VI. SUBMODULE 6:  HEMODYNAMICS

A. Homeostasis:

1. Maintenance of ECF volume/hemodynamic stability is a paramount physiologic goal (S 35)

a) Baroreceptors and osmoreceptors function as the sensors

b) The heart, kidney, autonomic nervous system, endocrine, and paracrine systems are the effectors

2. Normal volume Homeostasis:  (S 35, fig 26-2 C4 190;  fig 26-2 C 196) (ob 1)

a) Osmoreceptors:

(1) Anterior hypothalamus:  in response to (osmolarity they cause the release of ADH

(2) Macula densa:  causes renin release and ( GFR when there is ( flow in the distal tubule

b) Baroreceptors:  carotid sinus, aortic body, left atrial receptors, JGA

(1) ( stretch of these receptors leads to ( sympathetic activity

(a) result:  vasodilation of veins and arteries, ( HR, ( heart contractility

c) renin-angiotensin system:

(1) ( arterial pressure( ( renin( (angiotensin( vasoconstriction, ( renal retention of salt and water (( aldosterone)

d) aldosterone:  causes NaCl and water reabsorption

e) ADH:  causes increased water reabsorption

f) Catecholamines:  cause vasoconstriction

g) ANF (Atrial natriuretic factor):  it is released in response to overstretch of the atria

(1) It decreases Na reabsorption

h) Prostaglandins:  PGE2 causes vasodilation

(1) It is responsible for maintaining GFR by enhancing renal blood flow in states of volume depletion (protects against kidney failure)

i) Kallikrein-Bradykinin system:  causes potent vasodilation and ( capillary permeability

j) Endothelins:  cause vasoconstriction, they are released by vascular endothelial cells

3. Three conditions increase renin release by the JGA:  (V 135-136) (ob 2)

a) Baroreception in the afferent arterioles:  ( renal perfusion pressure( ( renin

b) Changes in the delivery of tubular fluid to the macula densa

c) Sympathetic stimulation of the arterioles of the JGA( ( renin

4. Three actions of renin-angiotensin-aldosterone (V 138) (ob 3)

a) Angiotensin causes vasoconstriction of arterioles

b) Angiotensin stimulates thirst

c) Aldosterone increases salt and water reabsorption

5. Counter regulating actions of PGE2:  (C4 189) (ob 4)

a) This substance causes vasodilation and increases the GFR by enhancing renal blood flow

(1) These actions counter regulate the actions of renin

B. Distribution of body water:  (S 36; fig 26.1 C 195 or C4 189) 

1. Total body water = 60% of body weight (42L) (ob 1)

a) Intracellular fluid (ICF) water = 2/3 of body water (28L)

b) Extracellular fluid (ECF) water = 1/3 of body water (14L)

(1) Interstitial water = ¾ ECF water (10.5L)

(2) Intravascular water = ¼ ECF water (3.5L)

2. Water is freely permeable across cell membranes (body compartments) (ob 2)

a) Osmolality governs the net movement of water

C. Maintenance of body water distribution:  osmolality  (S 38)

1. Three important principles in water distribution

a) There is no active movement of water between body compartments

b) All membranes in the body (with the exception of the thick ascending limb, distal convoluted tubule, and renal collecting tubules) are freely permeable to water

c) Movement of water between body compartments follows osmolar forces

2. Osmolality:  the concentration of solutes in a solution (mOsm/kg),  1kg = 1 liter

a) Under normal conditions the osmolality of the ECF and ICF are equal

(1) Na+ is the main solute of the ECF

(2) K+ is the main solute in the ICF

3. Two types of solutes may be added to body compartments under physiological or pathological conditions: (ob 3)

a) Ineffective solutes:  urea

(1) Certain solutes, such as urea, diffuse freely across cell membranes

(2) These solutes increase the osmolality of both the intracellular and extracellular space and do not cause net movement of water between each space

b) Effective solutes:  Na

(1) Certain solutes, such as Na, do not cross cell membranes

(2) Na will cause an increase in osmolality in the ECF but not in the ICF

(a) As a result, Na will cause water movement from the ICF to the ECF

(b) The end result is an osmolar equilibrium between the volume depleted ICF and the ECF with volume excess

(i) The new osmolar equilibrium will be reached at a higher than normal osmolality

(3) Tonicity (hyper- and hypotonicity) is a term reserved to describe changes in osmolality caused by effective solutes

4. Calculation of ECF osmolality:  (S 39) (ob 4)

a) Na+, together with the associated anions Cl- and HCO3-, is the most abundant solute in the ECF and determines 95% of the osmolality in the ECF

(1) Glucose and urea contribute only a small percentage of ECF osmolality under normal conditions, but may contribute significantly under pathologic conditions

b) Calculated osmolality = 2 ( Na + [glucose (mg/dl)/18] + [urea (mg/dl)/2.8]

c) The molecular weight (MW) of glucose is 180 (for urea molecular weight = 28)

(1) Glucose (mOsm/L) = glucose concentration/MW = glucose (mg/L)/180 = glucose (mg/dl)/18

d) Calculated osmolality  ( 10 = measured osmolality (in normal states)

(1) Other solutes (ethanol, mannitol, glycerol, radiographic contrast agents, ethylene glycol, and methanol) may contribute to serum osmolality under abnormal conditions

(a) In the presence of these solutes, the measured osmolality will exceed the calculated osmolality by more than 10, there will be an osmolar gap (ob 4)

(b) The agent that is causing the osmolar gap must be identified (ethylene glycol and methanol are common causes of poisonings and they cause renal failure and potentially death

D. Regulation of total body water:  (S 40-44)

1. Intake (drinking, eating) = output (urine, GI loss, sweat, insensible losses)

a) Insensible losses:  water losses by evaporation (not sweating)

(1) They constitute the only pure water loss (without electrolytes) from the body

(2) Normally, insensible losses constitute 800-1000 mg/cc per day

(a) These losses may increase dramatically depending on body temperature, outside temperature, etc.

(b) Insensible losses may rise to 5-10 liters per day

2. REGULATION OF RENAL WATER LOSSES:

a) The daily urine solute excretion is generally constant at 600 mOsm/day (ob 5)

(1) The amount of water that accompanies this solute varies quite a lot depending on the ECF osmolality and volume status

(a) Changes in urine osmolality reflect changes in water excretion

b) The most dilute urine is ( 50-60 mOsm/kg H2O and most concentrated is 1200 (ob 6)

(1) Under extreme H2O conservation conditions, the kidney can excrete .5 L of H2O per day containing 600 mOsm (concentration = 1200 mOsm/L)

(2) Under conditions that dictate H2O loss, the kidney can excrete 10L per day containing 600 mOsm (concentration = 60 mOsm/L)

c) The diluting capacity of the kidney is remarkable (its difficult to drink > 10L of fluids per day) but the concentrating ability is limited

(1) As people age or there is loss of renal tubular function, the kidney is less efficient at concentrating urine but maximal diluting capacity only marginally decreases (ob 6)

d) Antidiuretic hormone (ADH):

(1) It is produced by the supraoptic and paraventricular nuclei of the hypothalamus 

(2) ADH is conjugated to a transport protein (neurophysin) and transported through the neuronal axon into the posterior pituitary, from where it is released by exocytosis into the hypophyseal portal circulation (ob 7)

(3) The function of ADH is to make the renal collecting tubule permeable to H2O (ob 8)

(a) In the presence of ADH, H2O can move from the hypotonic collecting tubular fluid into the normally hypertonic interstitium of the renal medulla

(i) The result is ( urine volume with ( urine osmolality

(b) In the absence of ADH, the collecting tubule is impermeable to H2O

(i) The result is ( urine volume, ( urine osmolality

(4) Control of ADH secretion:  the hypothalamus responds to 2 types of stimuli (ob 9)

(a) Osmotic stimuli:  a 1-2% increase in ECF osmolality results in a measurable rise in serum ADH levels  (S 41)

(i) Generally, serum osmolality > 280 mOsm/kg H2O will “turn on” ADH (ob 10)

(ii) Further increases in ECF osmolality will result in further increases in ADH levels

(iii) The relationship between osmolality and ADH levels is linear

(iv) Only effective solutes such as Na will induce ADH secretion

a. This suggests that it is the shrinkage of neurons in hypothalamic nuclei which results in ADH secretion

(b) Nonosmotic stimuli:  hypovolemia stimulates ADH secretion

(i) An 8-10% decrease in volume will result in a measurable rise in ADH levels  (S 41-42)

a. The response of ADH to volume is less sensitive than the response of ADH to osmolality

(ii) However, the relationship between ADH secretion and volume is exponential

a. Thus, small volume losses beyond the trigger point will result in a remarkable rise in ADH levels

(iii) Other nonosmotic stimuli of ADH secretion:  nausea, emotional stress, hypoglycemia, hypoxemia, and pain

(c) Under certain circumstances, the hypothalamus receives conflicting signals:  for example a patient may have low serum osmolality and be volume depleted (ob 11)

(i) Under these conditions, volume modulates the response of the hypothalamus

a. The body will always maintain volume at the expense of osmolality

(ii) See fig 4, S 42:

a. Volume depletion will shift the osmolality/ADH line to the left

i. So, there will be (ADH for a given osmolality


e) Other factors affecting renal H2O excretion: (S 43)

(1) Because ADH acts on the most distal segment (collecting tubule) of the nephron, it’s effects are modulated by events which occur proximal to the collecting tubule

(a) GFR, proximal tubular reabsorption,, ascending loop and distal convoluted tubule reabsorption, and medullary blood flow all affect renal H2O excretion

(b) For example, a pt with CHF is fluid overloaded and has ( osmolality

(i) This causes ( ADH which should ( H2O excretion

(ii) But, if the pt has (GFR, and ( proximal tubular reabsorption very little fluid/solutes will reach the collecting tubule

(2) Osmotic diuresis:  if the urine contains an effective solute (glucose, mannitol, radiologic contrast agent, etc.) the osmolar gradient between tubular lumen and interstitium will be decreased and water reabsorption will be limited, resulting in ( water excretion and impaired renal concentrating ability

(a) Both urine volume and urine osmolality will be high

(3) Factors decreasing renal medullary osmolality will result in ineffective water reabsorption in the presence of ADH

3. REGULATION OF WATER INTAKE:  THIRST  (S 44)

a) The factors stimulating thirst are the same factors stimulating ADH secretion:  osmolality and volume (ob 12)

(1) However, thirst is much less sensitive to these changes than ADH

(a) Thirst occurs when there is an 8-10% change in osmolality ((295mOsm/kg H2O)

(b) Angiotensin II probably mediates the thirst response to hyperosmolality (ob 13)

E. Diabetes Insipidus:  complete or partial deficiency of ADH function  (S 44-46)

1. Deficient ADH function results in constant and excessive H2O losses and an inability to concentrate the urine

a) This results in polyuria (as high as 20L/day) with low or isosmotic urine

(1) Compensatory polydipsia (( fluid intake) occurs

b) Excessive water loss results in volume depletion and increased serum osmolality unless there is ( intake of water

(1) Incapacitated (infants, elderly, intubated) patients can become profoundly dehydrated

2. Urine osmolality, serum osmolality, serum Na, and a volume assessment are needed to make the diagnosis of diabetes insipidus (ob 16)

a) The urine osmolality should be appropriate for the serum osmolality, given the volume status of the patient (S 37)

3. There are 2 types of diabetes insipidus (DI):

a) Central or neurogenic diabetes insipidus:  due to partial or complete deficiency of ADH secretion by the hypothalamus

(1) Central DI is usually secondary to a CNS abnormality or is idiopathic (ob 17)

(2) It can be caused by any pathologic circumstance which affects the integrity of the hypothalamus, the posterior pituitary, or the connecting axons (ob 14)

(a) It can be caused by tumors, trauma, surgery, granulomas, infections, vascular, or it can be idiopathic (S 45)

(3) Treatment:  the treatment of choice is the administration of parenteral ADH or intranasal synthetic ADH (DDAVP) (S 46) (ob 19)

b) Nephrogenic diabetes insipidus:  results from an inability of the collecting tubule to respond to ADH (ob 14)

(1) It is usually secondary to tubulointerstitial renal disease from various causes: (ob 17)

(a) Infection (pyelonephritis), urinary obstruction, vascular problems (sickle cell), cystic, infiltrative, hypokalemia, hypercalcemia, granulomas, or drugs (S 45)

(2) Treatment:  several oral medications have been found to be helpful in the treatment of nephrogenic diabetes insipidus (ob 19)

(a) Chlorpropamide (a sulfonylurea used in diabetes mellitus)

(b) Clofibrate (used in hyperlipidemia, it stimulates lipoprotein lipase)

(i) Chlorpropamide and Clofibrate increase the sensitivity of the collecting tubule to the action of ADH

(c) Thiazide diuretics (metolazone, hydrochlorothiazide)

(i) Thiazide diuretics result in mild intravascular volume depletion which stimulates proximal tubule reabsorption of Na and water and paradoxically reduces urinary volume (S 46)

c) The treatment for compulsive water drinkers consists of H2O restriction and appropriate psychiatric intervention (S 46)

4. Differential diagnosis:  the differential diagnosis of diabetes insipidus should consider other conditions which produce polyuria (ob 15)

a) These include:  central diabetes insipidus, nephrogenic diabetes insipidus, osmotic diuresis, psychogenic polydipsia/compulsive water drinking

(1) In patients with psychogenic polydipsia, polyuria occurs in response to excessive water intake

b) The following steps should be taken to confirm the diagnosis:  (S 46)

(1) Measure urine osmolality:

(a) The product of urine osmolality (mOsm/L) times the urine volume (L/day) will determine the total solute excretion per day

(i) Total solute excretion > 1500 mOsm/day clearly reflects the presence of osmotic diuresis

(ii) Polyuria and polydipsia could be due to glucose-induced osmotic diuresis in diabetes mellitus

(2) Determine serum osmolality and serum Na+:  if both serum Na and osmolality are high in a patient with polyuria and polydipsia, and osmotic diuresis has been ruled out, then the patient has diabetes insipidus

(a) Administration of parenteral ADH will resolve the differential diagnosis:

(i) Patients with central DI will respond to exogenous ADH, while patients with nephrogenic DI will not

(3) H2O deprivation test:  should be done if serum Na and osmolality are normal

(a) In a patient with diabetes insipidus, H2O deprivation will result in rapid weight loss (loss of volume) and little increase in the low urine osmolality

(b) If H2O deprivation does not have these effects, the patient may have partial diabetes insipidus or the problem may be primary polydipsia

(c) Patients with psychogenic polydipsia may have a partial urinary concentrating defect and thus may not maximally concentrate urine during the H2O deprivation test.

(i) Thus, an H2O deprivation test could identify a defect in urine concentrating ability (ob 18)

F. Na+ distribution in body fluids:  (S 49)

1. The concentration of Na+ in the ECF is 140 mEq/L, and in the ICF 5 mEq/L

a) Na along with its anions, Cl and HCO3, make up the majority of ECF osmoles (ob 1)

2. Na is a major determinant of ECF volume

a) High ECF Na:  this causes ( ECF osmolality( H2O movement form ICF to ECF( ( ECF volume

(1) High ECF osmolality:  this causes ( thirst( ( H2O intake( ( ECF volume

(2) High ECF osmolality:  this causes ( ADH( ( H2O reabsorption in the renal collecting duct( volume retention

3. Although ECF Na is a major determinant of volume, serum osmolality is not a measurement of volume.

a) Changes in volume may occur in the presence of low, normal, or high serum osmolality

4. Body volume can only be assessed by physical exam:  (S 49) (ob 2,3)

a) Volume overload:

(1) Jugular vein distension, basilar lung rales, S3 gallop, Edema

b) Decreased volume:

(1) Flat neck veins, tachycardia, hypotension, decreased skin turgor

G. Renal regulation of Na+ balance:

1. In a state of normal volume and normal renal tubule integrity, the kidney is exquisitely sensitive in maintaining Na balance (S 47) (ob 4)

a) Na intake:  dietary, pharmacological

b) Na output:  renal, GI, sweat, other secretions

2. Na balance is maintained by modifications of renal Na excretion  (S 50)

a) Changes in urinary Na concentration occur rapidly (< 24 hrs) in response to changes in dietary Na 

(1) The total urinary Na per day is an accurate measurement of Na intake per day (ob 8)

(2) Within 24 hours of placing a “normal” person on a Na free diet, the urine Na concentration will be < 10 mEq/L

3. TRIGGERING MECHANISM FOR Na+ EXCRETION:

a) Renal Na+ excretion changes in response to effective intravascular volume (arterial volume)

(1) (  volume causes ( Na excretion which results in loss of volume

(2) ( volume causes Na retention which results in volume gain

b) Under some pathologic conditions, the increase in intravascular volume is ineffective (not associated with natriuresis)

(1) This will occur, for example, if the increase in intravascular volume occurs only in the venous side of the circulation

(a) The kidney does not sense the volume changes in the venous system

4. FACTORS WHICH AFFECT RENAL Na+ EXCRETION:  (S 50) (ob 5)

a) Systemic hemodynamic changes:  such as changes in blood pressure and vascular tone

(1) ( b.p. ( ( Na excretion

b) hormonal changes:  adrenergic activity, renin/angiotensin, aldosterone

(1) angiotensin or aldosterone ( ( Na excretion

(2) ANF( ( Na excretion

(3) Adrenergic activity ( ( Na excretion

c) Renal hemodynamic changes:  changes in renal vascular tone, redistribution of renal blood flow and changes in GFR

(1) ( GFR( ( Na excretion

d) changes in blood composition:  changes in hematocrit, protein concentration, etc.

(1) Dr. Pesavento said that ( viscosity has the same affect as volume depletion:  it leads to decreased renal blood flow which cause ( aldosterone

5. Aldosterone:  produced in zona glomerulosa of adrenal gland  (S 51) (ob 6)

a) Aldosterone acts on the distal convoluted tubule and collecting duct to increase K+ excretion and enhance Na+ reabsorption

(1) Since the mechanism of aldosterone involves protein synthesis, it’s actions are delayed at least 60 minutes

(2) There is now convincing evidence that aldosterone is not a critical factor in the regulation of Na excretion

(3) Chronic administration of aldosterone results in an initial phase of Na retention followed by a renal “escape” phase that protects against unopposed Na/volume expansion (ob 7)

b) Aldosterone escape:  during chronic administration of aldosterone, the initial increases in volume cause an increase in b.p. 

(1) This hypertension returns renal output of  Na and H2O to normal despite the excess aldosterone

6. Atrial Natriuretic Factor (ANF):  it is synthesized and stored in right atrial cells

a) ANF produces a brisk natriuresis  (S 51)

7. NEPHRON SITES OF Na+ REABSORPTION:  (S 51)

a) Glomerulus:  free filtration of Na

b) Proximal tubule:  65-70% of Na is reabsorbed

c) Ascending loop of Henle:  20-25% of Na is reabsorbed

d) Distal tubule, collecting duct:  1-10% of Na is reabsorbed (aldosterone dependent)

H. Alterations in serum Na+ concentration:  (S 52-53)  

1. HYPERNATREMIA:   increased serum Na concentration, regardless of total body Na (ob 8)

a) It can occur in the presence of normal, increased, or decreased total body Na

b) If there is a normal thirst mechanism and the patient can get access to H2O, hypernatremia will not occur

c) Dr. Pesavento said that the most important physiologic modifier of hypernatremia is the ability to concentrate the urine:  hypernatremia is most often caused by an inability to concentrate urine

d) Pathogenesis:  3 categories of hypernatremia  (S 52-54) (ob 9)

(1) Na addition to body fluids (( total body Na):  usually there is ( volume, ( urine Na

(a) Etiology:  iatrogenic (Na administration)

(b) Treatment:  eliminate excess Na (diuretics + water)

(2) Pure H2O loss:  normal volume, or ( volume if patient is unable to get H2O

(a) Etiology:  

(i) Renal:  diabetes insipidus

(ii) Non-renal: insensible losses (respiratory and dermal)

(b) Treatment:  administer H2O

(3) H2O loss in excess of Na+ loss:  ( volume,

(a) Etiology:

(i) Renal: osmotic agents (there will be high urine Na)

(ii) Non-renal:  diarrhea, sweating (there will be low urine Na)

(b) Treatment:  give Na and H2O

e) Patients with hypernatremia present most frequently with global deterioration in CNS function:  confusion lethargy, coma, seizures, etc.  (S 53)

(1) Acute severe hypernatremia is associated with a very high mortality (70%) and recovery is frequently associated with permanent neurologic deficits

(2) The CNS effects of hypernatremia are due to neuronal shrinkage as a result of extreme hyperosmolar conditions in the ECF 

(3) Idiogenic osmoles:  during chronic hypernatremia, neurons generate these new intracellular osmoles (ob 11)

(a) Idiogenic osmoles restore the ICF/ECF osmolar equilibrium at a higher osmolality thus permitting cells to recover H2O

(b) For these reasons, chronic hypernatremia is relatively well tolerated with few CNS symptoms and low mortality

(4) The rapidity of the correction of hypernatremia is of clinical relevance

(a) In children, rapid correction of hypernatremia may result in seizures

(b) Hypernatremia should be corrected over a few days and at a rate of no more than 2 mOsm per hour

2. HYPONATREMIA:  decreased Na+ concentration, not necessarily associated with changes in total body Na (ob 12)

a) It is often associated with hypoosmolality but may paradoxically be associated with normal or high serum osmolality (pseudohyponatremia)  (S 54)

b) Pathogenesis:  3 categories of hyponatremia  (S 54, 56,57) (given a clinical scenario, be able to identify the cause of hyponatremia) (ob 14)

(1) Low total Na:  results from loss of Na and H2O

(a) Diagnosis:  HYPOVOLEMIA

(i) High urine Na( renal loss

(ii) Low renal Na( extrarenal loss

(b) Etiology:

(i) Renal loss:  diuretics

(ii) Nonrenal loss:  vomiting, diarrhea

(c) Treatment:  give Na and H2O

(2) Normal total Na:  excess total body H2O dilutes the normal total body Na

(a) Diagnosis:  EUVOLEMIA (clinically there is no edema)

(i) Low urine Na( polydipsia

(ii) High urine Na( SIADH

(b) Etiology:   Cushing’s disease, Hypothyroidism, Psychogenic polydipsia, SIADH

(c) Treatment:  Eliminate excess H2O

(3) High total Na:  large excess of total body H2O will dilute an increased body Na

(a) Diagnosis:  HYPERVOLEMIA, there is edema

(i) Low urine Na is the primary defect

(b) Etiology:  CHF, Cirrhosis, Nephrotic syndrome, renal failure

(c) Treatment:  eliminate excess H2O and Na

c) Hyponatremia is 1 of the most common electrolyte abnormalities found in clinical practice (ob 15)

d) Hyponatremia should not occur unless there is impairment of the kidney’s ability to excrete H2O intake in the face of hypo-osmolality

e) Diagnostic work-up for hyponatremia

(1) Determine volume status of the patient (physical exam)

(2) check urine Na (S 56)

f) Treatment for hyponatremia necessitates a correct identification of the cause and a gradual correction of the serum Na (S 48) (ob 16)

(1) The correct diagnosis of hyponatremia is critical since treatment is based on pathogenesis

3. PSEUDOHYPONATREMIA:  refers to hyponatremia that is not associated with hypoosmolality (S55)

a) Pseudohyponatremia with high serum osmolality:

(1) In these patients, an effective osmol (other than Na) has been added to the ECF

(a) The resulting ECF hyperosmolality causes movement of H2O from the ICF to the ECF resulting in dilution of ECF Na

(2) This form of hyponatremia occurs most commonly in diabetic patients with marked hyperglycemia

(a) The effect of glucose on Na can be estimated: be able to calculate the “true” serum Na when there is hyperglycemia (ob 13)

(i) Every 100 mg/dl of glucose above a glucose concentration of 100 mg/dl will cause a 1.5 mEq/L decrease in serum Na

(ii) In a patient with a serum glucose of 800 mg/dl (1.5 ( 7 = 10.5):  the normal serum Na of 140 will be diluted to 129.5 

b) Pseudohyponatremia with normal serum osmolality (false hyponatremia):  

(1) These patients have completely normal serum Na, but due to a laboratory error, blood tests indicate hyponatremia

(2) It is most commonly observed in patients with severe hyperlipidemia

(a) It is rarely seen now because of advanced laboratory methods

4. SYNDROME OF INAPPROPRIATE ADH SECRETION (SIADH):  (S 56)

a) It is defined as secretion of ADH in the absence of physiologic stimuli

b) The diagnosis of SIADH is usually made after exclusion of other causes of hyponatremia (ob 17)

(1) Thus, the diagnosis cannot be made in the presence of heart, liver, thyroid, adrenal, or renal disease (S 48)

c) Clinical presentation:  pt is discovered to have a serum Na of 120 mEq/L, the calculated urine osmolality is 240 mOsm/L

(1) In the absence of volume depletion or other stimuli of ADH secretion, high urine osmolality in the presence of low serum osmolality reflects inappropriate ADH secretion

(a) Normally hyponatremia (hypoosmolality) should shut off ADH secretion resulting in excretion of excess water (dilute urine).

(2) Patients with hyponatremia present with global CNS symptoms:  lethargy, confusion, coma, seizures, etc.

(a) Symptoms are due to swelling of neurons caused by the hypotonic ECF

(b) Brain edema is more marked in patients with acute hyponatremia

d) Patients with SIADH do not develop edema: (ob 18)

(1) Edema is the result of the inability of the kidney to excrete Na

(a) Patients with SIADH have a normal capacity to excrete Na

(2) The high urinary Na in SIADH patients results in an osmotic diuresis which opposes the action of ADH

(3) Therefore, in a patient with hyponatremia, edema should make us suspect a process other than SIADH

e) Most common causes of SIADH:  (S 57)

(1) Carcinomas:  lungs, GI, lymphomas, etc.

(2) Pulmonary disorders:  asthma, lung abscess, pneumonia

(3) CNS:  tumors, trauma, encephalitis

(4) Other:  pain, anxiety, drugs

f) Treatment:  water deprivation is the primary treatment, however this is hard to sustain

(1) In patients with persistent chronic hyponatremia from SIADH the following medications result in resistance of the collecting tubule to the actions of ADH:

(a) Lithium:  (mood stabilizer, used for bipolar disorder)

(b) Demeclocycline:

(2) Both lithium and demeclocycline are ADH antagonists and can cause nephrogenic diabetes insipidus  (S 57)

(3) Acute correction of hyponatremia is indicated only in patients demonstrating acute neurologic deficits.  (S 58)

(a) The therapy of hyponatremia can result in a demyelinating disorder called central pontine myelinolysis  (associated with permanent neurologic deficit)

(i) The occurrence of this disorder appears to be associated with the development of hypernatremia during the therapy of hyponatremia

(b) Thus, the goal of the treatment of hyponatremia should be a serum Na of no more than 130 mEq/L

I. Disorders of Urinary Na+ Excretion:  Edema

1. Edema is the excessive accumulation of interstitial fluid:

a) It may occur as a local phenomenon (ie. After local injury) or as a generalized phenomenon (CHF, nephrotic syndrome, or hepatic cirrhosis)

2. Pathogenesis of edema:  regulation of interstitial fluid volume is accomplished mainly by Starling forces acting at the capillary level (S 58)

a) Mechanisms of fluid accumulation in interstitial spaces:  edema occurs secondary to imbalance in Starling forces(S 59) (ob 19)

(1) capillary hydrostatic pressure (PC)

(2) plasma oncotic pressure ((C)

(3) capillary wall permeability

(4) lymphatic drainage of interstitial fluids

b) Starling equation:  Jv= Kf[(Pc - PI) – ((c - (I)]  (you just need to be able to apply clinical situations to this equation, you do not need to memorize it)

(1) Jv is fluid flow out of the capillary 

(2) Kf is the filtration coefficient (capillary permeability)

(3) Pc, PI are the capillary and interstitial hydrostatic pressures

(4) (c, (I are the capillary and interstitial oncotic pressures

c) Observed findings in patients with edema:

(1) Interstitial level:  ( volume (edema)

(2) Capillary level:  ( hydrostatic pressure, ( oncotic pressure

(3) Systemic level:  (ECF volume, ( serum albumin

(4) Renal level:  Na retention

3. The cornerstone of the formation of edema is the inability of the kidney to excrete Na (S 60)

a) It is currently thought that the primary event in edematous patients is Na retention by the kidney driven primarily by local renal factors

b) In addition, it appears that in edematous patients, the kidney is unable to respond normally to the negative feedback loops which occur under physiologic conditions

(1) So in these patients increased ECF volume and natriuretic factors (ANF) no longer inhibit Na retention (ob 20)

J. Potassium metabolism:

1. Approximately 95% of body K+ is in the ICF space and not readily available for measurement

a) A serum K+ value reflects the extracellular component and thus only 2% of the total body load, so serum K does not always reflect total body stores  (S 63, 61) (ob 1)

2. Hyperkalemias and/or hypokalemia with a normal body load of K reflects redistribution (ob 7)

a) Total body excess or deficit of K reflects alterations in intake, production, or excretion

3. MAINTENANCE OF K+ HOMEOSTASIS:

a) The average daily intake is 100 mEq and the only 2 routes of excretion are renal and GI

(1) The most important regulation of K excretion is accomplished by passive excretion of K in the distal convoluted tubule (S 63) (ob 2)

(a) K movement in this segment is due to a large concentration and charge gradient for this electrolyte

(b) This gradient is maintained between the intracellular compartment (distal tubular cell) and the urinary space

(c) The rate of K excretion by the distal tubule is effected by the concentration of intracellular K and not by extracellular K

(i) Any factor which changes the concentration of K in the ICF should effect the rate of K excretion

b) K+ movement through different nephron segments:

(1) Glomeruli:  free filtration

(2) Proximal tubule:  reabsorption

(3) Loop of Henle:  reabsorption

(4) Distal tubule:  Passive excretion

(5) Collecting duct:  secretion and reabsorption (passive and active)

c) Factors affecting Distal excretion of K+:  (S 64) (ob 3)

(1) ( Intracellular K concentration:  causes increased excretion

(2) Aldosterone:  it causes increased ICF K in the distal tubular cells leading to increased excretion of K

(3) K intake:  causes a transient increase in serum K( ( aldosterone and shift of ECF K to ICF space leading to ( K excretion

(4) Acid-base balance:  (ob 5)

(a) Acidosis:  increased ECF H+ leads to ( H uptake by cells in exchange for K

(i) This causes ( ECF K and ( ICF K (total body K remains the same)( ( K excretion

(ii) The greatest effect on the serum K+ concentration is associated with metabolic acidosis involving mineral acids (C4 195)  (ob  6)

a. By contrast, metabolic acidosis caused by organic acids, such as lactic acid and ketoacids, does not cause hyperkalemia

(b) Alkalosis:  decreased ECF H leads to intracellular H production and release of H into the ECF in exchange for K

(i) This causes ( ECF K and ( ICF K (total body K remains the same)( ( urinary excretion of K

(5) Tubular flow:

(a) Increased tubular flow results in decreased K+ in the tubule (washout) which facilitates the excretion of K by maintaining a high concentration gradient between the ICF and urine

(i) Decreased tubular flow has the opposite effect

(b) The tubular flow factor is so important that it overrides other factors

(i) Aldosterone will not increase urinary K excretion if the tubular flow is very slow

(6) As GFR falls, the renal tubule secretion of K can increase (( excretion) (ob 4)

(a) The colon can also increase K excretion, but this is minor

(b) On a normal K intake of ( 100 mEq/day, hyperkalemia should not occur until the GFR is < 5 cc/min unless there is some confounding factor  (S 61)

K. Hypokalemia:  decreased serum K concentration (normal range 3.7-5.3 mEq/L)  (S 65)

1. It refers to low plasma K, not low total body K+
2. Fourteen (there are actually fifteen) principle causes of hypokalemia:  (S 65) (ob 8)

a) Decreased intake:

(i) MALNUTRITION

(ii) ANOREXIA NERVOSA

b) Increased losses:

(1) Renal:  

(a) excess mineralocorticoids:

(i) HYPERALDOSTERONISM

(ii) CUSHINGS SYNDROME

(iii) BARTTER’S SYNDROME

(b) Acid-base abnormalities:

(i) ALKALOSIS

(ii) RENAL TUBULAR ACIDOSIS

(c) Increased tubular flow:

(i) DIURETICS

(ii) OSMOTIC AGENTS:  glucose, mannitol

(d) Others:

(i) MAGNESIUM DEPLETION

(2) Gastrointestinal:

(a) Upper GI losses:

(i) VOMITING

(ii) NASOGASTRIC TUBES

(b) Lower GI losses:

(i) DIARRHEA

c) Redistribution: 

(i) ALKALOSIS

(ii) HYPOKALEMIC PERIODIC PARALYSIS

3. CONSEQUENCES OF HYPOKALEMIA:  (S 66)

a) Hypokalemia has a variety of pathophysiologic effects:  there is a propensity towards cardiac arrhythmias, neuromuscular compromise, and tubulointerstitial renal disease with a concentrating defect (ob 9)

(1) Cardiac:  there is a direct toxic effect on myocardial fibers, possibly resulting in cardiac arrhythmias

(a) The EKG shows: (ob 9)

(i) Flattened T waves

(ii) U waves

(iii) Depressed ST segments

(iv) Inverted T waves

(2) Neuromuscular:  autonomic insufficiency, tetany, weakness, lethargy, ileus, paralysis

(3) Endocrine:  decreased insulin production, hyperglycemia

(4) Renal:  decreased concentrating ability/ polyuria, tubulointerstitial disease, phosphate wasting

(5) Miscellaneous:  rhabdomyolysis  

4. TREATING HYPOKALEMIA:

a) You cannot accurately predict the body deficit of K from the serum K

(1) In general, if there is no redistribution, for a 70 kg man:

(a) Serum K of 3.0-4.0:  K deficit is 100-200 mEq

(b) Serum K < 3.0:  K deficit of 200-400 mEq

b) If at all possible, K supplementation should be oral (ob 11)

(1) Excessive or too rapid IV infusion of K can cause serious cardiac arrhythmias

c) IV K infusion should be limited to a maximum of 20 mEq/hour

(1) If the IV K is given at a rate greater than 10 mEq/hour, the EKG should be monitored to assess the adequacy of the replacement and to detect developing hyperkalemia/arrhythmias

5. APPROACH TO PATIENT WITH HYPOKALEMIA:  (S 67)

a) History and physical exam:  is the patient taking laxatives, diuretics or has the patient been vomiting or had diarrhea

(1) Re-examine the electrolytes, check for alkalosis

b) Obtain urine K:  urine K values are helpful in determining the etiology of disordered K  metabolism (S 61) (ob 10)

(1) High urine K (> 30 mEq/L) implies urinary losses of K

(2) Low urine K (< 20 mEq/L) implies GI losses of K

(a) However, the kidney requires days to maximally lower urinary K concentrations so urine K may be high for 2-3 days during GI losses

c) Decreased K intake is a very rare cause of hypokalemia and can be ruled out with a good history

d) Treat the cause of the hypokalemia

e) Replace K if necessary

L. Hyperkalemia:  increased serum concentration of K

1. It does not mean that the total body K is increased

2. Fourteen (there are actually only 13) principle causes of hyperkalemia:  (S 67-68) (ob 12)

a) False (pseudohyperkalemia):

(a) HEMOLYSIS IN THE TEST TUBE

(b) THROMBOCYTOSIS (k release from platelets in the test tube)

(c) LEUKOCYTOSIS (K release from WBC in the test tube)

b) Increased K load:

(1) Exogenous:

(a) IATROGENIC K ADMINISTRATION

(2) Endogenous:

(a) CELL BREAKDOWN hemolysis, rhabdomyolysis, GI bleeding (it is absorbed from the gut)

c) Decreased K excretion:

(a) RENAL FAILURE

(b) HYPOALDOSTERONISM

(c) K SPARING DIURETICS

(d) ACE INHIBITORS

(e) NSAIDS

d) Redistribution:

(a) ACIDOSIS (metabolic acidosis has a greater effect than respiratory acidosis)

(b) DIGITALIS INTOXICATION

e) Primary renal tubular effects:

(a) TYPE IV RTA

3. Comments:  (S 68-69)

a) False hyperkalemia:  it refers to the presence of high K concentration in the test tube, not the patient

(1) It is common and caused by the breakdown of cells during or after obtaining blood

(2) Aggregation of platelets or a large increase in platelet counts can cause false K elevation:

(a) To rule out this possibility you should obtain an anticoagulated blood sample and determine plasma K

b) Exogenous oral K loads:  this is a very rare cause of hyperkalemia unless the patient has an associated impairment in K excretion

(1) However, IV replacement of K may result in hyperkalemia, even with normal renal function

c) Endogenous K:  results from cell breakdown inside the body with release of ICF K into the serum

d) Decreased K excretion:  it can result from decreased renal function or from drugs inhibiting renal K excretion (K sparing diuretics)

(1) K sparing diuretics:  they are contraindicated in patients with renal insufficiency

(a) Spironolactone, amiloride, triamterene

e) Redistribution:  it can be caused by acidosis or digitalis

(1) Digitalis inhibits the cell membrane Na-K ATPase, resulting in release of K from the ICF

4. CONSEQUENCES OF HYPERKALEMIA: primarily cardiac and neurologic effects

a) Cardiac:  EKG abnormalities and arrhythmias

(1) In order of progression, these include: (ob 13)

(a) Tall peaked T waves

(b) Prolonged PR interval

(c) No P waves

(d) Decreased R waves and prolonged QRS

(e) Cardiac stand-still (sine wave pattern)

(2) Any of these ECG disorders can progress suddenly to cardiac standstill

(a) Any ECG abnormality due to hyperkalemia should be treated promptly

b) Endocrine:  increased insulin production

c) Neuromuscular:  tiredness, paresthesias, paralysis

5. TREATING HYPERKALEMIA:  (S 69-70)

a) Rule out false hyperkalemia, obtain ECG

b) Calcium (IV) is the treatment of choice for EKG abnormalities (ob 14)

(1) It prevents severe cardiac arrhythmias due to hyperkalemia

(2) Ca will not change the serum K, so it should be followed by appropriate treatment of hyperkalemia

c) Redistribution:  if the hyperkalemia is caused by maldistribution of K+, the appropriate treatment is to shift K back into the cell

(1) You can accomplish this by infusing HCO3- (most effective if acidosis is present) or by infusing glucose or insulin (ob 14)

(a) When glucose crosses cell membranes it carries K into the ICF

(2) Inhaled B agonists have also been used to cause K shifts, but this may potentiate cardiac excitability

(a) [B agonists include:  isoproterenol , dobutamine ((1), and terbutaline ((2)]

d) Elimination of K from the body:  it is used if the reason for hyperkalemia is increased intake or decreased excretion

(1) Kayexalate:  is a resin which causes K to be eliminated in the stool (ob 14)

(a) It should be given with a potent laxative (sorbitol) to prevent constipation and to maximize the effect of the drug

(2) K can also be eliminated by hemodialysis

(3) Fludrocortisone:  it is an aldosterone treatment which may be helpful in some patients secondary to inadequate mineralocorticoid action (S 62) (ob 15)

(4) Finally, enhancement of Na delivery to the distal tubule with a loop diuretic may be helpful in increasing net K excretion (ob 16)

(a) Advanced renal insufficiency usually makes this an inadequate form of therapy (S 62)

(b) Loop diuretic:  this is not part of the objectives

(i) Furosemide, bumetanide, and ethacrynic acid

6. APPROACH TO A PATIENT WITH HYPERKALEMIA: (S 70)

a) Obtain an ECG:  ECG abnormalities confirm true hyperkalemia and indicate that a medical emergency is present

(1) If the ECG is normal:  consider false hyperkalemia

(a) Immediately repeat serum and plasma K

(b) If true hyperkalemia persists, treat it:  Calcium is not required since the ECG is normal

(2) If the ECG is abnormal:  the situation is an emergency, do not wait for any other tests,  TREAT!!!

M. Acid-base metabolism:

1. DEFINITIONS:  (S 73)

a) The pH of body fluids is controlled by 2 opposing forces:

(1) Underlying disease states, which, through pathophysiologic mechanisms, alter the serum pH

(2) Protective (compensatory) mechanisms which try to maintain a normal pH

b) Mechanisms by which pH may be altered:

(1) Metabolic:  by fluctuating serum bicarbonate

(2) Respiratory:  by fluctuating PCO2
c) Acid-base disturbances:  they may occur singly, in combination, or with deranged respiratory function

(1) Simple disturbances:

(a) Metabolic acidosis, metabolic alkalosis, respiratory acidosis, respiratory alkalosis

(i) Respiratory acidosis and respiratory alkalosis have acute and chronic forms

(2) Mixed disturbances:

(a) M. acidosis/R. alkalosis

(b) M. alkalosis/R. acidosis

(c) M. acidosis/R. acidosis

(d) M. alkalosis/R. alkalosis

(3) “triple” disturbances:

(a) M. acidosis/M. alkalosis and R. acidosis

(b) M. acidosis/M. alkalosis and R. alkalosis

d) -emia:  refers to blood (acidemia, alkalemia)

e) -osis:  refers to the pathologic process/condition (acidosis, alkalosis)

f) Henderson-Hasselbalch equation as it applies to the CO2/HCO3- buffer system:

(1) PH= 6.1 + log[HCO3]/ (0.3 ( PCO2)

(a) This defines the relationship between pH, bicarbonate, and carbonic acid

g) Commonly accepted ranges of normal:  (S 74)

(1) Arterial blood gases:  conventionally written as pH/pCO2/pO2/HCO3/O2 Sat.

(a) pH   
7.36-7.44

(b) PCO2 
35-45 mmHg

(c) pO2
80-105 mmHg

(d) HCO3
22-31 mmHg

(2) Electrolytes:  conventionally written as Na  Cl  BUN/K  HCO3  Cr
(a) Na+ 


136-146 mmol/L

(b) K+


3.7-5.3 mmol/L

(c) Cl-


101-111 mmol/L

(d) HCO3- (total CO2)      
21-31 mmol/L

h) The usual animal protein (acid ash) diet generates 1 mmole/kg/day of acid

(1) During fasting, an equivalent amount of acid is produced via protein and fat catabolism

(2) Strict vegetarian diets produce less acid

2. BUFFER SYSTEMS OF THE BODY:  (S 74)

a) The various buffer systems of the body include: (ob 2)

(1) Chemical buffers:  HCO3-, intracellular buffers [organic phosphates, proteins (esp. hemoglobin)], and bone

(a) HCO3- in the blood rapidly buffers any added acid

(b) Intracellular buffers do not take effect until the added acid enters the intracellular compartment (several hours) (V 200-201)

(c) Bone is mainly important in chronic acidosis

(2) Respiratory mechanisms:  ventilation, removal of volatile acid, CO2
(a) Rapid excretion of CO2 in response to added acid

(3) Renal mechanisms:  urinary excretion of non-volatile acid

(a) This response occurs days after the added acid load

b) The intricate relationship between volatile (CO2) and non-volatile (HCO3-) acid:

(1) CO2 + H2O ( H2CO3 ( H+ + HCO3-   (ob 1)

(a) The H ion from a non-volatile acid combines with HCO3 and can then be expelled as CO2, producing water

(i) A non-volatile acid is an acid that is not in equilibrium with CO2
3. BRIEF REVIEW OF RENAL ACIDIFICATION MECHANISMS: (S 75)

a) The kidney precisely regulates the concentration of bicarbonate in the blood as follows:

(1) Reclamation of all the bicarbonate in glomerular filtrate

(2) Excretion of the daily acid load and, in the process, synthesis of new bicarbonate to replace that consumed during metabolism

(i) Thus, the kidney regulates the pH of the internal milieu via acid excretion, HCO3- reclamation, and HCO3- production (ob 3)

b) Renal reclamation of bicarbonate: (S 75)  See fig 10-1 V 212

(1) Filtered bicarbonate reacts with H+ ion secreted by the proximal tubular cells to form carbonic acid (H2CO3)

(2) Luminal carbonic anhydrase catalyzes the production of H2O and CO2
(3) CO2 diffuses into luminal cells

(4) H2O is excreted in urine

(5) Intracellular CO2 reacts with intracellular H2O, and H2CO3 is formed (catalyzed by intracellular carbonic anhydrase)

(6) H2CO3 dissociates to H+ + HCO3-
(7) H+ ions can be secreted into the tubular lumen

(8) HCO3- is returned to the circulation

c) Factors that affect reabsorption of HCO3-:  (ob 5)  
(1) When the extracellular fluid volume is expanded the reabsorption of filtered HCO3- is decreased (V 215)
(2) As PCO2 is lowered (hyperventilation), the reabsorption of HCO3- is decreased and if PCO2 is increased so to is HCO3- reabsorption: (V 215)
(a) These effects are only seen in chronic alterations of PCO2

(3) Aldosterone increases HCO3- reabsorption because it causes H secretion, which is necessary for HCO3 reabsorption

(4) Serum K+ causes increased HCO3- reabsorption:  increased serum K leads to a movement of K into cells and movement of H+ out of cells.  This (H secretion leads to ( HCO3- reabsorption

d) De novo synthesis of bicarbonate: (S 76)  see figs. 10-3, 10-4 V 217, 224

(1) Filtered titratable acid (Na+A-) and ammonia generated by renal tubular cells react with H+ ions secreted by tubular cells

(2) Each time a H+ ion is secreted into the lumen, a new intracellular bicarbonate is generated and returned to the serum

e) Principle sites of bicarbonate reabsorption in the kidney:  these nephron segments play an important role in acid-base regulation  (S 76) (ob 4)

(1) Proximal tubule:  reabsorbs 80-90% of filtered HCO3
(2) Distal tubule:  reclaims the remaining 10-20% of HCO3

(a) It also secretes H+ ions which react with NH3 and titratable acid (mostly HPO4-
(i) Enhanced by aldosterone secretion

f) The kidney provides the means for correction of metabolic acidosis:  (ob 12)

(1) Buffering and respiratory adaptation help compensate in the acute phase

(2) Increased NH4+ excretion is the manner in which the kidney augments acid-base disturbances

g) Generally, the daily acid load (70 mmol for a 70 kg person) is titrated as follows:

(1) 40 mmol NH4
(2) 30 mmol titratable acid

(3) therefore, 70 mmol HCO3-  are added per day

N. Clinical approach to acid-base disorders:

1. Clinical Suspicion:

a) History:

(1) Any underlying diseases, especially COPD or renal insufficiency

(a) COPD patients have increased baseline HCO3 levels, whereas patients with moderate to advanced renal insufficiency have decreased HCO3 levels  (S 71) (ob 7)

(2) Any acute changes in health status (vomiting, diarrhea, or poisonings)

(3) Medications (new or old):  especially diuretics

b) Physical exam:

(1) Pay particular attention to the state of perfusion (volume status, blood pressure), neurological status, and respiratory rate

c) Laboratory data:

(1) Minimal data for adequate assessment of acid-base status include:

(a) Serum electrolytes, BUN and Cr, glucose

(b) Arterial blood gases (ABG’s)

(c) Measured serum osmoles (may depend on above results)

2. Analysis of ABG’s: (S 77)

a) pH:  this immediately tells if acidemia or alkalemia is present

b) PCO2:  indicates ventilatory status

(1) In simple disorders, PCO2 should move in the same direction as pH (respiratory compensation)

c) PO2:  check for hypoxemia

3. Analysis of electrolytes:

a) The anion gap: (S 78)

(1) A set of electrolytes should never go by without you calculating the anion gap:

(a) AG= Na+ - (HCO3 + Cl-);  normal AG= 12 or less  (ob 9)

(2) The normal anion gap is accounted for by serum albumin which carries a net negative charge

(3) When an elevated anion gap is identified, metabolic acidosis is present

(a) The diagnosis of metabolic acidosis can be made without knowing the pH

(b) Rarely, an alkalotic state may demonstrate an increased anion gap

(i) Presumably this is due to hepatic generation of lactic acid

a. This is thought to represent a compensatory mechanism by the liver during an alkalotic state

b) Calculated vs. measured serum osmoles:  (S 78) (see pg 26 of notes for calculated osmolaltiy)

(1) If an exogenous, osmotically active substance is present in the blood stream, a difference of more than 15 mOsm/L between the calculated and measured serum osmoles will be shown

(a) This is considered a “poor mans toxicology screen” and should be calculated in any patient with an undefined metabolic acidosis or intoxication

c) Chloride:  (normal = 101-111)  (S 78)

(1) The body attempts to maintain electrochemical neutrality at all times

(2) Because HCO3- may be affected by exogenous acid loads or renal mechanisms, the Cl- may give hints as to other acid-base disturbances:

(a) A low Cl (<100):  suggests metabolic alkalosis

(i) If the Cl is low, HCO3- or other alkali must be increased (electrochemical neutrality is always maintained)

(b) A high Cl (with normal Na):  suggests metabolic acidosis (nongap)

(i) Non-anion gap acidosis are reflected by hyperchloremia

d) In summary, when identifying acid-base disorders, answer the following questions:

(1) What are the pH and PCO2?  (S 79)

(2) Is an anion gap present?

(3) What is the chloride?

(4) Is an osmolar gap present?

4. Compensatory mechanisms:  (S 79)

a) Primary disorders distort the pH in their direction:  a pH < 7.36 is acidemia, but does not exclude the presence of alkalosis  (normal pH = 7.40)

b) Compensatory mechanisms try to return the pH to normal:

(1) Compensatory mechanisms don’t ever quite get all the way back to normal pH and they never overshoot

(2) When compensatory measures appear to overshoot the mark, a second pathologic state is present

(3) The application of these principles is summarized by various charts and tables which allow you to predict what the expected respiratory or metabolic responses should be to primary acid-base disorders

(a) These are on pgs. 79-80 of the module

O. Specific acid-base disturbances:

1. Simple disorders: 

a) Metabolic Acidosis:  characterized by acidemia and PCO2< 40 (respiratory compensation)

(1) Compensation for metabolic acidosis:  (S 81)  (ob 6)

(a) Alveolar hyperventilation

(b) Intracellular and bone buffering

(c) Renal excretion of H+ (principally as NH4+)

(2) Anion gap metabolic acidosis:  this is due to the addition of acid to the circulation

(a) Causes of anion gap metabolic acidosis:  (ob 10)

(i) Increased acid production:  

a. DIABETIC KETOACIDOSIS

b. LACTIC ACIDOSIS

(ii) Toxin ingestion:

a. SALICYLATE OVERDOSE

b. METHANOL INGESTION

c. ETHYLENE GLYCOL INGESTION

(iii) Decreased acid excretion:

a. RENAL FAILURE (acute or chronic)

(b) An elevated anion gap in the presence of an increased osmolar gap suggests ingestion of a toxic substance such as:

(i) Methanol, ethylene glycol, propylene glycol, other toxins with molecular weight < 150

(3) Non anion gap metabolic acidosis (NAG): also called hyperchloremic metabolic acidosis (S 82)

(a) This results from HCO3- loss from the body (not from new acid loads which buffer away the HCO3-)

(b) NAG acidoses are reflected by hyperchloremia and are most commonly caused by lower GI losses and RTA (ob 11)

(c) Causes of NAG metabolic acidosis:

(i) GI loss of HCO3- :  

a. DIARRHEA

(ii) Renal loss of HCO3-:

a. ACETAZOLAMIDE (carbonic anhydrase inhibitor)

b. RENAL TUBULAR ACIDOSIS (RTA)

(d) Renal losses of HCO3-:  proximal or distal RTA

(i) Distal RTA (type 1 or classical):

a. Characterized by an inappropriately high urine pH (> 5.5) in the face of a systemic acidosis

b. Proximal HCO3- reclamation is intact

c. The acidosis may be progressive

(ii) Proximal RTA (bicarbonate wasting or type II):  (S 83,72)

a. The proximal tubule cannot reclaim the entire filtered load of HCO3-
b. A fixed percent of the remaining HCO3- is reabsorbed in the distal tubule, the remainder is lost in the urine

c. This continues until enough HCO3- is lost, such that the filtered load of HCO3- no longer exceeds the ability of the proximal tubule to reclaim bicarbonate

d. Once this equilibrium is reached, urine pH will again be acidic, but serum HCO3- will be reduced

(iii) Hyporeninemic hypoaldosteronism (type IV RTA): (S 83) (ob 14)

a. This distal RTA is the most commonly encountered RTA

b. It occurs with chronic interstitial renal disease and diabetes mellitus (especially in the elderly) (ob 14)

c. Characterized by distal RTA and hyperkalemia

(iv) Other syndromes of mineralocorticoid deficiency

(4) Treatment of metabolic acidosis:  (S 84) (ob 15)

(a) Metabolic acidosis is caused by an underlying disease process, so therapy is directed at the primary disorder

(b) Kussmaul’s (deep, rapid) respirations are common in metabolic acidosis (ob 13)

(c) Alkali therapy is reserved for symptomatic patients in whom the primary disorder cannot be reversed

(i) The heart deteriorates with severe acidemia:  myocardial dysfunction may become prominent when arterial pH < 7.2 (ob 15)

(5) Estimation of HCO3- deficit:

(a) HCO3- dose = (desired HCO3-) – (observed HCO3-) ( 50% body weight in kg

(i) If pH is < 7.1, 80% body weight is used

(b) You don’t try to correct all the way back to normal, so for “desired HCO3- “ use:

(i) 12 mmole/L in organic acidosis

(ii) 18 mmole/L in hyperchloremic acidosis

(iii) one ampule of NaHCO3 contains 45 mmole HCO3-

(6) additional therapeutic maneuvers:

(a) ensure adequate ventilation

(b) HCO3- dialysis in extreme cases

b) Metabolic alkalosis: (S 84)

(1) Three pathophysiologic mechanisms generate a metabolic alkalosis: (ob 16)

(a) Loss of H+ from ECF: ie. Vomiting

(i) I think this is the most common

(b) Addition of HCO3- or precursors to ECF

(c) Loss of Cl- containing fluids (HCO3- has to replace the lost Cl): 

(i) diuretic use with volume depletion or colonic villous adenoma

(2) Three situations maintain the alkalotic state: (S 85) (ob 17)

(a) ECF volume contraction:  if volume depletion accompanies alkalosis

(i) Increased aldosterone release leads to increased distal tubular secretion of H+ ion

(ii) Anion availability for Na resorption:  if Cl ion is lost, the next most abundant ion to be reabsorbed with Na is HCO3-
a. Since the body can’t waste Na (would cause further volume depletion), HCO3-  is reabsorbed proximally

(b) Hypokalemia:  ECF H+ is used to replace the loss of ICF K+, causing a further lowering of ECF H+
(c) Hypoventilation with elevated PCO2:  the elevated PCO2 increases the renal threshold for HCO3- excretion, leading to elevated HCO3- levels

(i) So, if metabolic alkalosis results in respiratory compensation the pH may improve but the metabolic alkalosis may be perpetuated

(3) Three mechanisms normally compensate for metabolic alkalosis: (ob 18) (S 85)

(a) ICF H+ enters the ECF to buffer the excess HCO3-
(b) Alveolar hypoventilation will raise CO2:

(i) This is limited due to the absolute requirement for O2
a. Usually PCO2 will not rise above 55 mmHg

(c) Increased renal excretion of HCO3-:

(4) A pH of > 7.60 can cause cardiac dysrhythmias or seizures (S 86)

(5) Classification of metabolic alkalosis:  chloride responsiveness helps classify the 2 types of metabolic alkalosis (S 85) (ob 19)

(a) Chloride responsive:  

(i) associated with chloride losses and ECF volume depletion

(ii) it is typically associated with low urine chloride

(b) Chloride resistant:

(i) Associated with volume expansion due to an increase in mineralocorticoid hormone activity

(ii) Urine chloride is typically > 20 mmole/L

a. A spot urinary Cl measurement (in terms of volume) is significant in classifying metabolic alkalosis

(6) Differential diagnosis of metabolic alkalosis:  (S 86) (ob 20)

(a) Sodium-chloride-responsive (UCl < 15 mmol/L): 

(i) GI DISORDERS:

a. VOMITING

b. GASTRIC DRAINAGE

(ii) DIURETIC THERAPY

(b) Sodium-chloride resistant (UCl >20mmol/L):

(i) EXCESS MINERALOCORTICOID ACTIVITY

(c) Unclassified:

(i) ALKALI ADMINISTRATION (NaHCO3, lactate, citrate, acetate)

(7) Treatment of metabolic alkalosis:  (ob 20)

(a) Cl responsive type:  NaCl or KCl

(b) Cl nonresponsive type:  KCl (  spironolactone

(c) In special circumstances, miscellaneous treatments (acetazolamide, H2 blockers, HCl, NH4Cl, dialysis, “forced hypoventilation”) are used

(i) (H2 blockers:  ranitidine, cimetidine)( not part of module

c) Respiratory acidosis:  (S 86-88)

(1) Respiratory acidosis only occurs secondary to a reduced capacity to excrete CO2 (hypoventilation) (ob 21)

(a) It is characterized by an increased blood pCO2 and a decreased blood pH

(2) Buffering by non-bicarbonate buffers occurs via proteins in the ECF and by HgB, phosphates, lactate, and proteins in the ICF

(3) Renal compensation results in H+ secretion and generation of new HCO3-
(a) This typically takes 12-24 hours

(4) Correction of respiratory acidosis depends on restoration of normal alveolar ventilation:  the key to treatment is increasing ventilation (ob 23)

(5) Acute respiratory acidosis:  sudden loss of adequate ventilation, often accompanied by hypoxemia

(a) Symptoms: respiratory distress and dyspnea, restlessness, and later stupor and edema (ob 23)
(i) There is also increased intracranial pressure (ICP) because CO2 vasodilates cerebral arteries

(b) Lab findings:  ( PCO2 on ABG’s

(i) Relatively normal electrolytes consistent with the usual parameters seen with acute respiratory acidosis

(c) Causes of acute respiratory acidosis:  (ob 22)

(i) NEUROMUSCULAR DISORDERS:

a. NARCOTICS, SEDATIVES

b. POSTICTAL STATE

(ii) AIRWAY OBSTRUCTION

(iii) VASCULAR DISEASE:  massive pulmonary embolism

(iv) THORACIC-PULMONARY DISORDERS:

a. SEVERE PNEUMONIA

b. SEVERE PULMONARY EDEMA

c. PNEUMOTHRORAX

(v) RESPIRATOR-CONTROLLED VENTILATION

(d) Therapy:  improve alveolar ventilation via pharmacologic or mechanical means

(i) Parenteral HCO3- very rarely, if ever, has a role in this disorder

(6) Chronic respiratory acidosis:  results from chronic, gradual loss of alveolar ventilation which allows for renal compensation to occur (S 87-88)

(a) Symptoms:  there are generally few symptoms since the process is a gradual one, although the symptoms of the underlying disease may dominate (ob 23)

(b) Laboratory findings:  there is a low arterial pH (not < 7.25), elevated PCO2, and elevated serum HCO3-, Cl is reciprocally depressed

(c) Causes of chronic respiratory acidosis: (ob 20)

(i) NEUROMUSCULAR DISORDERS

a. PRIMARY HYPOVENTILATION

b. PICKWICKIAN SYNDROME

(ii) THORACIC-PULMONARY DISORDERS

a. KYPHOSCOLIOSIS

b. CHRONIC OBSTRUCTIVE AIRWAY DISEASE (COPD)

c. END-STAGE INTERSTITIAL PULMONARY DISEASE

(d) Therapy:  improve alveolar ventilation

(i) Parental HCO3- has no role in this disorder

(ii) Adequate oxygenation is imperative to prevent pulmonary hypertension/cor pulmonale

(iii) Since acidosis induced venoconstriction predisposes to pulmonary edema, IV fluid administration should proceed with caution

d) Respiratory alkalosis: (S 88)

(1) It is caused by alveolar hyperventilation and a decrease in PCO2

(a) Two pathological mechanisms of respiratory alkalosis:  (ob 24)

(i) Hypoxia

(ii) Centrally driven hyperventilation

(2) Renal compensation is manifest by increased excretion of HCO3- (bicarbonaturia) or  a decrease in generation of new HCO3-

(3) Correction rests with reversing the underlying stimulus to hyperventilation

(4) Acute respiratory alkalosis:

(a) It is manifest by pure hypocapnia and is seen prior to adequate renal compensation

(i) Thus, serum HCO3- is normal

(5) Chronic respiratory alkalosis:

(a) It is associated with chronic hypocapnia and a decrease in serum HCO3- levels secondary to renal compensation

(6) Causes of respiratory alkalosis:  (ob 24)

(a) Central stimulation of respiration:

(i) PREGNANCY

(ii) PAIN

(iii) FEVER

(iv) ANXIETY

(v) HEAD TRAUMA

(vi) BRAIN TUMORS OR VASCULAR ACCIDENTS

(vii) SALICYLATES

(b) Peripheral stimulation of respiration:  hypoxia drives ventilation

(i) PULMONARY EMBOLI

(ii) CONGESTIVE HEART FAILURE

(iii) INTERSTITIAL LUNG DISEASE

(iv) PNEUMONIA

(c) Uncertain:

(i) MECHANICAL OR VOLUNTARY HYPERVENTILATION

(7) Symptoms:  neuromuscular irritability/seizures and cardiac dysrhythmias may occur with severe alkalemia

(8) Treatment of both types of respiratory alkalosis rests with correcting the underlying respiratory disorder (ob 25)

e) Mixed acid-base disorders:  the co-existence of more than one primary acid-base disturbance (ob 26) (S 89)

(1) Diagnosis is dependent on the expected range of compensation

(a) Mixed disorders will disrupt the normal compensatory mechanism and result in parameters outside the normal range of compensation for a given pH or HCO3 (ob 27)

(2) Features of mixed disorders have significant clinical implications:

(a) If 2 disorders result in opposite effects on pH, the total effect on pH may be minimal

(b) When 2 disorders combine to move pH in the same direction such as acute metabolic and respiratory acidosis, compensatory mechanisms are lost and fatal changes in pH may occur

(3) Mixed acid-base disorders:  (S 90)

(a) Type I:  failure of compensation:  

(i) metabolic acidosis and respiratory acidosis

a. Compensation:  the PaCO2 is too high and the [HCO3] too low for it to be a simple disorder

b. The pH will be very low

(ii) Metabolic alkalosis and respiratory alkalosis:

a. PaCO2 is too low and [HCO3-] too high for a simple disorder

b. The pH will be very high

(b) Type 2:  excessive compensation

(i) Metabolic acidosis and respiratory alkalosis:

a. PaCO2 is too low and the [HCO3] is too low for simple disorders

b. Normal or slightly ( or ( pH

(ii) Metabolic alkalosis and respiratory acidosis:

a. PaCO2 and [HCO3] are too high for simple disorders

b. Normal or slightly ( or ( pH

(c) Type 3: triple disorders  (S 90)

(i) Metabolic alkalosis, respiratory acidosis or alkalosis, and metabolic acidosis

(ii) The PaCO2 and [HCO3-] are not appropriate for simple disorders

a. There is also an anion gap of > 20 mEq/L

(iii) pH is variable

(iv) triple disorders are manifest by a respiratory disturbance superimposed on metabolic acidosis and metabolic alkalosis

a. for example, respiratory failure developing in a patient with  severe vomiting (alkalosis) and ketoacidosis

f) you should be able to go through the steps in determining all types of acid-base disturbances and identify whether or not they are simple or combined disorders and if compensation is appropriate  (ob 8)

(1) also, be able to recognize and classify a mixed disorder from a clinical example (ob 27)
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