85%) is X-linked.  It presents with glomerular hematuria, proteinuria in childhood, progressive sensorineural hearing loss (55% of cases), and anterior lenticonus (a lens deformity in only 15-30% of cases, but diagnostic when found).  These individuals show progressive renal insufficiency leading to ESRD by young adulthood.  There may be some with late onset, and there’s variability in the expression.  

· In females, the presentation is more variable.  Carriers may have no hematuria, and significant proteinuria and ESRD is uncommon.  Random X-inactivation accounts for this variability.  

· Alport syndrome can also be due to autosomal recessive (15%, produces ESRD in young adulthood, often shows hearing loss, and can show hematuria in carriers) or dominant mutations (rare, may overlap with familial benign hematuria).  
· The pathology of Alport is benign in early stages and shows sclerotic glomeruli later.  Light microscopy is not diagnostic.  
· IF normally shows linear staining of the glomerular basement membrane with antibody against goodpasture antigen.  In Alport syndrome in males, this epitope is missing and it won’t stain.  Females may have alternating staining and non-staining areas due to mosaicism.  

· EM shows GBM thinning in the early stages.  You also see areas of GBM thinning and thickening with a basket-weave pattern.  

· The basement membrane has lost its normal structure, it has lost the goodpasture epitope, and if you give a kidney transplant to an Alport patient, they show circulating anti-GBM antibodies indicating that something in their ‘self’ GBM is missing.  

· The Goodpasture epitope is on type 4 collagen, specifically the α3 subunit.  Type IV collagens include α1/2/3/4/5/6 subunits.  They are broken into two classes:  α1/3/5 and α2/4/6.  The subunits are encoded in pairs, with one of each class in each pair.  The α3/4 pair is implicated in autosomal Alport syndrome, the α5/6 pair is implicated in X-linked Alport.  
· These collagens localize in various basement membranes.  Normal kidney BM has α1/2 type IV collagen and types V and VI collagen like basement membranes in all organs.  But, in the glomerulus, α3/4/5 type IV collagen are expressed.  α5 is also expressed in the skin, and α3/4/5 are expressed in the eye, ear and lung which accounts for some of the systemic manifestations of Alport syndrome.  Since only α5 is expressed in the skin, it can be used to diagnose heterozygous females carrying the X-linked allele for Alport syndrome (there will be some regions that stain and some that don’t due to x-inactivation).  

· α5 is mutated in patients with X-linked Alports.  So it doesn’t show up on an immunostain.  But, α3 and α4 also don’t immunostain in patients with X-linked Alport syndrome, even though they’re not mutated.  This is because the goodpasture antigen is made of a trimer of α3/4/5.  If any one is missing, all of them (the Goodpasture epitope) won’t be present, and the GBM will become altered over time. 

Congenital Nephrotic Syndrome (glomerular):

· This is a disorder of podocytes.  It presents with fetal heavy proteinuria, and there may or may not be RBC or WBC present in the urine.  These infants are usually born prematurely, and usually die within a couple of years due to complications of nephrotic syndrome.  

· Grossly, their kidneys are large with more nephrons that normal.  

· On light microscopy, you see non-diagnostic glomeruli that look normal, though there may be a slight increase in cellulariy. 

· On EM, the GBM looks normal except for foot process fusion of the podocytes.  

· The gene responsible is NPHS1, and the inheritance pattern is autosomal recessive.  It’s common in Finland and very common among Mennonites in Pennsyvania.  Two mutations account for 94% of all congenital nephrotic syndrome in Finland due to the founder effect.  

· NPHS1 is expressed in the kidney and encodes an adhesion protein, Nephrin.  Nephrin is a key component of the slit diaphragm between foot processes of podocytes.  So a defect here could clearly lead to nephrotic syndrome.  

Bartter’s Syndrome (tubular):

· This is an autosomal recessive mutation, and the syndrome is present at birth (dehydration, severe salt wasting) or in early childhood (failure to thrive).  It may also present as hypokalemic metabolic alkalosis (increased distal nephron delivery of Na causes more lumenal negativitiy and K and H secretion…and hypokalemia activates H/K exchange), high urinary chloride excretion, high plasma renin activity and aldosterone, hypercalciuria/nephrocalcinosis (increased distal Na delivery and lumenal negativity results in decreased paracellular Ca absorption…but Mg still absorbed ok because it’s reabsorbed in the DCT), or hyponatremia.    
· This presentation is very similar to people taking loop diuretics.  
· Primary hyperaldosteronism is ruled out by the lack of hypertension.  Secondary hyperaldosteronism (caused by loss of NaCl) is unlikely because of high urine Cl excretion.  

· Bartter’s Syndrome can be caused by mutations in:

· NKCC2 – an apical Na/K/2Cl co-transporter.

· ROMK – an apical K channel (K can’t get into the kidney lumen, so this stops the cycling of K needed for the Na/K/2Cl co-transporter)

· ClC-Kb – a basolateral Cl channel needed for transepithelial transport of Cl in the TAL and DCT.  Nephrocalcinosis isn’t seen here, and the clinical presentation in this case looks like an overlap between Bartter’s Sydrome and Gitelman syndrome.  

· Barttin – a subunit for the ClC-Ka and ClC-Kb chloride channels that is required for getting those channels to the membrane and mediating chloride transport.  You see sensorineural hearing loss with barttin mutations because it prevents both ClC-Ka and ClC-Kb in the ear from getting Cl channels out.  Mutating ClC-Kb alone won’t damage the ear.  The kidney only expresses ClC-Kb, which is why either mutation will produce Bartter’s Syndrome.  

Liddle Syndrome (tubular):

· Liddle Syndrome is an autosomal dominant disease that shows HTN in childhood or early adulthood.  You get pseudohyperaldosteronism (hypertension, hypokalemia, metabolic alkalosis) but decreased renin and aldosterone levels.  
· This can be treated with amiloride or triamterene in its early stages.  Renal transplantation can also cure the HTN.

· There is considerable phenotypic heterogeneity within the autosomal dominant patter, so there are clearly environmental influences.  
· This syndrome is caused by activating mutations in the epithelial Na channels that are regulated by aldosterone (ENaC), particularly in the c-terminal proline rich segment (PY motif).  These mutations increase the surface expression and open probability and you get increased Na reabsorption and increased ECF volume.  

Polycystic Kidney Disease (tubular):

· The renal tubules require coordination of various cell types, necessitating the correct patterning, proper lumenal diameter, and appropriate cell polarity.  

· In PKD, tubular morphology is altered and they fail to form correctly or have the wrong diameter.  

· Autosomal dominant PKD (ADPKD) is quite common, affecting between 1/500 to 1/1000 people and causing 4-5% of ESRD.  It can produce huge kidneys and be a big source of morbidity.

· ADPKD is a systemic disorder and has GI manifestations (hepatic/pancreatic cysts, hernias) and vascular abnormalities (intracranial/aortic aneurysm).  Other complications include HTN, cardiac hypertrophy or valve abnormalities, kidney stones, UTI, hernias, and diverticuli.

· ADPKD is mostly (85%) due to mutations in PKD1 which leads to an earlier presentation (50s).  But it can also be due to a mutation in PKD2, which develops later (70s).  

·  ADPKD is autosomal dominant on a pedigree, but on a molecular level requires 2 hits (seemingly recessive on a molecular level).  Only 1 defective copy is actually inherited, but then other somatic mutations can very easily cause the disease by messing up the only remaining wild-type gene.  An early PKD kidney shows many focal lesions where new somatic mutations have been acquired in the only remaining functional copy.  PKD is not associated with an increased risk of cancer, though.  

· The mutated proteins work together, PKD1 being a surface receptor, PKD2 a calcium channel protein.  They work together to regulate calcium activity, but we don’t really know what activates them.  

· PKD does result from cilia dysfunction though.  These ciliopathies can result from defects in genes like PKD1 and PKD2.  Most cells have 1 non-motile cilium (primary cilia), and their functions are unknown.  But many gene products implicated in causing cystic kidney disease localize to this structure.  Genes implicated in obesity and retinal disease also localize here.  We don’t know what they do though, but it’s suspected that they mediate signaling.  Photoreceptors are modified primary cilia.  

· These cilia may function to help cells orient themselves.  As the tubules grow, cells need to know how to expand so the tubes don’t expand uniformly and get really wide.  Cells in the tubule need to expand along the axis of the tubule, and PKD1/2 may help cells figure out this orientation.

· When PKD1 is inactivated, you see increased cAMP in cysts and results in an abnormal growth response.  This could be a potential site of intervention.  Trying to decreased cAMP levels could theoretically decrease cyst growth.  This has been shown to work in animal models (by blocking ADH receptors that mediate cAMP signaling).  It’s currently under clinical trials.  

Lifestyle Approaches to Prevent and Treat Hypertension:

· Certain lifestyle factors (diet and activity) are associated with elevated blood pressure, and improving them can be important in hypertensive (initial therapy, substitute for meds, adjunct to therapy) and normotensive individuals (reduce BP, prevent HTN).

· BP increases with age and is largely environmental.  Increased blood pressure is linearly related to increases in risk of stroke and CV disease.

· Stage 1 HTN is SBP 140-160 or DBP 90-100.  Stage 2 is anything higher.  These are associated with different treatments.  If you are pre-hypertensive (SBP 120-130 or DBP 80-90), there’s a 90% risk of developing HTN.  

· Lifestyle therapies that effectively lower blood pressure include:  Weight loss, Reduced salt intake, Increased K intake, DASH/vegetarian diets, Increased physical activity, Moderation of alcohol intake.  

· Therapies not proven to be effective include:  Ca or Mg supplements, fish oil, and fiber.  

· These approaches have positive effects in non-hypertensive people, and much more pronounced effects in hypertensives.  

· Saturated fat, trans-fat, and cholesterol don’t influence HTN, but should be reduced in hypertensive people to reduce the risk of stroke and heart disease.  

· Some people are salt sensitive and will show a greater rise in BP with increased Na intake.  There’s no test for salt sensitivity, but groups like older people, black populations, HTN, diabetics, etc are more likely to be salt sensitive.  

· Dietary sodium goals are eventually (unrealistically) <1500 mg (65mmol) per day, but for now should be around <2300 mg (100 mmol) per day.  

· K supplementation via pills, or fruits/veggies/beans/dairy are useful sources of K.  It’s recommended to get at least  4700 mg (120mmol) of K daily.  This should be modified in people with impaired K secretion (on ACE-Is, ARBs, K-sparing diuretics, kidney damage, or heart failure).  

· The DASH diet emphasizes fruits/veggies/low-fat dairy, it includes whole grains/nuts/poultry/fish, and it is reduced in fat, cholesterol, red meat, sweet and sugar-containing beverages.

· BMI>25 is overweight.  BMI>30 is obese.

· For non-overweight people 30 min/day of exercise is recommended, for overweight people 60 min/day, for previously overweight people 90 min/day.  

· 1 or 2 drinks per day may be beneficial, any more and you show and increased BP for the next few days.  

· Small changes in BP on a population basis would provide huge benefits in terms of stroke and coronary heart disease incidence.  

· Physician advise regarding diet and exercise increases positive lifestyle change significantly.  It was recently shown that giving advice to reduce sodium intake in free-living populations had a significant effect in decreasing the rate of complications due to HTN.  

Lung Mechanics Review:
· Transmural pressure = inside pressure – outside pressure.  Commonly used ones in pulmonology are the Transpulmonary pressure (Palveoli – Ppleural) and Transdiaphragmatic pressure (Pabdominal – Ppleural).  

· Compliance is ∆V/∆P, which is a measure of how distensible the lung is.  Elastance is 1/compliance, and elastance is a measure of how stiff the lung is.  Compliance is the preferred term, because it’s not as confusing.

· At low pressures/volumes structures tend to be more compliant and easier to stretch.  The more you stretch something, the harder it becomes to stretch it further (compliance increases)  

· Elastic structures with a transmural pressure of zero still have an unstressed volume.  

· Transmural lung pressure = (Palv – Ppleural).  Transmural chest wall pressure = (Ppleural – Pbody surface).  The pressure at the body surface is zero, by convention.  So the total pressure across the entire respiratory system = (Palv – Pbody surface) = (Plung – Pcw).

· At low volumes, the lung is very compliant and its elastin fibers are easily stretched.  As it reaches greater volumes, it becomes harder to stretch (slope of V vs P decreases) due to collagen fibers stretching too.  
· In pulmonary fibrosis, the lung is stiffer and harder to stretch.  In emphysema, the lung has increased compliance and is easier to distend.  

· Surfactant decreases surface tension in the lungs, which also makes the lungs more compliant and stabilizes the alveoli.  Hysteresis is the difference in pressure-volume relationships between inspiration and expiration.  It’s harder to inflate the lung (requires more pressure to get to a certain volume) than it is to keep it inflated due to surfactant and the need to force open small airways that were closed.  There is also some relaxation of the lung with stretch that contributes too.  Conventionally, compliance refers to the expiratory compliance.  

· Restrictive lung disorders may be due to respiratory muscle weakness (no change in lung tissue properties), or low compliance due to stiffened lungs (fibrosis) or stiffened chest wall (fibrothorax).  

· The chest wall compliance is measured only when the chest wall is completely relaxed, so it’s rarely measured.  The unstressed volume of the chest wall is much larger than the unstressed volume of the lung, so at rest, the chest wall is expanding outward and the lung is pulling inward.  In the physiologic range of pressure, the compliances of the chest wall and lung are nearly equal.  
· The respiratory system includes the compliances of both the chest wall and lung.  The compliance (stretchiness) of the respiratory system is smaller than either the lung or chest wall alone.  So 1/Crespiratory system = 1/Clung + 1/Cchest wall.  

· Recall that Prespiratory system = Plung + Pchest wall.  So when looking at V vs P graphs of the lung and chest wall, the total transmural pressure of the respiratory system can be determined just by adding the transmural pressures of the lung and chest wall.  The functional residual capacity is where the transmural pressure of the respiratory system is zero (your respiratory muscles are relaxed and the system is open to the environment).  This is where the inward pressure of the lungs and the outward pressure of the chest wall balance. 

· Residual volume is at the end of forced expiration when the airways are closed.  FRC is discussed above.  Total lung capacity is then the inspiratory muscles are maximally contracting.

· For air flow, Pressure = Resistance x Flow (V=IR).  Flow can be laminar (smooth, faster in the middle than at the edges), turbulent (in large airways), or transitional (combination of the two where turbulence doesn’t disrupt flow too much).  
· Resistance increases with turbulence, tube length or smaller radium of the airway.  80% of the resistance is in large airways, because even though smaller airways have smaller radii, they have a much larger total area.  Resistance decreases as lung volume increases.  

Pulmonary Function Testing:

· PFTs include spirometry, flow volume curves, arterial blood gases, diffusion capacity and lung volumes.  

· Spirometry measures FVC (vital capacity – the total volume exhaled when you maximally inhale, then maximally exhale), FEV1 (volume exhaled in the first second), and FEV1/FVC (the fraction of volume exhaled in the first second, normal ~80%).  

· A restrictive lung disease shows a decreased FVC with a normal or increased FEV1/FVC.  An obstructive lung disease shows a normal FEV with a decreased FEV1/FVC.  

· Restrictive lung diseases can be caused by small/stiff lungs (pulmonary fibrosis), small/stiff chest wall (kyphoscoliosis), or respiratory muscle weakness (ALS).  

· Obstructive lung diseases can be caused by increased airway resistance (chronic bronchitis), decreased lung recoil (emphysema…see upcoming flow limitation lecture), or increased airway closure (asthma).  

· A flow-volume curve and a spirogram (time vs. volume) represent the same information.  They both show that you exhale a lot of air initially, and then as you get less and less volume remaining in the lungs, air is exhaled at a decreasing rate.  

· Flow volume curves can include both inspiration and expiration.  Upper airway (extrathoracic) obstructions would show an altered inspiratory flow, whereas COPD and processes inside the lungs would show altered expiratory flow.  

· Arterial blood gas studies look at oxygenation (look for hypoxia), ventilation (detect hypo/hyperventilation), and acid-base balance.  

· Oxygen:  most oxygen is bound to hemoglobin, and above 60 mmHg, it’s mostly saturated.  So increasing the oxygen in the air will cause little change in oxygen content or saturation if you’re already at or above 60 mmHg.  So, if you mix well-oxygenated and poorly-oxygenated blood, the resulting PO2 will be dominated by the low value (since the higher V/Q area didn’t oxygenate the blood more, but the lower oxygenated area oxygenated the blood quite a bit less).  

· The A-a gradient (difference between the alveolar and arterial PO2) can be calculated as:  PAlveolar O2 = FiO2(PB-47) - Parterial CO2/0.8.  Parterial O2 is measured in the blood, and the difference can be calculated.  On room air, A-a (Alveolar-arterial) should be <20.  On 100% oxygen, it should be <100.  

· There are 5 potential causes of hypoxia:  

· V/Q mismatch (A-a is increased because the high PaO2 from overventilated areas doesn’t lead to much more oxygen content in the blood, but low PaO2 in underventilated areas causes a big decrease in oxygen content).  This can be corrected with administration of oxygen.  

· Shunt – extreme V/Q mismatch in which you have perfusion without ventilation.  A-a is increased, but supplemental oxygen doesn’t help in this case.  

· Hypoventilation causes alveolar oxygen to be diluted by elevated PACO2.  A-a is normal, but both are low in this case.  

· Diffusion impairment can be detected as hypoxia with exercise, but not at rest.  A-a increases with exercise.  

· Decreaesd FiO2 due to altitude.  Because there are no changes in the alveoli/capillaries, there is a normal A-a.  Both arterial and alveolar oxygen are decreased.  

· Ventilation is measured by arterial CO2 (PaCO2).  PaCO2 = K VCO2/VA.  Basically, arterial carbon dioxide increases with increased carbon dioxide production and decreases with alveolar ventilation.  Hyperventilation will blow off lots of CO2 and cause PaCO2<25.  Hypoventilation will cause CO2 to accumulate and cause PaCO2>45.  There is a hyperbolic relationship between PaCO2 and alveolar ventilation.  
· PaCO2 is also closely related to pH and if high can cause acidosis (if low, PaCO2 can lead to alkalosis).  When acute, you see a .008 ∆pH/mmHg change in PaCO2.  If it is chronic and there has been time for compensation, you’ll only see a .003 ∆pH/mmHg.
· Diffusing capacity measures how easily a gas moves along a partial pressure gradient.  The gas flux (J) = ∆P x DL.  DL is the diffusing capacity of the lung, which is related to the area and thickness of the exchange surface.
· Diffusing capacity is measured by having a patient inhale CO and He.  The He doesn’t leave the lungs, so it is used to calculate how much the CO is diluted due to lung volume.  The CO diffuses from alveoli into the capillaries, and the rate of depletion of CO in the alveoli can be measured when you exhale.  

· An abnormal diffusing capacity of CO (DCO) is a sensitive test, but not a specific one.  It may be decreased due to less surface area for exchange.  Or it can be increased due to increased pulmonary capillary blood volume.  

· Lung volumes are commonly measured, but the residual volume cannot be measured by spirometry.  It must be done by gas dilution or plethysmography (measures all thoracic volume based on Boyle’s law of pressure-volume relationships).  

· If TLC is reduced, there is a restrictive lung problem.  If TLC is increased, there is hyperinflation.  If residual volume is increased, there is air trapping.  

Interstitial Lung Disease: 

· Interstitial lung disease is a restrictive lung disorder (low TLC, low FVC, but normal FEV1/FVC).  Restrictive diseases can be caused by stiff lungs, a stiff chest wall, or weak respiratory muscles.  Here, it’s a stiff lung.  
· Interstitial lung diseases can be caused by many, many entities.  A more appropriate name is ‘diffuse parenchymal lung disease.’  It’s parenchymal because it affects the alveoli, not the airways (asthma, COPD) or vessels (pulmonary HTN).  The pulmonary interstitium is really a potential space with vascular components…normally there’s not much there and it’s just a fine boundary separating the vessels from the alveoli.  But it can become enlarged and filled with cells, fluid, fibrosis, etc. 

· Interstitial lung disease (diffuse parenchymal lung disease) is an inflammatory and/or fibrotic process that affects the pulmonary interstitium.  It results in scarring of the lungs that produces decreased compliance (stiffness), decreased lung volumes (FVC, TLC…so it’s restrictive), and decreased diffusion capacity.  

· Pulmonary function tests will show low TLC, low FVC, normal FEV1/FVC, and low DLCO (diffusion capacity).  The decreased diffusion capacity helps distinguish this from restrictive diseases due to a stiff chest wall or muscular weakness.  Often these patients may require oxygen supplementation for vigorous activity.  

· Clinically, interstitial lung diseases can be classified as:  

· Occupational/environmental:  This includes pneumoconiosis (asbestosis, silicosis), toxin inhalation (ammonia, sulfur dioxide), and hypersensitivity pneumonia (farmer’s lung, pigeon-breeder’s lung).

· CT diseases:  Scleroderma, RA, SLE, polymyositis/dermatomyositis.

· Drug/treatment induced lung disease:  Due to amiodarone (anti-arrhythmic), bleomycin (cancer treatment), methotrexate (autoimmunity treatment), radiation.

· Idiopathic disorders:  Idiopathic pulmonary fibrosis, sacroidosis, bronchiolitis obliterans organizing pneumonia (BOOP), eosinophilic granuloma.  These are idiopathic because they are not secondary to another cause.  
· Hereditary/Genetic disorders:  Mutations in surfactant proteins, ABCA transporters, telomerase mutations, Hermansky-Pudlak syndrome.  These are rare, dominant disorders that manifest either in kids or young adults.  

· Other diseases:  lymphangitic carcinomatosis (cancer), respiratory bronchiolitis (smoking), tuberous sclerosis/lymphangiolyomatosis (LAM) (genetic disorders), systemic lipoidosis.

· Idiopathic pulmonary fibrosis:  This makes up 25-30% of all cases of interstitial lung disease.  It is a distinct entity most common over the age of 65, with an increased predominance in males.  It shows up as progressive dyspnea on exertion for one year or more, and is very commonly found with a long history of cough and bilateral crackles.  Chest X-rays shows increased interstitial markings, fibrosis, and predominantly involvement in the lower lobes and edges of the lungs.  CT shows expanded white areas (scarring) and a honeycomb pattern due to fibrotic tissue pulling the airways open (traction bronchiectasis).  
· The pathogenesis is initiated by an unknown event.  It induces an inflammatory response, epithelial cell injury, neovascularization, repair and fibrosis.  Due to genetics and telomerase, normal lung aging may be accelerated in this condition.  

· History is crucial to diagnosis.  Chest X-ray/CT, bronchoscopy/lavage, and biopsy are important for diagnosis too.  Bronchioalveolar lavage will show increased neutrophils and increased eosinophils with IPF (normal shows mostly macrophages, and 7% lymphocytes). 
· Pneumoconiosis:  This is accumulation of dust in the lungs resulting in a tissue reaction.  It can be a collagenous or non-collagenous reaction.  This excludes dust exposure that cause malignancy, asthma, bronchitis or emphysema.  It includes silicosis, asbestosis, coal worker’s pneumoconiosis, talcosis, berylliosis, and hard-metal (tungsten, cobalt) pneumoconiosis.  

· Silicosis is the most prevalent chronic occupational lung disease in the world (more in the developing world than here).  It’s usually inhaled in the form of quartz in settings of mining, foundries, brickyards, glass/ceramic manufacturing, or industrial sandblasting.  Silicosis presents as dyspnea and cough (after over 20 yrs of low/moderate exposure or 5-10 years of high level exposure).  Chest x-ray shows small rounded opacities (<10mm) in the upper lung zones, and conglomerate (>10mm) opacities called progressive massive fibrosis (PMF).  Pulmonary function tests of silicosis are identical to idiopathic pulmonary fibrosis, though occasionally there may be a bit of obstruction too.  

· The pathogenesis of silicosis is due to silica particles in the alveoli.  Macrophages ingest them and die, releasing proteolytic enzymes that cause injury.  With damage and repair cycles, you eventually lead to fibrosis and formation of silica nodules.  

· Bronchioalveolar lavage will show increased neutrophils.  
· For sacroidosis and hypersensitivity pneumonitis, bronchioalveolar lavage will show increased lymphocytes. 

· Treatment of interstitial lung diseases includes avoidance of exposure to the causative agents, corticosteroids and immunosuppressants (like cyclophosphamide or azathioprine), anti-fibrotic drugs, and serial PFTs to follow the patient’s response to therapy.  Immunosuppressants aren’t that helpful in IPF.  

COPD:

· COP is a chronic disease characterized by reduced expiratory airflow (FEV1/FVC is reduced).  The course is one of progressive decline in pulmonary function, with acute exacerbations.  Eventually it leads to disability and premature death.  

· COPD worsens over time.  Normal people gradually lose some lung capacity with aging, but it’s usually asymptomatic.  A fraction of cigarette smokers (1/3 to 1/7) show a much faster decline in pulmonary function with aging.  When they reach about 50% of lung function, they become symptomatic, and at 30% they are very disabled and show greatly increased mortality.  If these people ever stop smoking, they’ll return to a normal rate of decline in pulmonary function.  The goal is to detect these people before they are symptomatic and get them to stop smoking.  

· The primary risk factor for COPD is cigarette smoking (90% of COPD cases have a history of smoking).  Older age, airway hyperreactivity, low SES, and alpha-1 anti-trypsin deficiency can also contribute.  Gender distribution is about equal, which correlates with smoking. 

· COPD is an umbrella term for several conditions, including emphysema and chronic bronchitis (both due to cigarette smoking).  These are the diseases that people usually imply when they discuss COPD.  But it can also accurately describe asthma, asthmatic bronchitis, bronchiectasis and cystic fibrosis.  

· Emphysema is an anatomic definition referring to disorders of progressive destruction of alveolar septa and capillaries.  This leads to airspace enlargement/coalescence and development of bullae (dilated air space).  The destruction of alveolar septa leads to reduced elastic recoil of the lungs, causing decreased expiratory airflow and increased lung volumes.  

· Chronic bronchitis is a definition based on history.  It involves chronic mucus hypersecretion over a couple of years.  People often think of it as smoker’s cough and may not realize that it’s abnormal.  It can lead to increased airway resistance and decreased expiratory airflow.  

· Asthma is an episodic cough, wheezing and dyspnea.  It’s usually considered separate from COPD, unless it includes abnormal lung function, cough and sputum in which case it’s considered asthmatic bronchitis.  

· Emphysema can show one of two patterns:  Pan-acinar emphysema shows air-space enlargement throughout the entire acinus, tends to affect the bases of the lungs more, and is associated with alpha-1 antitrypsin deficiency.  Centrilobular emphysema involves mostly the respiratory bronchioles (affects center of acinus more than the periphery), tends to affect the apex of the lungs more, and is associated with cigarette smoking.  

· Emphysema may be due to too much protease activity.  Alpha-1 antitrypsin prevents a lot of protease activity, and a lack of this enzyme is associate with premature emphysema.  When proteases are given to animal models, they develop severe emphysema.  Cigarette smoking causes inflammatory cells to secrete proteases that accumulate in the airspaces, and cigarette smoke can also inactivate anti-proteases.  Proteases not only lead to emphysema, but can also cause hypertrophy of mucus glands and goblet cells that contribute to chronic bronchitis.

· COPD can produce two very different clinical pictures.  But often they are both present to some degree. 

· If it’s more emphysematous, you get a Pink Puffer presentation where a patient has hyperinflated lungs, thin physique, is dyspneic (SOB), has low PaCO2, and oxygen saturation gets worse with exercise.  These patients really struggle to breathe and use their abs and neck muscles a lot.  

· If it’s more bronchitic, you get a Blue Bloater presentation where a patient shows less pulmonary hyperinflation, is typically obese, isn’t dyspnic (SOB), has a high PaCO2, and oxygen saturation gets better with exercise.  

· The pathologic abnormalities of COPD include:  Airflow obstruction (and V/Q mismatch) early in the progression, Hypoxemia in the middle, and Pulmonary hypertension late in the progression.

· Airflow obstruction can be caused by three things:  Decreased elastic recoil of the lungs (emphysema), increased airway resistance (bronchitis), or increased airway smooth muscle tone (asthmatic bronchitis).  

· Hypoxemia in COPD can be caused by three things:  V/Q mismatch (effects due to the curvilinear Hb/oxygen saturation curve), hypoventilation (late in the course, and more common in chronic bronchitic presentations…shows high CO2 and low O2 like the blue bloater), or diffusion impairment (exacerbated with exercise or alititude, more common in emphysema).  

· Pulmonary hypertension in end-stage COPD is mostly due to chronic alveolar hypoxia (hypoxia in the lung causes capillary vasoconstriction), and a little bit due to destruction of the pulmonary capillary bed from emphysema.  This can lead to cor pulmonale (right ventricular hypertrophy due to pulmonary HTN).  This is also associated with elevated venous pressure, peripheral edema, and an inability to increase cardiac output with exercise or stress (so they get dyspnea).  The 5 year mortality for these people is 50%.

· In COPD, the airway obstruction produces an altered expiration pattern, easily visualized on a flow-volume loop.  Some unaffected parts of the lung empty normally, while other parts empty much more slowly.  This reflects the patchy nature of emphysema.  

· With COPD, you tend to get air trapping and hyperinflation of the lungs.  FRC (volume at the end of a relaxed expiration) is increased, so you have a lower inspiratory capacity (how much more you can breathe in from FRC).  In COPD, as you exercise more, your end-expiratory lung volume actually increases, so you have less inspiratory capacity and you are breathing at higher lung volumes.  This is called dynamic hyperinflation.  

· Chest x-rays in emphysema show increased A-P diameter, flat diaphragms, enlarged central pulmonary arteries, increased anterior air space between the sternum and heart, and increased angle between the sternum and diaphragm (closer to 90 degrees than the usual 60 degrees).  CT shows regions of the lung with decreased density, though it’s not easy to see. 

· The pathogenesis of COPD begins with airflow obstruction and hyperinflation.  This leads to increased work of breathing and decreased efficiency, which causes chronic respiratory muscle fatigue.  This can lead to alveolar hypoventilation, and hypoxia/hypercapnia (too much CO2).  If chronic, this can alter the chemoreceptor sensitivity to PCO2 and make you tolerant to higher concentrations.  This makes alveolar hypoventilation worse, and this vicious cycle culminates in pulmonary HTN and cor pulmonale.  

· Therapy for COPD includes chronic oxygen (can double survival) and smoking cessation to slow the progression.  Bupropion and varenicline can be useful cessation tools.  Asking and following up are essential to smoking cessation.  

· Other preventative care for COPD includes influenza and pneumococcal vaccines.  

· Exacerbations in COPD are characterized by increased cough, phlegm and dyspnea and occur a few times per hear.  They are often caused by bacterial infection and can really impair quality of life.  They can be treated with antibiotics or steroids.  These can result in acute respiratory failure, which may require positive pressure ventilation of mechanical ventilation.  

· To improve quality of life, bronchodilators may be given to prevent bronchospasm, inhaled corticosteroids to prevent exacerbations, and pulmonary rehab/exercise can help.  

· Advanced treatment may require lung transplant, alpha-1 antitrypsin replacement, lung volume reduction surgery, or long term mechanical ventilation.  

Asthma:

· Asthma is a chronic lung disease characterized by chronic airway inflammation, airway hyperresponsiveness, and variability in airflow (+/- remodeling of airways that can produce irreversible airway obstruction).  

· Asthma is extremely common, affecting 20 million Americans.  It’s more common in males during childhood and in females during adulthood.  It’s also most common in pediatric populations and black populations.  Mortality due to asthma is also higher in blacks, but overall mortality is pretty low…they should mostly be preventable.  The number of deaths from asthma has been declining recently.  

· Asthma is responsible for lots of hospitalizations and ER visits, which add up to a lot of cost.  These costs are increasing. 

· The cause of asthma is largely unknown, but genetics, environment and respiratory infections (particularly rhinovirus, implicated in both pathogenesis and exacerbations) all contribute.  It’s very common in people with atopy (IgE response to innocuous antigens).  

· The three cardinal pathophysiologic features are:  Chronic airway inflammation, airway hyperresponsiveness, and variability in airflow obstruction.  

· Chronic airway inflammation:  It’s triggered by allergens, irritants or infection and is mediated by eosinophils/mast cells and their mediators (histamine, PGE, LTs, cytokines).  These lead to smooth muscle contraction, increased airway swelling/edema, goblet cell hyperplasia, and remodeling/fibrosis.  All of this increases airway resistance and obstructs airflow.  

· Airway hyperresponsiveness:  You see exaggerated bronchoconstriction after environmental exposure or in response to stimuli (allergens, irritants, or methacholine challenge).  The mechanism is unclear, but may be due to airway inflammation, abnormal neural control (sensitive nerve endings) or impaired ability to relax smooth muscle.  This can be assessed with a methacholine (MCh) challenge to stimulate bronchoconstriction.  You inhale progressively increasing doses of MCh and find the PD20 (dose required to provoke a 20% decreased in FEV1).  The PD20 is low in asthma (<8mg/mL), which is a very sensitive, but not specific finding for asthma.  But, a negative test rules out asthma.  

· Variability in airflow obstruction:  An obstructive defect leads to a decreased FEV1/FVC.  Airflow obstruction in asthma is at least partially reversible with bronchodilator therapy.  Airflow obstruction is variable in asthma, varying both between days and within a single day.  It manifests as episodic dyspnea, chest tightness, wheeze, and cough, and is often worse in the mornings.  This non-uniform obstruction can be seen with radiolabeled aerosol (normally it only deposits in the alveoli and small airways, but with obstruction it can desposit more proximally).  

· Asthma exacerbations are an acute increase in airway resistance from bronchoconstriction, airway edema, or mucus/cellular debris.  It most often occurs over days to weeks, but it can also be sudden (somewhat like anaphylaxis).  60% of asthmatics have at least once severe exacerbation per year, which may be triggered by viral infection (almost never bacterial infection), irritants, allergens, exercise, cold air, or occupational exposure.  

· Clinically, asthma presents as history of shortness of breath, chest tightness, wheezing, cough.  PE will show tachypnea, wheeze, prolonged expiration and decreased air movement.  Radiology imaging shows hyperinflation and flattened diaphragms.  

· With exacerbations, you’ll see: 

· marked increase in airway resistance:  seen as flattened diaphragms, increased work of breathing, and pulmonary HTN due to increased alveolar pressure causing compressed capillaries 

· pulsus paradoxus:  decreased systolic BP on inspiration, because the high negative intrathoracic pressure expands the pulmonary vasculature and blood pools there, decreasing venous return to the left heart

· respiratory muscle failure:  inability to speak in full sentences, use of accessory muscles for respiration, paradoxical movement of the abdomen in which it moves in during inspiration

· hypercarbic respiratory failure:  normally in an asthma attack you hyperventilate and have low CO2 (also makes you alkalotic), but if it’s very severe muscles fatigue results in hypoventilation and CO2 accumulates…so normal PaCO2 during an asthma attack is indicative of impending respiratory failure.

· Treatment of asthma strives to control symptoms, prevent exacerbation, maintain lung function as close to normal as possible, avoid adverse effects of meds, prevent irreversible obstruction, and prevent mortality.  

· Patient education and avoidance of triggers are key to treatment.  Encouraging allergen skin testing (especially in kids, because atopy is more common in them) is important to know what to avoid.  

· Treatment should also include an asthma management plan that indicates when to take what kind of action.  Appropriate medication use (avoiding overuse) is also important, because you can build up tolerance and if you over-use the drugs they’ll have less of an effect when you really need them.  

· Pharmacologic treatment of asthma includes:

· Bronchodilators – relax bronchial smooth muscle.  These may be short or long acting beta2-agonists or anti-cholinergics.  Short acting ones should be used only for rescue.  

· Inhaled corticosteroids – anti-inflammatory.  These are the cornerstone of daily control therapy.  

· Oral corticosteroids – anti-inflammatory, only given in severe asthma exacerbations. 

· Cromolyn/nedocromil – anti-inflammatory via mast cell stabilization.

· Leukotriene modifiers – anti-inflammatory, used in mild asthma

· Theophylline – bronchodilator.

· Anti-IgE therapy – Expensive and requires IV administration, so should only be used in severe, persistent asthma with atopy.  

· Routes of administration of the drugs include metered dose inhalers (must be used properly), MDIs with a spacer (minimize oropharyngeal deposition of drugs, esp corticosteroids), dry powder inhalers, or nebulized solutions (expensive, doesn’t rely on patient coordination).  

· Environmental control, education and short acting beta-agonists on demand will suffice for mild/intermittent asthma.  You may add inhaled corticosteroids for control if it’s persistent.  With increasing severity, you increase the dose of the inhaled corticosteroids and can add additional therapy.  

· Exacerbations can be treated with short acting bronchodilators, and they may require oral corticosteroids.  In severe cases, sub-cutaneous or IV beta-agonists may be needed and patients may have to be monitored for respiratory failure.

Expiratory Flow Limitation:

· Respiratory pathophysiology can be broken down into:  Restrictive defects (difficulty getting air in), obstructive defects (difficulty getting air out, including expiratory flow limitation), and gas exchange defects.  

· Expiratory flow limitation occurs when increased effort to exhale doesn’t cause increased expiratory flow.  
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· In these graphs, you can see that increasing effort from 60 to 100% at volumes A and B doesn’t produce any extra flow.  Typically we reach expiratory flow limitation at around 60% of maximum effort.  

· Lung volume is closely related to the transmural pressure of the lung (Palveoli – Ppleural).  If you keep the lung volume constant, the pressure difference between the alveoli and pleural space is also constant.  At constant volumes, if you increase the pressure in the pleural space, you will increase the pressure in the alveoli.

· At rest, there is a negative pressure in the pleura keeping the lungs inflated, and the pressure in the alveoli is zero (atmospheric).  As you contract expiratory muscles to force air out, pressure in both the pleural space and the alveoli increases (by the same amount) so air flows down its pressure gradient and out the airways.  But, the increased pressure in the pleural space also puts pressure on the outside of the bronchi/airways and begins to narrow them.  

· If you increase pleural and alveolar pressure enough, so you’re expiring more forcefully, you generate a bigger pressure gradient across the airway to increase air flow.  But, if the pressure is high enough it may close the bronchus and stop flow.  If that occurs, then there is no longer a pressure gradient along the airway and pressure builds up inside the lungs so the airway has the same pressure as the alveoli.  At this point, because alveolar pressure is greater than pleural pressure, the airway is forced open.  Then you get a pressure gradient again as air flows through the airway into the atmosphere (pressure=0), and the airway will close.  So you get this opening and closing of the airway, or fluttering.  
· It’s a case where the airway isn’t stable if it’s open or closed.  As an alternative to fluttering, this may be resolved by narrowing of the bronchus, though the mechanism wasn’t explained to us. 
· Once you’ve reached this point, increasing the pressure any more will not change the flow rate of air.  This is because contracting the expiratory muscles more will increase the pleural pressure, alveolar pressure, and pressure in the airway at the point where the airway is being constricted all by the same amount.  So there is no difference in the pressure across the airway that is keeping it closed and no difference in the limitation of airflow.  

· Maximum expiratory air flow is determined by: 

· airway resistance - a narrower bronchus will have higher resistance and lower flow

· the tendency of the airway to resist closure – this is determine by the smooth muscle tone, mucosal thickness, and the tethering effect of parenchyma that keeps airways open.  in asthma airways collapse more easily and restrict flow more

· the elastic recoil of the lung - reduced elastic recoil, as in emphysema, will reduce alveolar pressure and decrease the pressure gradient which decreases the airflow.  But, increasing lung volumes to increase the elastic recoil can help recover that.  

· Normally you have lots of reserve lung capacity.  But in someone with COPD, they may look fine at rest, but may be functioning near their limit, so they may have very little reserve capacity.  

· Flow limitation also occurs in prostate enlargement/micturition in men, venous return, inspiratory airflow, and CPR blood flow.  
Pulmonary Vascular Disease: 

· The systemic circulation has a mean pressure of 100 mmHg, which drops off to 2 mmHg at the end in the right atrium.  The pulmonary circulation has a much lower mean pulmonary pressure (15 mmHg) and only drops to 5mmHg in the left atrium, though it still circulates the entire cardiac output.  So this low pressure drop with the same flow means that it has much lower resistance (PVR = ∆P/Qt).  

· With increased flow, the resistance of the pulmonary circulation passively decreases due to recruitment and distention of capillaries.  Pulmonary vascular resistance also changes passively with lung volume, showing a low resistance at FRC but increasing if you expand the lung (from compressing small arteries) or decrease lung volume (from compressed larger arteries).  You can also actively vasoconstrict or vasodilate vessels to change the resistance of the pulmonary vascular system.  

· Pulmonary hypertension is an abnormal elevation of pulmonary artery pressure (mean Ppa>25 mmHg).  This can be measured non-invasively through echocardiography or more definitively with catheterization.  

· Causes of pulmonary hypertension can be grouped according to the equation:
Ppa – Pla = (cardiac output)*(pulmonary resistance)…or Ppa = C.O. * PVR + Pla
· If pressure of the left atrium (Pla) is elevated, you get backup in the pulmonary circulation and increased pulmonary artery pressure (Ppa).  This may be due to cardiomyopathy, mitral regurgitation, or mitral stenosis.  

· If the downstream resistance of the pulmonary circulation is increased, you’ll get an increased pressure in the pulmonary artery.  This can result from hypoxia (causes arteriolar constriction), COPD (hypoxia causes vasoconstriction and emphysema causes loss of vessels), interstitial lung disease (vessel fibrosis and deformity increase resistance), ARDS (loss of vascular surface area and vessels), or positive pressure ventilation (increased lung volume increase resistance).  Hypoxia vasodilates most tissues, but in the lungs it vasoconstricts to match V and Q since you don’t want to send too much blood to poorly ventilated regions.  Prolonged hypoxia can lead to mild pulmonary HTN.  
· Increased resistance of the larger arteries can cause severe pulmonary hypertension with greater morbidity and mortality.  These changes of the larger arteries are grouped into:  Chronic Thromboemoblic Disease (clots increase BP) and Pulmonary Arterial Hypertension (PAH).  PAH may be idiopathic, familial, or associated with collagen vascular disease like scleroderma, HIV, liver disease, or drug use.  Idiopathic PAH is most common in women, is characterized by dyspnea for over 1 year, shows a markedly elevated Ppa, and has a median survival of only 3 years.  TGF beta has been shown to play a role in the familial form, so may be involved in the idiopathic form too.  

· Increased cardiac output can also cause pulmonary hypertension due to increased pulmonary blood flow.  This may be due to anemia or hyperthyroidism.  Chronic increased pulmonary flow can cause vascular remodeling that increases resistance too; this occurs in things like sickle cell or uncorrected congenital heart defects with left to right shunt.  
· Pulmonary hypertension has some pretty severe consequences.  Acute pulmonary hypertension (ex: an acute PE) will not show RV hypertrophy since it suddenly can’t pump against the pressure and it fails very quickly.  The RA pressure is rapidly elevated, and catecholamines are released to try to compensate.  This increases mean systemic pressure and heart rate.  Venous return and cardiac output fall, and you get shock and sudden death.  An acute PE has a 10-15% mortality rate.

· Chronic pulmonary hypertension (ex: lung disease, PAH) gives the right heart time to hypertrophy.  The right atrial pressure eventually increases too, so you increase sympathetic tone to increase cardiac output and restore venous return.  This increases the mean systemic pressure.  Eventually, you’ll still get right heart failure with chronic pulmonary hypertension.  

· Drugs like some popular weight loss compounds had been shown to cause severe pulmonary HTN.  They acted on the serotonin pathway, so this may potentially be a target in future pulmonary hypertension treatments.  
· With pulmonary hypertension, you can see right ventricular/atrial hypertrophy and enlargement.  This may culminate in cor pulmonale, or right heart failure due to pulmonary disease.  Cor Pulmonale is characterized by edema, elevated JVP, a loud S2, a right S3, enlarged pulmonary arteries, reduced diffusion capacity, and increased pulmonary arterial pressure. 

· The higher your Ppa, the higher your mortality (usually from chronic right heart failure).  Pulmonary hypertension associated with hyponatremia has a worse prognosis, as does PAH associated with scleroderma compared to idiopathic PAH.  

· Treatment seeks to unload the right ventricle through vasodilation (reversing hypoxia or active vasoconstriction), reversing remodeling of the vessels, avoiding in situ thrombosis, and avoiding emboli from deep veins.  

· Just putting people on oxygen helps them live significantly longer.  Drugs that helped vasodilate really improved outcomes, but only worked in a small fraction of patients.  

· The two classes of vascular modifiers used for pulmonary hypertension include endothelin antagonists and PDE5 inhibitors.  

· Lung transplant is really the only cure, but it’s still not a great option due to relatively high mortality (~50%).  Other organ transplants do much better.  

· Future treatments may focus on serotonin or TGF-beta pathways.

ARDS:
· If you see rapid appearance of white stuff on a chest x-ray, it’s usually fluid or blood.  

· Biopsies of ARDS will show DAD, with hyaline membranes and thickened alveolar capillary septae.

· ARDS is acute lung injury of the alveolar/capillary membrane.  It’s characterized by permeability pulmonary edema (fluid in the alveolar space) and acute respiratory failure.  It is defined as acute respiratory distress with diffuse alveolar infiltrates on chest x-ray, severe hypoxemia (PaO2/FIO2 <200) and absence of left heart failure (measured by pulmonary capillary wedge pressure…since left heart failure presents similarly, it must be ruled out).  

· Routes of injury in ARDS may be:

· Inhalation down the airway, including aspiration of gastric contents, pneumonia, smoke inhalation, or near-drowning.  

· Blood borne, including sepsis, trauma, drug overdose, multiple transfusions, pancreastitis, or venous air embolism.

· Direct (injury across the chest wall), such as a lung contusion (blunt trauma) or radiation

· Sepsis is an important predisposing factor, present in 40% of ARDS patients.  40% of patients with sepsis will also develop ARDS.  Sepsis, trauma and gastric acid aspiration account for 75% of ARDS cases.  Multiple risk factors really increases the chance of developing ARDS.

· Additional risk factors include increased age, severity of associated illnesses, cigarette smoking and chronic lung disease, and chronic alcohol abuse.  

· The clinical course of ARDS is a bit variable.  In injuries like gastric aspiration, onset can be in minutes to hours.  But in blood-borne cases, it may take hours to days.  Most people who get ARDS will have it within 3 days of the risk factor exposure.

· ARDS has a mortality of 40%, with most occurring in the first 2-3 weeks.  Early deaths usually result from the underlying illness and are not caused by ARDS.  Later deaths are more often due to complications of ARDS (surprisingly few from inability to oxygenate/ventilate) like multi-system organ failure or nosocomial sepsis.  

· ARDS survivors are usually not severely impaired.  Their pulmonary function usually recovers pretty well, though functional recovery in general may take a while to recover from (may have sequelae of being severely ill).  

· ARDS develops as a result of injury to the capillary endothelium, causing leak of fluid from the blood into the alveoli.  This injury is mediated by activated neutrophils and macrophages that release cytokines and oxygen radicals.  The pulmonary edema is a protein rich fluid (as opposed to the protein poor edema of heart failure), and is sensitive to small increases in capillary pressure, but insensitive to changes in blood oncotic pressure (since that protein just leaks right out).  
· Normally there’s not much fluid filtration, and whatever gets out is either drawn back by oncotic pressure (once the hydrostatic pressure gradient is dissipated as blood flows along the capillary) or taken back up by lymphatics.  With ARDS the capillaries lose lots of fluid and protein, so the oncotic pressure is decreased and you get lots of fluid/protein leaking into the alveoli. 

· This pulmonary edema can lead to hypoxemia and decreased lung compliance (stiffer lungs).  The hypoxemia is caused by V/Q mismatch and right to left shunt (where the blood just doesn’t get oxygenated in the lungs).  Compliance decreases as a result of the edema because the extra clued increases surfaces forces (opposite of surfactant), results in decreased ventilation of the lung, and may lead to later fibrosis in some patients.  

· CT findings of ARDS include a compressed lung zone that is pretty densely opaque.  This contributes to the R/L shunt because you get no ventilation in those areas, but as you get to parts of the lung that still fill, there’s a transition zone of V/Q mismatch.  Decreased compliance results from damaged surfactant and interstitial edema, but also from reduced volume of the lungs that is being ventilated (it becomes harder to stretch these small regions a lot).  
· Oxygen therapy seeks to reverse the hypoxemia and keep arterial oxygen saturation over 60%.  But you also want FIO2<60% to avoid oxygen toxicity.  These goals can be achieved through mechanical ventilation and positive end-expiratory pressure (PEEP).  

· PEEP keeps positive pressure in the airway even at the end of expiration so that the lungs don’t deflate as much and more of the lung stays open and able to be ventilated.  This increases the FRC, decreases shunt, and increases lung compliance.  But, PEEP can decreased venous return by increasing the pleural pressure, which decreases cardiac output.  You can also get barotrauma and potentially pneumothroax if you overstretch the lung (since only a fraction of the lung is functioning in ventilation and much of it is in the compressed lung zone where it’s just collapsed or full of fluid).  Finally, by increasing the pleural pressure, you may increase the dead space (where you are ventilated but not perfused) by closing off vessels.  

· People were concerned that they were over-stretching lungs in ARDS because they were giving much bigger volumes.  They reduced the tidal volume on the ventilator and decreased morbidity/mortality significantly.  

· The overall therapeutic approach to ARDS is to treat the underlying problem if possible, but seek to maintain enough oxygen delivery to maintain organ function while avoiding oxygen toxicity (keep FIO2<60%), keeping tidal volume low to avoid ventilator-induced injury, and avoiding nosocomial infections.  

Ventilation Failure:

· Respiratory failure can be due to a failure of the lung to exchange gas (hypoxic pulmonary failure) as in pneumonia, interstitial lung disease, pulmonary embolism, or ARDS.  Or, it can be due to a failure of the body to pump/move the gas that produces hypercarbia (hypercarbic pulmonary failure) due to asthma, COPD, myopathies, neuropathies or spinal cord lesions.  

· Hypercarbia is a big indication of pump failure. 

· Muscle fibers may be slow (non-fatiguing), fast fatigue resistant, or fast fatigable.  The diaphragm is some slow, but mostly fast fatigue resistant fibers.  If you increase respiratory effort, you recruit more of the fatigue resistant fibers, but this isn’t sustainable so you can’t keep breathing really hard for too long.

· The diaphragm contracts with a piston-like action, but also has a zone of apposition where it’s right next to the chest wall, which helps it contribute to the bucket-handle movement of the ribs.  Scalene muscles fix the first rib and allow external intercostals to assist with inspiration.  Internal intercostals assist with expiration.  Accessory respiratory muscles are usually inactive during relaxed breathing, but active with more forced expiration.  They include the sternocleidomastoid, pecs, trapezius and serratus anterior.

· Expiratory muscles include the abs, internal intercostals.  Forced expiration is needed for strong cough.  

· Respiratory muscle failure is due to an imbalance between the demand and capacity, meaning increased demand, decreased capacity of the muscles, or both.  

· Respiratory muscle demand is determined by how much air needs to be pumped (the minute ventilation…affected by CO2 production, dead space and respiratory drive) and how hard you need to pump (determined by lung and chest wall compliance, and airway resistance).  

· Respiratory muscle capacity is determined by intrinsic muscle function, neural function, lung volume and availability of blood/oxygen.  There is a length-tension relationship in the respiratory muscles, and normally FRC is at the optimal diaphragmatic stretch for maximum contraction strength.  

· Hyperinflation adversely affects respiratory muscle function.  With hyperinflation (COPD, asthma) the lungs are bigger and the diaphragm is less stretched and therefore weaker.  You also reduce the size of the zone of apposition, so get less chest expansion with diaphragmatic contraction.  The flattened diaphragm is oriented more horizontally and may actually pull the lower ribs together, which is counterproductive during inspiration.  And, the outward recoil of the chest wall is reduced at higher volumes.  

· Hyperinflation also increases the work of breathing because at higher volumes the lung is less compliant (harder to stretch more) and you have auto-PEEP (positive end-expiratory pressure).  Auto/intrinsic PEEP is another way of thinking about dynamic hyperinflation.  With obstructive lung disease it’s hard to exhale, so you may start the next breath before you are done previously exhaling the previous one.  So at the end of the previous breath you still had positive pressure in the lungs.  This means you’ll have to contract respiratory muscles more to inhale enough volume when you’re already a little inflated to start with (which also makes inhaling that volume harder).  

· So, COPD increases the demand on respiratory muscles through hyperinflation, increased airway resistance, and an increased requirement for ventilation due to an increased dead space.  People with emphysema, for example, consume lots more oxygen compared to normal people ventilating at the same rate.  They also can’t ventilate as much due to muscle fatigue.

· COPD also decreased respiratory muscle capacity.  Hyperinflation makes the muscles contract less forcefully, which worsens with exercise.  Malnutrition, steroids and myopathy can also contribute.  This decreased RM capacity combined with increased RM demand leads to respiratory failure. 

· In addition to COPD, critical illness can also cause respiratory failure.  Cardiogenic or septic shock can generate a metabolic acidosis that stimulates breathing.  It results in increased demand for respiratory muscle activity, but the shock also impairs delivery of oxygen to the respiratory muscles.  This forces respiratory muscles to work harder while getting less oxygen.  Lots of the blood flow and oxygen are diverted here, making lactic acidosis throughout the body worse and demanding more breathing.  This is a cycle that ultimately terminates in respiratory muscle failure and often death.  

· In experimental models of shock, animals on ventilators produced less lactic acid (partially because the respiratory muscles aren’t consuming as much) and had much better outcomes.  

· But when you’re recovering from critical illness, you’re still at risk.  Respiratory muscles may be very weak due to polyneuropathy or myopathy, and patients may require mechanical ventilation for quite a while.  

· Neuromuscular disorders can also cause respiratory muscle failure that can be a source of great distress.  This occurs in spinal cord injury, ALS, phrenic nerve injury, Guillain-Barre, myasthenia gravis, muscular dystrophy.  With spinal cord injury, cord lesions below C5 will spare the diaphragm but often compromise accessory expiratory muscles (leaving you unable to cough forcefully and making you susceptible to pneumonia).  Higher cord lesions can paralyze the diaphragm and require long term ventilation.  

· Unilateral diaphragmatic paralysis is relatively asymptomatic, showing DOE and max ventilation decreased.  It occurs with cardiac surgery, trauma, tumors, stroke or herpes zoster.

· Bilateral diaphragmatic paralysis causes severe dyspnea and orthopnea (dyspnea when you lie down…very rapid onset).  You get a significant decreased in maximum ventilation, and this can be diagnosed by measuring trans-diaphragmatic pressure.  It can be cause by neuropathy, herpes zoster, vasculitis, or lyme disease. 

· When you have patients with decreased respiratory rate, you need to distinguish between those who won’t breathe (can, but just don’t have drive) vs. those who can’t breathe.  Decreased central drive can result from drug overdose, or CNS disorders.  

· Obesity isn’t really a cause of respiratory muscle failure, but puts you at higher risk for it.  Oxygen consumption of respiratory muscles is much higher in obese people, RM force is decreased (particularly when supine), endurance is decreased, and they are less tolerant of lung disease or low respiratory drive.  

· To assess respiratory muscle function, observe for tachypnea, accessory muscle use, and paradoxical breathing (and/or respiratory alternans).  Looking at blood gases may detect hypercarbia, a late sign of RM distress.  

· The diaphragm normally pushes down and causes the abdomen to protrude with inspiration.  If the diaphragm stops working, the negative pleural pressure will draw it in and you will see the abdomen move in with inspiration.  This is paradoxical breathing.  You can see respiratory alternans when RM failure begins and the diaphragm alternates between functioning and fatigue/non-functioning (the abdomen alternates between moving in and out with inspiration).  

· RM function can also be assessed by measuring max inspiratory or expiratory pressure (MIP, MEP), or by directly measuring the trans-diaphragmatic pressure.  Keep in mind that these pressures are still dependent on the lung volume at which they are measured.

· RM failure can be treated with:

·  Exercise to build strength…not really useful because the whole problem is over-exertion and fatigue or RM.  

· Rest to allow fatigued muscles to recover.  This is achieved with mechanical ventilation (non-invasive, invasive) which is hopefully temporary, but may end up being permanent. 

· Meds like bronchodilators to dilate airways and reduce hyperinflation, theophylline to improve strength and make muscle more resistant to fatigue, or androgenic steroids (not too useful).  Meds aren’t too effective.

· Diaphragmatic pacing – this is rarely useful, and only works well if there’s traumatic or respiratory center injury.  It’s not useful for helping someone recover from fatigue.  

· Lung volume reduction surgery can really help by reducing hyperinflation and improving RM strength.  It can improve function, survival, and symptoms, but outcomes can be pretty unpredictable.  

Sleep Disordered Breathing:

· Obesity is defined as BMI > 30.  BMI = weight (kg) / height2 (m2).  It’s a critical measurement to take.  Usually a change in 5 of BMI corresponds with 30-50 pounds of weight.  15-25% of the population is obese, so it’s a huge problem.  It’s really been increasing.  

· With increasing obesity, you first see problems during sleep, then as it becomes more severe, you see respiratory problems when awake too.  

· The first thing to usually appear is pharyngeal obstruction and sleep apnea.  It’s characterized by upper airway obstruction causing snoring/choking/gasping, tossing and turning, hypersomnolence (falling asleep) during the day, intellectual deterioration and fatigue.  If chronic apnea can cause HTN, glucose intolerance, MI, and cor pulmonale (right heart failure).  

· In apnea, you get pharyngeal obstruction/collapse that blocks airflow.  As oxygen saturation falls, you increase your respiratory effort and struggle to get air in through the occluded pharynx until you get briefly aroused from sleep, then start to breathe again.  Once you’re back to sleep, you get another episode of apnea.  

· The Pcrit is the pressure at which the airway collapses.  Normally the pressure negative relative to this because tethering forces splint open the pharynx.  With increasing obesity, you see snoring and obstructive hypopnea (intermediate collapse nearing the critical pressure).  At point where the pressure becomes positive or greater than the critical pressure, the airway collapses and you get obstructive apnea.  

· When you’re awake, neural signals coincide with inspiration to move the genioglossus muscle forward and help open the airway.  This signaling increases when you’re awake and supine.  But with sleep, you get a lot less stimulus, and the muscle relaxes facilitating airway obstruction.  

· Apnea is much more common in obese people, and more common in men (men have more truncal obesity, whereas women with lower-body obesity are more resistant).  

· Therapy for apnea includes applying positive nasal pressure to help keep the airway open.  This is achieved with CPAP (continuous positive airway pressure).  You increase the positive pressure until you no longer see inspiratory flow limitation (stop seeing a point where extra effort fails to increase flow).  The alternative therapy is to modify the airway to that it is less susceptible to collapse.  This can be achieved with weight loss, structural approaches (body position, remove tissue, reposition hyoid/mandible), or increasing neuromuscular activity (with drugs or electrical hypoglossal stimulation).  As a last resort, you could bypass the upper airway obstruction with a tracheostomy.

· The second change observed is hypoxia.  With increasing weight and truncal adiposity, FRC can be reduced and chest wall compliance can be reduced (stiffer chest wall).  When FRC goes down, airways begin to close and these areas aren’t adequately ventilated.  This produces V/Q mismatch and atelectasis (collapse of parts of the lung).  Parts of the lung are perfused without being ventilated, so the result is hypoxia.  Hypoxia can mediate vasoconstriction and pulmonary hypertension that eventually leads to cor pulmonale.  

· The final change observed when people are most severely obese is hypoventilation and hypercarbia.  Obese people with more mass produce more carbon dioxide and this requires more alveolar ventilation to get rid of it.  If you don’t/can’t breathe significantly faster, you’ll accumulate carbon dioxide and become hypercarbic.  So it’s an inadequate compensation for the metabolic demands of obesity that produces hypercarbia.  Ultimately, this can result in hypoxemia and respiratory failure (cyanosis, edema, cor pulmonale).  This inadequate compensation occurs due to impaired drive of ventilation (they can breathe fast enough to get rid of the CO2, but they don’t).  Obese people show a decreased ventilatory response to CO2.  Ob/ob mice (leptin deficient) showed a reduced response to carbon dioxide.  

· Hypoventilation and the resulting hypoxemia can be treated by increasing alveolar ventilation (stimulants or mechanical ventilation) or weight reduction to decreased the production of CO2.  You can also try to maintain the oxygen by giving an increased FIO2 and treating sleep apnea.

Pneumonia:

· Pneumonia is a leading cause of death, particularly nosocomia death in the US and throughout the world.  Most patients do well, but the challenge is to recognize pneumonia early, assess for risk of bad outcomes, and use the appropriate diagnostics and therapy.

· We’ll consider pneumonia an infection of the lung parenchyma.  It’s due to many different diseases that colonize this location.  Normally our defenses (nasal filter, cough, mucociliary escalator, enzymes, IgA, macrophages, PMNs) help resist infection.  

· Organisms causing pneumonia can access the lungs via inhalation (TB, legionella, fungi, viruses), micro-aspiration (S. pneumo, H. flu, gram – bacteria, S. aureus…often preceded by nasopharyngeal colonization), macro-aspiration (anaerobes, infection by these less virulent bugs usually requires aspiration of greater volumes), mucosal spread (viruses), or hematogenous spread (S. aureus).

· Pathogens may cause pneumonia if host defenses are lowered (impaired consciousness, intubation, respiratory infection, immunodeficiency) or if the pathogen is particularly virulent (encapsulated like S. pneumo and Cryptococcus, or evades phagolysosomal killing like TB or legionella).  

· Clinically, pneumonia presents as fever, chills, rigors (shaking), productive cough and pleuritic chest pain (with inspiration).  You can find signs including infiltration (crackles), consolidation (dullness to percussion), and pleurisy (friction rub).  Seeing infiltration on a chest x-ray is really the confirmatory finding.  

· To distinguish it from acute bronchitis (often viral and not responsive to antibiotics), you see that pneumonia tends to present with altered vital signs (fast pulse, low BP, high RR), it shows a chest x-ray infiltrate unlike bronchitis, and you can find crackles/consolidation as opposed to the rhonchi and wheezes of bronchitis.  

· In lobar pneumonia, you see a dense, homogenous infiltrate because alveoli are filled with pus and fluid.  The airways remain clear, though, so you can see their outlines as air bronchograms.  This follows the lobes of the lungs.  It’s typical of S. pneumo, H. flu, S. aureus, and gram (-) bacilli.  

· In bronchopneumonia, the infection begins in the bronchi and it spreads to the lungs in many locations.  So you see a patchy infiltrate.  This is typical of Mycoplasma, Chlamydia, and viral infections.  

· In interstitial pneumonia, you see inflammation of the alveolar septae, not the alveolar air spaces.  The infiltrate isn’t as dense on chest x-ray and it looks more fluffy.  This is typical or viral or pneumocystis (in AIDS) pneumonia. 

· You may see a lung abscess or cavity in cases of necrotizing pneumonia.  These may be filled with fluid if it’s pyogenic (pus forming).  These lesions can be caused by TB, S. aureus, fungi, Nocardia, or aspiration PNA.  Abscesses are indicative of a more chronic process.

· You can also see pneumonia with clear airways.  This can occurs with Pneumocystis due to a limited inflammatory response, or with early pneumococcal pneumonia, or with profound neutropenia or dehydration.  

· Cytologic screening of sputum and culture are needed for a definite etiologic diagnosis.  This sputum needs to be deep from the lungs, not just saliva.  If you isolate a pathogen from a decent sputum sample and it has a predominant pathogen consistent with the history and culture with moderate/heavy growth, that is a likely/probable pathogen.  If that pathogen is isolated from a sterile site or is legionella, mycoplasma, TB, anthrax, flu, paraflu, RSV, SARS, pneumocystis, or fungus, then it’s definitely the cause.

· To rapidly identify the etiologic agent, you can use antibody detection for Chlamydia or mycoplasma; nucleic acid amplification for flu, viruses, Chlamydia, legionella, or TB; or antigen detection/immunofluorescence of urine for pneumococcus/legionella/histoplasma, blood for histoplasma/Cryptococcus/aspergillus, or respiratory secretions for viruses, Chlamydia, legionella, or pneumocystis.

· Pneumonia can be classified as acute (pneumococcus, H. flu, legionella, others) or chronic (TB, fungi, anaerobes, pneumocystis).

· Pneumonia can also be classified as community acquired (S. pneumo, mycoplasma, Chlamydia, H flu) or nosocomial (S. aureus, Pseudomonas, gram (-) bacteria…which are often antibiotic resistant).  

· Community acquired pneumonia is mostly bacterial (S. pneumo, H. flu, legionella, mycoplasma, Chlamydia) or 15-20% of the time viral.  It’s rarely fungal or parasites.  Different bugs are more common in different age groups.  Newborns mostly get it from exposures at birth (Strep agalactiae, Chlamydia), kids and elderly people more commonly get viruses, and young adults may get more pneumocystis/Chlamydia depending on location.

· Typical pneumonia (S. pneumo, H. flu) is acute onset with fevers/chills/rigors and a productive cough.  It shows consolidation on lung exams, dense infiltrates on chest x-ray, and high WBC (leukocytosis).

· Atypical pneumonia (mycoplasma, legionella, Chlamydia, virus) has a subacute onset, headache/pharyngitis/myalgias, nonproductive cough and few findings on lung exam.  It may have patchy or interstitial infiltrates and modest (if any) leukocytosis.

· Mycoplasma and Chlamydia:  mild, ‘walking’ pneumonia.  Almost no mortality.  Not easily identified with routine studies.  Mycoplasma can cause extrapulmonary disease (anemia, neurologic sequelae).  These infections are NOT responsive to beta-lactams.

· Legionellosis makes up 2-5% of CAP, but may occur in epidemics in hotels/hospitals.  Older age, COPD, and immunosuppression put you at higher risk.  It’s diagnosed by urinary antigens, culture, or antibody stains.  Treatment requires a macrolide or fluoroquinolone, and it’s really important to recognize because mortality is 10-20% in these patients.

· Influenza is very common, and though it causes a lot of deaths, most are in the very elderly.  It shows high fever, headache, cough and myalgias.  Treatment requires rapid diagnosis, which may be done by history or antigen testing.  If patients come in with this, they should be isolated to prevent transmission.

· Pneumonia associated with influenza may be a primary viral pneumonia, in which the flu symptoms directly progress into pneumonia and maybe ARDS.  This requires antiviral tx.  Or, you can transiently recover from the flu then get relapse of symptoms due to bacterial infection, which can be treated with antibiotics.  

· Aspiration pneumonia is very common in hospitals, and makes a significant portion of community acquired pneumonia too.  People with alcoholism, drug abuse, seizures, or neuromuscular disorders are at high risk.  You see the usual cough, fever and infiltrate, and diagnosis is made by identifying an at-risk host, subacute course, possible putrid sputum due to anaerobic bacteria, compatible x-ray and lack of other pathogens identified.  This needs to be treated with drugs that are active against anaerobes.  Anaerobes often colonize the gums, so bad teeth may harbor more.  Culture may show many organisms, since you inhale lots of them in this case.

· Chemical pneumonitis (gastric acid aspiration, for example) may start as just proximal airway inflammation due to inhaled stuff.  Then it can progress over weeks to an aspiration pneumonia.  This may go on to cavitate.  Its subacute onset and cavitary presentation may cause you to suspect TB, but the abscesses/cavities in aspiration pneumonia show fluid levels due to pus, etc. (unlike TB).

· Nosocomia pneumonia is most commonly due to S. aureus or gram (-) rods.  It commonly happens in immunocompromised hosts or people with NG tubes/ventilators that breach their defenses, and it can be caused by aspiration or contagion. 

· Nosocomial pneumonia is treated empirically with broad spectrum antibiotics since many of the hospital bugs are resistant strains, but after diagnosis can be more pathogen directed.  Prevention, including avoiding unnecessary antacids (stomach acid can help kill bugs in GI tract in case aspiration does occur) is key.  

· Immunocompromised hosts show susceptibility to certain types of infection depending on their immune defect.  Defects in humoral immunity or spleen function predispose to S. pneumo or H. flu; neutrophil dysfunction predisposes to S. aureus, Serratia, Burkholderia, aspergillus, and nocardia; neutropenia predisposes to gram (-) bacteria and aspergillus; and cell mediated immunity predisposes to pneumocystis, mycobacteria, nocardia, fungi, legionella, and herpesviruses.

· Likewise, different X-ray changes are associated with different infections too.

· Pathogens in HIV may vary depending on a person’s CD4 count.  If CD>500, then it’s the usual S. pneumo and H. flu.  CD4 200-500 can also be due to TB.  CD4 50-200 can also be pneumocystis, histoplasma or Cryptococcus.  CD4<50 may also be MAC, aspergillus, nocardia, CMV or Kaposi sarcoma.  

· PCP requires immunofluorescence for definitive diagnosis.  It causes up to 50% of AIDS associated pneumonia.  It’s onset is subacute, and without treatment it is 100% fatal.  

· There are good guidelines available for the treatment of pneumonia.  Empiric treatment is often successful, but identifying the pathogen is particularly important if a patient has severe disease, is immunocompromised, shows unusal features (cavitation), or fails to improve.  

· Bad outcomes are associated with increased age, co-morbidities, altered host defense, deranged vitals, multi-lobe involvement, and bacteremia.  

Patholophysiology of the Pleural Space:

· The lungs are lined by the visceral pleura and parietal pleura (very thin membranes), which meet at the hilum of the lung.  The two pleural cavities are separated by the mediastinum.  The pleura are metabolically active, secreting stuff via villi.  The parietal pleura has stomata too.  Also, the visceral pleura doesn’t have sensory fibers, so if a patient is in pain, it doesn’t mean you’ve punctured a lung.  

· The pleural space contains a small amount of pleural fluid.  It mostly comes from the parietal side.  The parietal pleura capillaries come from the systemic circulation, so they are at higher hydrostatic pressure that exceeds the oncotic pressure pulling water back into the parietal pleural side.  The visceral pleura capillaries come from the pulmonary circulation and are at lower pressure, which is just about balanced by the oncotic pressure drawing fluid back into the visceral pleura side.  If you have CHF, you can get fluid leak from the lung interstitial capillaries that contributes to the pleural fluid.  Fluid in the peritoneal cavity can also be drawn into the pleural space because of the negative pressure there.  

· Your lymphatics are capable of absorbing 28x the normal amount of pleural fluid that is produced.  This fluid normally may help the lung adhere to the chest wall and keep the lung expanded.  

· Pleural effusion is when you have excess fluid in the pleural space.  This may involve increased fluid production and/or decreased clearance.  When there’s an excess of pleural fluid, a problem in this clearance of pleural fluid is almost always involved.  

· Increased production can be due to increased vascular pressure or increased interstitial fluid (heart failure, PE, pneumonia), decreased pleural pressure (pulls fluid into pleural space, as in atelectasis or with increased elastic recoil of lugns), increased pleural fluid protein, increased permeability (inflammation), increased peritoneal fluid, or iatrogenic causes.

· Decreased clearance can be due to lymphatic obstruction, increased systemic vascular pressures, or disruption of aquaporins.  

· Pleural effusion is very common.  Its clinical features include dyspnea (as with emphysema, you breathe at high lung volumes), cough, chest pain (usually dull if it’s a malignant disease), and fever (more common in benign disease)

· Thoracentesis is insertion of a needle/catheter to sample the fluid in the pleural space.  It’s indicated if the fluid is of known etiology.  Particularly unilateral effusion, bilateral ones of unequal size, a normal cardiac silhouette on x-ray, febrile patients, or clinical evidence of pleurisy (inflammation) all suggest unusual (not CHF) may be going on.  Or, thoracentesis may be done just to relieve dyspnea.  

· Risks include bleeding, infection, pneumothorax, vasovagal response, puncture of structures, rarely re-expansion pulmonary edema, or even death.  

· The neurovascular bundles of the chest wall run directly beneath the ribs, so to avoid complications they usually try to puncture above a rib.  

· You may be able to tell if there’s fluid present and where it is by finding decreased fremitus or dullness to percussion on physical exam.  Having the person lay on their side for an x-ray should show a shift in the fluid if that’s what is in their lungs.  This can also be seen on CT.  Ultrasound is very useful for locating the fluid in real time.  

· A transudate is due to hydrostatic or colloid imbalance, usually with the pleura intact.  It most often occurs with CHF, PE< and cirrhosis.  

· An exudate is fluid due to inflammation/disease of the pleura.  It most often occurs with pneumonia, malignancy, PE, and GI disease.  If the fluid:serum protein ratio >.5, the fluid:serum LDH ratio >.6 or fluid LDH>200, it indicates an exudate rather than a transudate.  Looking at the albumin gradient can also be helpful in distinguishing them.  Basically, high pleural fluid protein, LDH or cholesterol indicates exudate because stuff is leaking from the vessels.

· Very rarely, a pleural biopsy can be done for TB.

· Parapneumonic effusions (PPE) are effusions due to an underlying pneumonia.  About 50% of patients with bacterial pneumonia develop this.  It shows increased mortality, especially if drainage of the effusion is delayed.  10-20% of PPE will evolve into pleural empyema (infection of the pleura) which has a drastically higher mortality.  So you should never wait to drain a pleural effusion, because the consequences can be very serious.  To treat, you give antibiotics and drain the fluid with a chest tube, thoracoscopy, or if a big incision is necessary, thoracotomy or open drainage.  

· Malignant effusions (cancer in the pleural space) are the second leading cause of exudative effusions.  Most are due to lung cancer, breast cancer or lymphoma.  They can arise as tumor emboli that travel to the visceral pleura and move into the pleural space, or they can move into the pleural space from the diaphragm.  These have a very poor prognosis, with a survival around 4 months.  Palliative care for these patients should begin quickly.  Because there aren’t sensory nerves in the visceral pleura, you can often biopsy directly through the chest wall.  

· One treatment is pleurodesis, where they blow talc into the pleural space to get the lung to stick to the chest wall.  This helps relieve dyspnea by getting rid of the pleural space.  In addition to this mechanism, talc also increases inflammation, induces apoptosis in tumor cells, alters growth factors/chemokines and has lots of other effects that may contribute to an anti-neoplastic effect (in addition to inducing the pleurodesis).  The mechanism is currently being studied.  

· In general, treatment for malignant pleural effusion includes administering oxygen/morphine (for dyspnea), thoracentesis (look to see if it relieves symptoms and if the lungs expand and if the fluid returns), pleurodesis, and maybe even placement of an indwelling pleural catheter.  

· Paramalignant effusions are effusions related to a tumor, but not cause by a tumor actually in the pleural space.  These can result from tumors blocking airways and causing inflammation and damage to the lungs, or it can result from drugs, and other sequelae of cancer or its treatment.  

· Pneumothroax is air in the pleural space.  It can happen spontaneously, especially in tall thin men.  The visceral pleura of the lung ruptures and the air from the lung goes into the pleural space.  Spontaneous pnemothroax can also be due to emphysema and bullae that rupture into the pleural space.  Pneumothorax can also be due to trauma (stabbing).  These patients show decreased breath sounds and decreased fremitus.  You see hyperresonance, contralateral tracheal deviation, and you may see hypotension/tachycardia that would indicate tension.  

· On x-ray you see air, but it’s outside the lung.  

· With tension pneumothorax, you get enough air in the lung that it pushes the mediastinum/trachea contralaterally.  This impairs ventricular filling and can be life threatening, so must be treated. 

· Treatment for pneumothroax includes supplemental oxygen (so more of the nitrogen in the lung diffuses out of the chest cavity) or tube thoracostomy/chest tube to get the air out and into the atmosphere.

Bronchopulmonary Dysplasia: 
· BPD is a clinical diagnosis, and the disease is largely iatrogenic.  Infants have BPD when they are premature and require oxygen or ventilatory support beyond 36 weeks post-conception.  

· In the old version of this disease, babies born at 28-32 weeks get this as a result of being treated for hyaline membrane disease (above).  The damage is due to mechanical ventilation and high levels of oxygen exposure.  Higher than normal oxygen levels in the lungs can cause epithelial damage of the larger airways causing obliteration of the lumen of some bronchioles.  Mechanical ventilation at higher than physiologic pressures in the newborn can cause alveolar damage and remodeling with widened septae and vascular/fibroblast proliferation.  Now they use small ventilation pressure and low oxygen concentrations…just enough to keep the baby ok. 

· A new form is BPD is now seen in extremely premature infants (<28 weeks).  It can be a complication of treatment (surfactant) of infant respiratory distress syndrome, or support just for premature birth.  You basically get abnormalities of lung growth and development that shows up as decreased, larger, simplified alveolar airspaces.  They can show fewer capillaries and more interstitial tissue.  You don’t see a lot of epithelial changes in the bronchioles, and less severe lesions of the vasculature.

· It was first described as a disease arising after respiratory therapy for hyaline membrane disease, and was later found to also occur in infants who got oxygen at high concentrations.  

· Pathologically, airway inflammation, fibrosis and smooth muscle hypertrophy were seen.  It has a high mortality rate.  Grossly, BPD is characterized by a pattern of atelectasis (lung collapse), over-inflation, fibrosis of some airspaces and cystic changes of others, and interstitial changes throughout the lung fields.  It’s a very heterogeneous/mixed pattern.  These kids can have hyperinflation, air trapping and breathing at high volumes.  

· The common features found in kids with BPD include abnormal chest x-rays, respiratory symptoms, and a history of oxygen or mechanical ventilation as neonate.  Premature infants born with very low birth weights (<1500 grams) are at highest risk of BPD.  But, it can also occur in mechanically ventilated full-term infants.  

· BPD is the leading cause of chronic lung disease in infants.  The kids who get BPD are premature, and often have lots of other comorbidities (cranial intraventricular hemorrhage, necrotizing entercolitis, retinopathy of prematurity).  

· You can get cystic changes in the lungs (really big airspaces) that persist for a long time, as a result of mechanical ventilation.  These big airspaces can be big enough to push/compress the heart and other lung, compromising CV and respiratory function.

· Kids now have improved survival due to administration of surfactant, more accessibility to appropriate care centers, better ventilation techniques and use of less concentrated oxygen.  
· Exogenous surfactant decreases airway surface tension and rates of RDS in premature infants.  Normally surfactant is made in type II pneumocytes (in their lamellar bodies) and extruded into the airspaces where it coats alveoli.  Surfactant deficient airways require lots more pressure to open.  But, this treatment wasn’t that effective in extremely low birth weight infants.  
· New BPD is seen mostly in extremely low birth weight infants, and it’s characterized by alveolar hypoplasia (fewer, larger alveoli).  It appears to be due to developmental arrest in the canalicular stage of lung development.  This is thought to be due to hyperoxic environments, as opposed to the relatively hypoxic intrauterine environment.  So they never develop alveoli.  

· Risk factors for BPD include infections (pre or postnatal), ventilation, or inhibition of alveolar growth due to decreased nutrition, steroids (may be beneficial for anti-inflammatory properties, but can really impair growth which is pretty bad in these cases) or too much oxygen.   

· Preventing BPD would be ideal.  This can be done with preventing prematurity, avoiding mechanical ventilation in preemies (or use high frequency ventilation at smaller volumes) possibly allowing permissive hypercapnia, avoiding postnatal use of steroids, avoiding infection, and maximizing calories in preemies.  

· BPD is staged as mild, moderate or severe depending on how much supplemental oxygen the kid requires.  Mild cases have outcomes much like normal infants.  Moderate and severe BPD show increased need for hospitalizations and meds as infants, and more problems down the road too.  

· RSV causes high morbidity and increased mortality in BPD infants. 

· BPD infants may show symptoms like fast breathing, wheezing, rhonci, retractions or head-bobbing when they breathe (indicating increased effort of breathing).  

· Treatment of BPD infants is mostly supplemental oxygen.  Treament can include diuretics if the kid still needs supplemental oxygen and inhaled steroids to reduce airway inflammation.  Beta-agonists may bronchodilate, but should be use das needed so they won’t develop resistance.  Anti-cholinergics (ipratropium) can be used similarly.  

· Supplemental oxygen may be required to treat hypoxia in BPD infants.  They tend to have more central apneas, bradycardia, severe hypoxemia, and may be unable to auto-resuscitate and prevent death from severe hypoxemia.  So oxygen balance is a challenge, you want to keep it high enough to allow normal growth and prevent apnea and death from acute hypoxia, but you don’t want to cause damage with too much oxygen.  Weaning infants off of oxygen should be carefully monitored, but considered if their oxygen saturation is over 93%.  

· If BPD infants can catch up to normal weight levels, it’s a very good indicator for them.  

· The respiratory symptoms in BPD can be exacerbated by aspiration or gastroesophageal reflux.  Vocal cord dysfunction dysfunction or subglottic stenosis can also make symptoms worse.  If present, bronchomalacia/tracheomalacia (degeneration, thinning) usually resolves by 2-3 years old.  

· Recurrent insults to the lungs may worsen underlying BPD and prevent compensatory lung growth.  Most lung growth occurs by 2 years of age.  

· Long term follow-up shows a lot of respiratory symptoms (wheezing, pneumonia, impaired exercise tolerance) persisting in 25% of adults who previously had BPD.  You also see increased airway obstruction and reactivity.  The treatment for these things (PT, OT, aids) makes it pretty costly.  
· Also, in general these very premature kids just have a lot of severe disability, both physical and cognitive.  

Cystic Fibrosis:

· This is due to genetic abnormalities in the CFTR chloride channel.  Normally in the airways, there’s a pericilliary liquid layer underneath the usual mucus layer.  This really facilitates ciliary motility and allows function of the mucociliar escalator.  With FR, you lose this liquid layer and the mucus collapses down onto the cilia so that secretions aren’t easily cleared.  This leads to infections, commonly strep, pseudomonas, etc.  Somehow, this can lead to dilated airways.  Infectious organisms can form biofilms which may make them very resistant to treatment.

· CFTR (CF transmembrane regulator) is a cAMP regulated Cl channel and also a regulator of other channels.  The channel is present in sweat glands, and if absent prevents you from reabsorbing a lot of the NaCl in sweat.  So people with CF have elevated sweat electrolytes.  It’s also important for GI/pancreatic secretion, in the male reproductive tract, and in the lung where it causes most of its morbidity and mortality.  
· It shows an autosomal recessive inheritance pattern, and it’s most common in Caucasians.  There are many mutations, but the most common one is ∆F508.

· CF is diagnosed by the clinical triad of:  Elevated sweat chloride, Pancreatic insufficiency, and Chronic pulmonary disease.  

· Respiratory manifestations include bronchiectasis (dilated, thin bronchi) with excessive mucus, chronic cough/bronchitis, recurrent pneumonia (particularly with S. aureus and Pseudomonas – can live in biofilms), sinusitis and nasal polyps, and chronic airway obstruction.  Infants are born with normal lungs, but problems show up shortly thereafter.  

· CF disease begins as endobronchial infections (S. aurerus common in adolescents, H. flu in young kids, Pseudomonas around the age of 18, and Burkholderia).  This can progress to intense inflammation, obstructive lung disease with exacerbations, lots of sputum, weight loss/fatigue/fever, etc.  This can be managed with intermittent courses of antibiotics to calm the inflammatory reaction and obstruction.  Complications like hemoptysis and pneumothorax can occur (due to bronchiectasis/dilated peripheral airways, mucus plugging w/ air trapping and rupture of the pleura).  Pneumothorax may recur commonly.  In the upper airway, CF can cause nasal polyposis (may require drugs/excision) and pan-sinusitis (maldevelopment or erosion of the sinuses, also controlled with abx or surgery).  

· CF can also cause lots of GI disease.  It can cause pancreatic insufficiency, malabsorption, hepatic cirrhosis, meconium ileus (lack of GI motility), meconium perotinitis, small bowel atresia, intussusception, gall bladder obstruction, etc.  All of this can lead to failure to thrive.  

· Distal intestinal obstruction syndrome (DIOS) can occur due to a failure to secrete chloride and the accumulation of stool.   It can be treated with pancreatic enzymes and laxatives.  Rectal prolapse may be seen in CF too.  

· The pancreas is very vulnerable to changes in CFTR.  You get reduced volume and reduced bicarb content of pancreatic secretions.  You may be prone to recurrent pancreatitis and diabetes too.  These pancreatic problems are often progressive, so you see more diabetes in adults.  You often lose both insulin and glucagon reduction.  Stresses may trigger hyperglycemia and require treatment.  A big focus of CF clinics is detecting diabetes early.  

· Hepatobiliary disease can occur due to eosinophilic concretions in the bile duct.  You see a lot of gallstones and sometimes microgallbladder.  Cirrhosis can occur, but not too commonly, and it can lead to portal hypertension.  Splenomegaly can be seen too.  

· Most males with CF have absent or atretic vas deferens.  This results in low sperm counts and infertility.  It’s usually seen even with the mildest mutations (even in patients w/out pulmonary symptoms).  

· The gold standard for diagnosing CF is with a pilocarpine induced sweat test that looks for elevated chloride.  There can be other causes of elevated sweat chloride like hypothyroidism, Addison’s, glycogen storage disease, or ectodermal dysplasia, but it’s pretty sensitive for CF.  If you see any of the conditions listed throughout the lecture or if there’s a fmily history of you should really just order a sweat test to be safe.  

· Sweat chloride increases with age, so levels over 30 are suspicious in infants, whereas they may be up to 80 in normal adults.  Some CF mutations (rare) may not produce elevated sweat chloride.  

· Most infants with CF develop an elevated, immunoreactive trypsin, which is a good reason to get a sweat test and/or genetic analysis.  The trypsin alone has a high false positive rate, though.  

· Diagnosis can also be done by genotyping.  Since there are so many mutation out there, most conventional commercial test may miss a lot of them.  It seems like there may even be another gene that causes CF in addition to CFTR.  

· The most common ∆F508 mutation is most prevalent in Northern Europeans.  

· Different mutations may have different molecular consequences.  CF is classified as I (no synthesis of CFTR), II (blocked processing, ∆F508 is this type), III (altered regulation of Cl conductance), IV (altered channel conductance of Cl), or V (reduced synthesis of the channel).  The reduced synthesis variants are pretty mild, and pancreatic function is preserved.  

· There’s definitely a spectrum of phenotypes for CF with a wide range of severity.  

· Organs that secrete lots of protein, secrete slowly, or have long/tortuous ducts (vas deferens) are more susceptible to CFTR dysfunction.  CFTR genotype predicts pancreactic sufficiency vs. insufficiency very well, but not as much for meconium ileus, liver disease, or diabetes.  

· Decline in lung function is also highly variable, even among individuals with the same CFTR genotypes.  But pulmonary changes are the main source of M&M, so they’re the target of new therapies.  Pancreatic sufficient mutations may have a better pulmonary prognosis.  

· CFTR carriers have a higher frequency of azoospermia, pancreatitis, allergic aspiergillosis, bronchiectasis associated with RA, sinusitis and sarcoidosis.  

· Potential salt loss through sweat is treated by increasing dietary salt.  Thick mucus is treated with hypertonic saline or chest physiotherapy.  Infections are treated with abx, inflammation with anti-inflammatory drugs.  Respiratory failure treated with positive pressure ventilation or transplantnt.  Pancreatic symptoms treated with enzymes.  Ileus treated with stool softeners.  Islet cell loss is treated with insulin.  Infertility is treated with IVF.  Biliary insufficiency is treated with bile acid salts.  

· Treatment is improving survival and lung function over time.  But, since the disease is progressive, adults tend to have more severe symptoms.  If these patients can keep their weight up (a challenge), they tend to have better functional capabilities.  

Disorders of the Upper Airways:  

· The upper airway changes over the first several years of life.  At birth, the epiglottis is large and covers the soft palate, encouraging nasal breathing in infants (obligate nose breathers).  Infants also have a very high larynx, which makes nasal breathing easier with nursing and decreases the risk of aspiration.  Adults have a lower larynx to facilitate speech, but this results in a greater length of shared pathway for food and air, which increases the risk of aspirating food.  
· For pharyngeal obstructions, you often get complications like inability to coordinate feeding (leads to growth failure, aspiration) or obstructive apnea (diagnosed by sleep study, often involves hypoxemia leading to growth failure, development delays, or pulmonary HTN and cardiac failure).  

· With upper airway obstructions, you should always secure the airway first, then worry about diagnosis.  Nasal obstruction can pose a lot of problems in infants.  Sleep studies should be obtained to assess severity of obstructive apnea (pulse-oximetry or awake studies alone may  be misleading).  These things should be treated to avoid growth failure, developmental delays and right ventricular failure.  

Nasopharyngeal obstruction:

· Choanal atresia:  in the fetus, the developing nasal cavities extend posteriorly and normally become continuous with the pharynx by rupturing through the intervening membrane and/or bone.  If there remains membrane or bone that keeps the nasal cavity completely separate, you have choanal atresia.  It’s the most common cause of true nasal obstruction and is associated with other congenital anomalies (CHARGE – coloboma, heart abnormalities, choanal atresia, retarted growth, genital hypoplasia, and ear defects).  This is more often unilateral, not bilateral.  

· This makes nasal breathing really hard in the infant, but the apnea/cyanosis and respiratory distress are relieved when the infant starts crying and breathing through the mouth.  Diagnosis is made by trying to pass a catheter through each nostril.  

· Complications include an increased risk of aspiration due to lack of coordination due to increased nasal airway resistance.  Infants also show severe hypoxemia with sleep due to attempted nasal breathing (they get obstructive apnea).  

· Intubation is the best initial treatment, and surgical excision is usually done.  

· Adenoid hypertrophy:  the adnoid tonsils (pharyngeal tonsils) are in the back of the nasopharynx (can’t be seen through the mouth).  There are also tubal, palatine, and lingual tonsils.  Adenoid hypertrophy can obstruct nasal breathing.  It’s characterized by a long face, open mouth breathing, a nasal voice, and decreased development of the maxilla over time.  Treatment is an adenoidectomy.  
Oropharyngeal obstruction:

· Tonsilar hypertrophy:  This is due to palatine tonsil hypertrophy (sides of the posterior mouth).  The grade (size) of the tonsils doesn’t always correlate with the degree of functional airway obstruction.  These patients present with snoring, muffled voice, and less commonly droolingor dysphagia.  Obstructive apnea is very common, and is diagnosed by sleep study.  Treatment is a tonsillectomy.  

· Micrognathia:  This mandibular hypoplasia often occurs with an underlying genetic disorder.  The etiology of the mandibular hypoplasia is unclear.  It’s often associated with cleft palate (small jaw leads to tongue being displaced upward and preventing the fusion of palate shelves in development).  

· This may improve by school age, but if severe it can require intubation or tracheostomy.  Breathing is improved in the prone position.  More severe treatments include mandibular distraction or labiolinguial suturing.  

· Macroglossia:  In these cases, the large tongue is displaced into the hypopharynx (posterior) leading to obstructive apnea.  It’s associated with angioedema and congenital syndromes.  Therapy is mostly prone positioning, but may rarely include debulking of the tongue.  

Laryngopharyngeal obstruction:  Diagnosis is often made by flexible laryngoscopy.  X-rays may not correlate well with dysfunction, since many of the problems are with soft tissue.  PFTs may show obstruction, but are only applicable in kids over 6 yrs old.  
· Laryngomalacia (thin/collapsible larynx):  This is the most common cause of stridor (sounds most often in inspiration) in infants.  This is a dynamic abnormality of the supraglottis (above the vocal folds) where cartilages prolapse into the airway.  The etiology is unclear, and no tissue abnormalities are seen, but it may be due to muscular dyscoordination or structural variation.  
· Laryngomalacia manifests as stridor that begins shortly after birth, but minimal respiratory distress.  Stridor is worse when supine or when agitated (trying to increase flow through a small opening makes more noise).  These infants show normal voice quality and pitch.  

· This often resolves on its own and doesn’t require treatment. 

· Vocal cord paralysis:  this is the second most common congenital laryngeal anomaly.  Bilateral VCP is usually idiopathic, but can be seen with CNS lesions, hydrocephalus, spina bifida, etc.  Unilateral VCP is often a result of recurrent laryngeal nerve birth trauma (may resolve on its own) or damage from cardiac surgery.  Acquired VCP can be due to local neck trauma, head trauma or viral infection.  

· Unilateral VCP is often diagnosed late, and may manifest as mild stridor, hoarseness, or occasional aspiration.  Bilateral VCP (occasionally an airway emergency) may have normal phonation and lack of stridor, but those are usually present.  

· Signs of birth trauma should increase suspicion of VCP.  It may also be an early sign of brainstem or spinal cord compression (so consider imaging to look for lesions).  

· Unilateral VCP often resolves on its own, but bilateral may require tracheostomy or correction of CNS lesions.

· Subglottic stenosis:  Congenital forms result from incomplete canalization of the larynx during gestation.  Acquired forms  may be due to inflammatory stimulus like prolonged or traumatic intubation and gastoesophageal reflux.  It may present as recurrent or persistent croup (cough that sounds like a bark).  Acquired forms usually have a history of intubation.  Severe stenosis can cause biphasic stridor (on inspiration and expiration), dyspnea and labored breathing.  These patients may also be hard to intubate with a tube size that is expected to work.  
· This frequently requires tracheostomy or surgery.  

Infection:

· Viral croup is the most common infective cause of upper airway obstruction in kids.  It’s most common 18-24 months, often follows upper respiratory infections and is most commonly caused by parainfluenza viruses.  

· Small airways and poor cell mediated immunity in kids cause them to be predisposed to airway obstruction.  The cricoid cartilage is one of the only complete rings in the airway, so edema in the airway walls can cause the greatest reduction in lumen  here.  
· These patients present with barking cough, hoarseness, inspiratory stridor with exertion, restlessness, drooling and respiratory distress.  Symptoms are worse at night.  Hypoxemia and hypercarbia may indicate severe upper airway obstruction.  

· The typical finding on x-ray is the steeple sign, narrowing of the lumen of the airway near the cricoid/laryngeal cartilages.  

· This is treated with nebulized epinephrine to transiently provide relief of the edema by decreasing bloodflow.  Mixing oxygen with helium can decrease airway turbulence by decreasing the density of the air.  Corticosteroids may help by decreasing inflammation and edema.  

· Epiglottis is due to a bacterial cellulitis of the supraglottic structures.  It’s most common in 2-7 year olds, mostly in the autumn and winter.  The H. flu B vaccine has really decreased its prevalence.  You can get a rapid (HiB) or gradual (Strep) onset.  Symptoms include sore throat, dyspnea and progression to a muffled voice, drooling, tripod breathing, and a toxic appearance.  Stridor isn’t prominent, but may occur with worsening obstruction.  

· Radiographs classically show a positive ‘thumb sign’ which looks like a thumb horizontally over the airway.  
· This can be a medical emergency, so if seen you need to immediately call ENT or anesthesia.  You should be prepared to perform a tracheostomy if necessary.  Any administered abx should cover HiB and Strep.  Abx prophylaxis may be appropriate for some contacts.  HiB is faster progressing.  

· Diphtheria:  classically shows a membranous exudate (pseudomembrane) over the back of the throat and tonsils.  Antitoxin is still a mainstay of therapy. 

Lower Airway Diseases In Children: When Noisy Breathing Is Not Asthma
· In peds pulmonology, a lot of noisy breathing is asthma, but there are other important causes.

· Relevant points in the history include if the sounds are inspiratory or expiratory.  Upper airway lesions are often stridor, but the type, phase (biphasic stidor, for example), etc of sounds are all important.  You should consider the onset, alleviating and exacerbating factors (position, w/ sleep or activity, response to therapy), and other associated symptoms like cough.  

· PE findings:  Respiratory rate, oxygen saturation, retractions (difficulty breathing), and chest contour changes can be indicative of respiratory problems.  Percussion to look for dullness (pleural effusion) or hyperinflation (to assess lung volume, which may be high in asthma or other obstructive conditions).  Palpation of fremitus and auscultation can also give good information.

· Breath sounds:  Bronchial breath sounds (tubular ones) are typically heard over the large airways and are characterized by equal loudness of inspiratory and expiratory phases.  Vesicular (more peripheral) lung sounds tend to be louder on inspiration.  

· For abnormal breath sounds, note if it’s during inspiration or expiration.  Stridor is most often inspiratory.  At end inspiration, you may hear crackles.  Wheezes tend to occur on expiration.  

· You should also note the location of the abonormal sounds (central indicative of large airways vs. peripheral more typical of smaller airways) and their quality (monophonic more in large airways, polyphonic more in smaller ones).

· All lung sounds emanate from the airway.  Turbulent flow is loud.  Most audible sounds are from the trachea and medium sized bronchi, and peripheral airways contribute little to the total resistance and obstructions there are usually pretty quiet.

In Newborns/Infants:

· Patients have often been wheezing since birth.  Noisy breathing on the first day of life is often indicative of congenital lesions (including vascular rings, tracheal webs, congenital lobar emphysema or absent pulmonary valve).  All of these abnormalities result in tracheal compression (causing the loud breathing)

· These are all Congenital Thoracic Malformations (CTMs):  affected lobes remained filled with fluid longer after birth than normal lobes (because their communication with the larger airways isn’t normal), and recurrent infection possibly with abscess formation is common.  Unaffected lobes are typically normal, but may be compressed by expansion of the affected lobe.  CTMs can be associated with congenital heart defects too.


· Foregut cysts:  These are abnormalities of foregut development in which you get an outgrowth of a closed, epithelium-lined sac.  “Bronchogenic cysts” are ones developing toward the airways, enterogenous ones develop toward the gut.  Their location is usually more important than their size.  They are usually single and unilocular, most often in the middle/posterior mediastinum near the carina and more common on the right side.  These outpouchings can affect/distort the airways.  They are well circumscribed and often fluid filled.  They most commonly present in infancy with airway compression.  Maligancies may arise from these.  They are often excised, and recurrence is rare.  

· Congenital cystic adenomatoid malformation (CCAM):  They are typed by the size of the airways they affect (type 1 affects bronchi/bronchioles and is most common…higher types are associated with smaller airways).  This type 1 form has a good prognosis and is characterized by malformation localized to a portion of a lobe.  The malformation includes multiloculated cysts.  If this is seen in utero via ultrasound, it may not be detected on a later exam but it hasn’t gone away.  This is important because the mucus cell hyperplasia seen in 35-50% of these is consistent with bronchoalveolar carcinoma.  So these are usually removed surgically.  

· Type 2 is second most common.  It’s associated with other congenital abnormalities like congenital diaphragmatic hernia.  This also has potential for malignancy.

· Types 3 and 4 are uncommon.

· Cystic lesions should be removed to reduce the risk of infection and malignancy.  

· Pulmonary sequestration:  this is pulmonary tissue separated from the functioning lung and supplied by the systemic circulation.  It may be congenital (an accessory lung bud that keeps the primitive systemic blood supply) or acquired (the focus of an infection or scarring that acquires systemic vascularization).  You end up with a little lump of non-functioning lung.  They are well circumscribed and demarcated.

· These may be intralobular (more common, and often in the left, posterior lung) or extralobular (less common, usually beneath the left loser lobe).  The extralobular ones may be perfused by an abnormal artery that can arise from below the diaphragm. 

· Intralobar pulmonary sequestrations are usually asymptomatic until they become infected.  You often get recurrent pneumonia and/or abscesses in the same location.

· Extralocular pulmonary sequestrations are usually detected in infancy because of associated malformations (diaphragmatic or gut lesions).  

· These are generally treated with surgical excision.

· Congenital Large Hyperlucent Lobe (formerly known as congenital lobar emphysema):  In this case, the lung tissue is a little more normal than some of the above cases.  Here the alveolar airspaces may be larger, as in emphysema.  

· It may be due to mechanical obstruction and over-distension of a particular part of the lung.  Or, it may be due to a defect in larger airway structure.  For many case of congenital large hyperlucent lobe, the etiology is unclear.  

· Pathologically, you see fewer, overexpanded alveoli and maybe decreased cartilage in the bronchi that supply the affected area.  It rarely involves the lower lobes, and more often the left.  The affected lobe is usually about the same size until the first year of age, then becomes abnormally small.  

· Most present in neonatal periods or infancy. Affected lobes may really increase in volume when a kid is given positive pressure ventilation (so you should give low pressure oscillating ventilation if you really need to ventilate).  They may compress normal lobes and decrease pulmonary reserve function or displace mediastinal structures.  10% of these patients also have cardiac lesions.  

· Excision was common traditionally, but mild or non-symptomatic cases are now being non-surgically.  This is ok because there isn’t a high risk of malignancy.  If removed, the remaining lung will compensate and grow and get you back to pretty normal lung function.  

· Tracheoesophageal fistula:  This an incomplete mesodermal separation of these two compartments of the primitive foregut.  It’s more common in first pregnancies and twin pregnancies, and the risk increases with maternal age.  The majority of these patients also have other associated anomalies.  Most often you see esophageal atresia, where the proximal esophagus ends in a blind pouch.  There are lots of variations in the ways these two tubes can connect though.  The fistula is commonly near the carina.  

· You can see tracheomalacia (thinned trachea) and a brassy cough, even after repair.  Esophageal dysmotility and recurrent aspiration are common.  The T-E fistula may even recur after repair. 

· Vascular rings:  These can cause noisy breathing by extrinsic obstruction of the trachea/esophagus.  If you see an aortic arch on the right side, it may indicate a vascular abnormality.  It’s pretty sensitive for this, but not specific.  It’s highly suggestive of a vascular ring if you see tracheal narrowing on a lateral view chest x-ray.  

· The most common form of this is a double aortic arch, where you have an aortic arch on either side of the trachea.  Another common form involves the ligamentum arteriosum completing the ring around the trachea and esophagus, but this is easily resolved by just clipping the ligament to release the tension of the ring.  You can also get a pulmonary sling (uncommon) where the pulmonary arteries form the ring.  

· These conditions produce tracheomalacia, a structural defect in the trachea.  Here, it’s due to compression and abnormal development of the trachea, but it can occur with other causes too.  

· Tracheomalacia is a dynamic collapse of the trachea due to increased compliance of the tracheal rings.  It’s most common in the distal third of the trachea because that’s where the vessels may put pressure on it.  You can see kinking of the trachea where it goes from malacial to non-malacial segments.  Acute, life threatening events can occur with this condition when you have increased intrapleural pressure that collapses the airway (crying, coughing, etc).  

· Type I – intrinsic abnormality.  Type II – extrinsic due to compression (usually vascular).  Type III – acquired via prolonged intubation or recurrent infection.

· If lumen is reduced over 50%, you start to see symptoms.  It can be treated by repairing tracheal rings, giving CPAP, etc.  It often resolves on its own though.  

· Tracheo/bronchomalacia infants may have noisy breathing around 6-12 months.  It’s usually unilateral, monophonic wheeze louder on expiration.  They show normal lung volumes.  They won’t respond well to bronchodilators that relax smooth muscles, since that’s not involved in the pathology.  Ipratropium may help though…it won’t over-relax the airway and lead to more collapse.  Surgery is rarely indicated.  It’s always seen in tracheo-esophageal fistula.  

· The negative thoracic pressure of inspiration allows you to get air in.  With a cough or expiration, you can collapse the airway.  

· Tracheal bronchus:  An anatomical variant that results in collapse of the right upper lobe. The bronchus that supplies the right upper lobe comes directly from the trachea, not from the normal right bronchus.  It’s usually an incidental finding, but may occasionally be a cause of chronic pulmonary disease, recurrent pneumonia or atelectasis.  It can be associated with tracheal stenosis, bronchopulmonary anomalies, or Downs syndrome.  It usually doesn’t require treatment.  

In Toddlers:

· Foreign body aspiration:  often a unilateral, monophonic wheeze.  There’s often a phase delay on PE.  They’re usually radiolucent and unresponsive to medical therapy.  You often see hyperinflation of the affected parts of the lung, even on expiration.  

In School-Age and Older Kids:

· Chronic congestion:  chronic wet cough may be indicative of CF, ciliary dyskinesia, smoke exposure, immunodeficiency, or a retained foreign body.  

· GERD may manifest as croup, hoarseness, laryngomalacia, or poorly controlled asthma.
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