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Kidney Development

ÅKidneys derive from mesoderm

ÅThree embryonic renal structures form in utero

ÅFirst two degenerate

ÅThird becomes adult kidney



Kidney Development

ÅPronephros
ÅForms/degenerates week 4

ÅMesonephros
ÅInterim kidney 1st trimester

ÅContributes to vas deferens in males

ÅMetanephros
ÅForms permanent kidney

ÅAppears 5th week

ÅDevelops into kidney through weeks 32-36



Kidney Formation

ÅKey Structure #1: Ureteric bud
ÅOutgrowth of mesonephric (Wolffian) duct

ÅGives rise to ureter, pelvis, calyxes, collecting ducts

ÅKey Structure #2: Metanephric mesenchyme
ÅMesoderm tissue

ÅAlso called metanephric blastema

ÅInteracts with ureteric bud

ÅInteraction forms glomerulus to distal tubule

ÅAberrant interaction Ą kidney malformation
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Wilmsȭ 4ÕÍÏÒ

ÅMost common renal malignancy of young children

ÅProliferation of metanephric blastema
ÅEmbryonic glomerular structures 

ÅAssociated with mutations of WT1

ÅWT1 expressed in metanephric blastema/mesenchyme

Nephron/Wikipedia



Renal Agenesis

ÅUreteric bud fails to develop 

ÅLack of signals to mesenchyme

ÅIf single kidney Ą remaining kidney compensates
ÅHypertrophy

ÅHyperfiltration

ÅRisk of focal segmental glomerular sclerosis (FSGS)

ÅRisk of renal failure after decades

ÅIf both kidneys: oligohydramnios, 0ÏÔÔÅÒȭÓ ÓÙÎÄÒÏÍÅ



Multicystic Dysplastic Kidney

ÅAbnormal ureteric bud -mesenchyme interaction

ÅForm of renal dysplasia

ÅKidney replaced with cysts

ÅNo/little functioning renal tissue



Ureteropelvic Junction

ÅLast connection to form

ÅUreteropelvic junction (UPJ) obstruction
ÅCommon cause single kidney obstruction

ÅNarrowing at proximal ureter at junction

ÅHydronephrosis

ÅOften detected in utero

ÅPoor urinary flow Ą kidney stones/UTIs

ÅCan be treated with surgery after birth



Duplex Collecting System
Duplicated Ureter

ÅTwo ureteric buds right or left

ÅOr bifurcation ureteric bud

ÅUpper/lower kidneys form

ÅMay lead to poor urine flow

ÅHydronephrosis

ÅUrinary tract infections

ÅAssociated with vesicoureteral reflux

Morning2k/Wikipedia



Vesicoureteral Reflux

ÅBackward urine flow from bladder to kidneys

ÅLeads to recurrent urinary tract infections

ÅPrimary
ÅAbnormal closure of ureterovesical junction (UVJ)

ÅOccurs in children

ÅAssociated with duplex ureters

ÅSecondary
ÅHigh bladder pressure Ą pushes urine backward

ÅSeen with posterior urethral valves



0ÏÔÔÅÒȭÓ 3ÙÎÄÒÏÍÅ
0ÏÔÔÅÒȭÓ 3ÅÑÕÅÎÃÅ

ÅFetus exposed to ÁÂÓÅÎÔ ÏÒ  ÁÍÎÉÏÔÉÃ ÆÌÕÉÄ

ÅAmniotic fluid = fetal urine

Å3ÅÖÅÒÅ ÒÅÎÁÌ ÍÁÌÆÕÎÃÔÉÏÎ Ѐ ᴽ ÁÍÎÉÏÔÉÃ ÆÌÕÉÄ

ÅLoss of fetal cushioning to external forces

ÅExternal compression of the fetus
ÅAbnormal face/limb formation

ÅAlteration in lung liquid movement 
ÅAbnormal lung formation



0ÏÔÔÅÒȭÓ 3ÙÎÄÒÏÍÅ
Signs

ÅLimb deformities

ÅFlat face

ÅPulmonary hypoplasia

ÅOften fetal death



Oligohydramnios

ÅFirst trimester (1-12 weeks): rare

ÅSecond trimester (13 -27 weeks)
ÅDecreased formation of fetal urine

ÅThird trimester (28 weeks to birth)
ÅRupture of membranes



0ÏÔÔÅÒȭÓ 3ÙÎÄÒÏÍÅ
Causes

ÅBilateral renal agenesis
ÅOften detected in utero

ÅFetal kidneys seen on ultrasound at 10 to 12 weeks



0ÏÔÔÅÒȭÓ 3ÙÎÄÒÏÍÅ
Causes

ÅPosterior urethral valves
ÅOccurs in males

ÅTissue (valves) obstruct bladder outflow

ÅUltrasound: dilated bladder, kidneys

ÅBoth kidneys effected

Wikipedia/Public Domain



0ÏÔÔÅÒȭÓ 3ÙÎÄÒÏÍÅ
Causes

ÅAutosomal recessive polycystic kidney disease
ÅJuvenile form of cystic kidney disease

ÅCysts in kidneys and biliary tree

ÅBoth kidneys affected

ÅIf severe, may cause oligohydramnios

ÅLess severe Ą renal failure and hypertension in childhood



Horseshoe Kidney

ÅInferior poles fuse

ÅKidney cannot ascend pelvis Ą retroperitoneum

ÅTrapped by inferior mesenteric artery

ÅMost patients asymptomatic

ÅAssociated with Turner and Down syndrome

ÅAssociated with vesicoureteral reflux

Image courtesy of Prosyannikov



Horseshoe Kidney

Image courtesy of Hellerhoff



Urachus

ÅConnects dome of bladder to umbilicus

ÅObliterated at birth Ąmedian umbilical ligament

ÅFailed/incomplete obliteration  can occur
ÅUrine can leak from umbilicus

ÅAlso can form cyst, sinus, diverticulum

ÅCan lead to infections



Patent Urachus
Urachal

Diverticulum
Urachal Cyst



Urachal Remnants

ÅRemnant can lead to adenocarcinoma of bladder
ÅKey feature: Cancer at dome of bladder

ÅClassic case
ÅAdult with painless hematuria

ÅTumor at dome of bladder

ÅPath showing adenocarcinoma
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Kidney Anatomy

Image courtesy of Piotr-ÉÃÈÁčJaworski
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Kidney Anatomy

Image courtesy of BruceBlaus



Arterial System

Image courtesy of Piotr-ÉÃÈÁčJaworski
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Glomerular Blood Flow

Interlobular
Artery

Madhero88



Special Kidney Features

ÅRight kidney slightly smaller
ÅLess development in utero due to liver

ÅLeft kidney has longer renal vein
ÅOften taken for transplant

ÅDead/dying kidney usually not removed in transplant

ÅNew kidney attached to iliac artery/vein

Wikipedia/Public Domain



Aortic Dissection

ÅRenal arteries come off abdominal aorta

ÅAortic dissection can cause renal ischemia

Wikipedia/Public Domain
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Fluid Compartments

40% 
Non-Water

60% 
Water

1/3
Extracellular

2/3
Intracellular

1/4
Plasma

¾ 
Interstitial



Determining Fluid Volume

1gram 1Liter Fluid
1g/L

1gram Unknown Volume
1g/L



Fluid Compartments

40% 
Non-Water

60% 
Water

1/3
Extracellular

2/3
Intracellular

1/4
Plasma

¾ 
Interstitial

Radiolabeled
Albumin

Inulin

X grams Inulin infused
Equilibrium concentration = Y g/L

ECF = X/Y (Liters)



Fluid Compartments

40% 
Non-Water

60% 
Water

1/3
Extracellular

2/3
Intracellular

1/4
Plasma

¾ 
Interstitial

10 grams Inulin infused
Equilibrium concentration = 0.25 g/L

ECF = 10/0.25 = 40L

Radiolabeled
Albumin

Inulin



Sample Question

ÅA patient is administered 120mg of inulin. An hour 
later, the patient has excreted 20mg of inulin in the 
urine. The plasma inulin concentration is 1mg/100ml. 
What is the extracellular fluid volume for the patient? 

Amount of inulin in body = 120mg ɀ20mg = 100mg
Concentration = 1mg/100ml

ECF = 100mg = 10000ml = 10L
0.01mg/ml



Fluid Compartment Shifts

ÅPlasma osmolarity about 300mosm/kg

ÅEquilibrium between cells and extracellular fluid

ÅFluid shifts only if difference in osmolarity



Fluid Compartment Shifts

ÅAddition/loss of isotonic fluid 
ÅChange in ECF volume

ÅNo change in ICF volume

ÅExample: Hemorrhage
ÅLoss of ECF, no change ICF

ÅExample: Infusion of normal saline
ÅIncrease ECF, no change ICF



Fluid Compartment Shifts

ÅExample: Infusion of 5% dextrose
ÅHypotonic fluid 

ÅIncrease in in ECF volume

ÅIncrease in ICF volume

ÅExample: Mannitol infusion
ÅRaises plasma osmolarity

ÅRemains in the vascular system 

ÅDecrease in ICF volume

ÅIncrease in ECF volume 

ÅReduces volume in interstitial space



Effective Circulating Volume

ÅExtracellular fluid contained in arterial system

ÅMaintains tissue perfusion

ÅNot necessarily correlated with total body water

ÅModified by:
ÅVolume

ÅCardiac output

ÅVascular resistance

BP = CO X TPR



Effective Circulating Volume

ÅLow ECV leads to low blood pressure

ÅLow ECV activates:
ÅSympathetic nervous system

ÅRenin-angiotensin -aldosterone system



Evaluating Kidney Function

ÅGlomerular filtration rate
ÅHow much liquid passes through the filter (i.e. glomerulus)?

ÅDetermined from plasma, urine measurements

ÅGFR falls as kidneys fail

ÅRenal Blood/Plasma Flow
ÅHow much blood enters kidney

ÅFiltration Fraction
ÅGFR/RPF



Measuring GFR

ÅTheoretical determination
Å.ÅÅÄ ÔÏ ËÎÏ× ÐÒÅÓÓÕÒÅÓ ÉÎ ÃÁÐÉÌÌÁÒÙȟ "Ï×ÍÁÎȭÓ ÃÁÐÓÕÌÅ

ÅClinical determination
ÅNeed to know plasma concentrations solutes, urine flow



Theoretical Determination GFR

ÅFiltration Driving Forces
ÅHydrostatic pressure

ÅOncotic Pressure

OpenStaxCollege/Wikipedia



Capillary Fluid Exchange

ÅHydrostatic pressure ɀfluid PUSHING against walls

ÅHigh pressure drives fluid TOWARD low pressure

ÅOncotic pressure ɀconcentrated solution PULLING fluid in

ÅHigh pressure draws fluid AWAY from low pressure

PGC БGC  

PBC БBC



Capillary Fluid Exchange

ÅTwo forces drive fluid into or out of capillaries

ÅHydrostatic pressure (P)
ÅMolecules against capillaries walls 

ÅPushes fluid out

Å/ÎÃÏÔÉÃ ÐÒÅÓÓÕÒÅ ɉБɊ
ÅSolutes (albumin) drawing fluid into capillaries

Pc
Бc

БiPi

Capillary

Interstitial
Space



Glomerular Filtration Rate

To change GFR:
Change PGCor PBC 

#ÈÁÎÇÅ БGC orБBC  

PGC БGC  

PBC БBC



Arterioles 
Efferent & Afferent 

PGC БGC  

PBC БBC

Madhero88/Wikipedia



Raise PGC
Increase GFR

ÅDilate afferent arteriole
ÅMore blood IN 

ÅIncrease RPF

ÅIncrease PGC

ÅIncrease GFR

ÅNo change FF

PGC БGC  

PBC БBC



Raise PGC
Increase GFR

ÅConstrict efferent arteriole
ÅBlood backs up behind constricted arteriole

ÅLess blood out

ÅDecreased RPF

ÅIncrease PGC

ÅIncrease GFR

ÅIncrease FF

PGC БGC  

PBC БBC



Raise БGC

ÅIncrease protein levels in blood
ÅLess blood drawn into proximal tubule

ÅLower GFR

ÅNo change RPF

ÅDecrease FF

PGC БGC  

PBC БBC



Change PBC 

ÅObstruct ureter Ą Increase PBC

ÅUrine backs up behind obstruction

ÅLess GFR PBC

ÅNo effect RPF

ÅDecrease FF

PGC БGC  

PBC БBC



Glomerular Flow Dynamics



Autoregulation

ÅConstant GFR/RBF over range of blood pressures

Å#1: Myogenic mechanism

Å#2: Tubuloglomerular feedback



Myogenic Mechanism

ÅAfferent arteriole constricts with high pressure
ÅResponds to changes in stretch 

ÅResult is maintenance of normal GFR/RPF

Madhero88/Wikipedia



Tubuloglomerular Feedback

Åᴻ  ÕÒÉÎÁÒÙ ÆÌÏ× ÉÎ ÔÕÂÕÌÅ Ąᴻ NaCl to distal tubule

ÅNaCl sensed by macula densa (part of JG apparatus)

ÅMacula Densa Ą vasoconstriction afferent arteriole

Madhero88/Wikipedia



JG Apparatus

DT



Severe Volume Loss

ÅProfound loss of fluid (vomiting, diarrhea, etc.)

ÅRenal plasma flow falls significantly

ÅAuto -regulatory mechanisms overwhelmed

ÅȢ  '&2

Åᴻ  "5.Ⱦ#Ò

ÅPre-renal failure
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Renal Function Measurements

ÅGlomerular filtration rate
ÅHow much liquid passes through the filter (i.e. glomerulus)?

ÅRenal plasma flow
ÅHow much liquid does the kidney handle?

ÅFiltration fraction
ÅOf all substance X entering kidney, what % gets filtered?

ÅRenal clearance
ÅHow much of each blood component gets removed?



Renal Function Measurements

RPF
Fluid into Glomerulus

GFR
Fluid across Glomerulus

Urine Flow
Fluid out of kidney



Renal Function Measurements

RPF = 5L/min
GFR = 2L/min

Filtration Fraction=2/5=40%

RPF
Fluid into Glomerulus

GFR
Fluid across Glomerulus

Urine Flow
Fluid out of kidney



Renal Function Measurements

GFR = 2L/min
[Na] = 2g/L

Filtered Load Na  =
2*2= 4g/min

RPF
Fluid into Glomerulus

GFR
Fluid across Glomerulus

Urine Flow
Fluid out of kidney



Renal Function Measurements

Urine Flow = 100cc/hr
Urine [K] = 10meq/cc

Excretion K
= 100 * 10 = 1000meq/hr

RPF
Fluid into Glomerulus

GFR
Fluid across Glomerulus

Urine Flow
Fluid out of kidney



Measured Variables

1. Plasma concentration (Px = mg/l)
Å i.e. Na, Glucose

2. Urine concentration (Ux = mg/l)

3. Urine flow rate (V = l/min)

Use these measured variables to get RPF, GFR, etc.



Renal Clearance

ÅNumber determined for blood substance (Na, Glucose)

Å6ÏÌÕÍÅ ÏÆ ÂÌÏÏÄ ȰÃÌÅÁÒÅÄȱ ÏÆ ÓÕÂÓÔÁÎÃÅ 8

ÅVolume of blood that contained amount of X excreted

ÅReported liters/min (volume flow)

Cx =   Ux * V

Px



ÅInulin clearance used to determine GFR

ÅInulin neither secreted or resorbed

ÅAll inulin filtered goes out

Å!ÍÏÕÎÔ ÂÌÏÏÄ ȰÃÌÅÁÒÅÄȱ ÏÆ ÉÎÕÌÉÎ ÉÓ ÁÍÏÕÎÔ ÏÆ ÂÌÏÏÄ 
filtered by glomerulus

ÅClearance of inulin (liters/min) = GFR

Determining GFR

Cinulin =   Uinulin * V    =    GFR

Pinulin



Creatinine

ÅBreakdown product muscle metabolism

ÅClosest naturally occurring substance to inulin
ÅInulin = All filtered goes out, no secretion/resorption

ÅCreatinine = All filtered goes out, small amount secretion

ÅUsing Cr instead of inulin:
ÅSecreted Cr will be counted as filtered

ÅThis will slightly overestimate GFR



Creatinine

ÅSpecial formulas to convert Cr to GFR
ÅCockcroft-Gaultformula

ÅModification of Diet in Renal Disease (MDRD) formula

ÅUse age, gender, Cr level to estimate GFR

Cockcroft-Gault
CrCl= (140-age) * (Wt in kg) * (0.85 if female) / (72 * Cr)

Cx =   Ux * V

Px



PCr/GFR Relationship 

CCr =   UCr * V    =    GFR

PCr

Amount of Cr out in urine
Equal to amount produced



Creatinine Clearance

CCr =   Constant ҒGFR

PCr

Double [Cr] (1.0 to 2.0) ĄHalf the GFR



Creatinine

Cr

GFR



Creatinine

ÅWorsening renal function = high blood Cr level

ÅSome sample values:
ÅNormal kidney function ĄCr = 0.8 mg/dl

ÅChronic kidney disease ĄCr = 2.0 mg/dl

ÅEnd stage renal disease (dialysis) ĄCr = 4.0mg/dl



Creatinine

ÅGFR declines with age
ÅNot always accompanied by rise in Cr

ÅUse of formulas is key

ÅMust adjust some medication dosages

Cockcroft-Gault
CrCl= (140-age) * (Wt in kg) * (0.85 if female) / (72 * Cr)

Public Domain



Renal Function Measurements

RPF
Fluid into Glomerulus

GFR
Fluid across Glomerulus

Urine Flow
Fluid out of kidney



Renal Plasma Flow (RPF)

ÅUse para -aminohippuric acid (PAH) to estimate RPF

ÅPAH is filtered and secreted

Å100% of PAH that enters kidney leaves blood in urine

ÅClearance PAH (l/min) = Plasma to kidney (l/min)

CPAH =   UPAH * V    =    RPF

PPAH

*PAH clearance underestimates RPF by 10%
Not all renal plasma/blood to glomeruli

PAH



Plasma versus Blood

ÅBlood = Plasma + cells/proteins

ÅRenal Blood Flow > Renal Plasma Flow

ÅSeparate calculations RBF vs. RPF

Image courtesy of KnuteKnudsen



Renal Blood Flow (RBF)

ÅRBF determined from RPF

ÅBlood = Plasma + Cells/Proteins

Å#ÅÌÌÓȾ0ÒÏÔÅÉÎÓ ɉϷɊ Ђ (ÃÔ ɉϷɊ

RPF = RBF (1-Hct)

Image courtesy of KnuteKnudsen

RBF = 10cc/min
40% if cells (Hct)

60% RBF is plasma
RPF = 10 (1- 0.4) = 10 (0.6)

= 6cc/min



Renal Blood Flow (RBF)

ÅRBF determined from RPF

ÅBlood = Plasma + Cells/Proteins

Å#ÅÌÌÓȾ0ÒÏÔÅÉÎÓ ɉϷɊ Ђ (ÃÔ ɉϷɊ

RPF = RBF (1-Hct)

RBF  =   RPF

1- Hct

Image courtesy of KnuteKnudsen



1- Hct

Renal Blood Flow (RBF)

ÅRPF = 1 liter/min

ÅHct = 40%

RBF  =   1           =     1     =   1.6 l/min  

0.6



Renal Function Measurements

RPF
Fluid into Glomerulus

PAH

GFR
Fluid across Glomerulus

Inulin/Creatinine

Urine Flow
Fluid out of kidney



Other Renal Function Variables

ÅFiltration Fraction
ÅHow much of plasma to kidney gets filtered?

ÅGFR/RPF

ÅNormal = 20%

ÅFiltered Load X
ÅHow much of substance X gets filtered?

ÅPx * GFR

ÅAmount of X delivered to proximal tubule



Quantifying Kidney Function

Determined Variables
Renal clearance

Renal plasma flow
Renal Blood Flow

Glomerular filtration rate
Filtration fraction

Measured Variables

Urine Flow (l/min)

Plasma Conc X (mg/l)

Urine Conc X (mg/l)

Inulin Clearance = GFR
PAH Clearance = RPF



Prostaglandins and NSAIDs

ÅProstaglandins dilate afferent arteriole Ąᴻ 20&

ÅNSAIDs (ibuprofen) block PG production 

ÅAfferent arteriole constricts 

ÅȢ 20&  ᴽ '&2  -- FF

ÅClinical effects: 
ÅAcute renal failure

ÅAcute heart failure



ACE Inhibitors

ÅAII constricts most blood vessels

ÅAII constricts efferent arteriole preferentially

ÅACE inhibitors blunt AII effects

ÅȢ  '&2  ᴻ20& ᴽ &&



Secretion and Absorption

GFR
Fluid across Glomerulus
GFR*Px = Filtered Load

Urine Flow
Fluid out of kidney
V*Ux = Excretion

7ÈÁÔ ÉÆ &ÉÌÔÅÒÅÄ ,ÏÁÄ Ё %ØÃÒÅÔÉÏÎ



Secretion and Absorption

ÅExcreted = Filtered ɀReabsorbed + Secreted

ÅAmount filtered (X) = GFR * Px
ÅAmount excreted (X) = V * Ux

Example: 
10mgX/min filtered, 20mgX/min excreted
Additional 10mgX/min must be secreted



Secretion and Absorption

ÅFiltered = Excreted if no secretion/resorption

ÅFiltered < Excreted if some secreted

ÅFiltered > Excreted if some resorbed

Example #1: 
Filtered = 100mg/min
Excreted = 120mg/min
Additional 20mg/min must be secreted

Example #2: 
Filtered = 100mg/min
Excreted = 80mg/min
20mg/min must be resorbed



Secretion and Absorption

ÅIf clearance (x) = GFR Ą no secretion/resorption

ÅGFR<Cx Ą secretion

ÅGFR>Cx Ą resorption

Example #1: 
GFR = 100ml/min
Cx = 120ml/min
!ÄÄÉÔÉÏÎÁÌ ςπÍÌȾÍÉÎ ȰÃÌÅÁÒÅÄȱ ÂÙ ÓÅÃÒÅÔÉÏÎ

Example #2: 
GFR = 100ml/min
Cx = 80ml/min
Additional 20ml/min Ȱunclearedȱ ÂÙ ÒÅÓÏÒÐÔÉÏÎ



Intake and Output

ÅAmount of any substance in must equal amount out

ÅWhen insults occur (renal failure, diarrhea), there is a 
transient imbalance that alters plasma levels

ÅSteady state returns

ÅEat 10grams per day salt Č excrete 10grams per day



Solutes in Renal Failure

ÅRegulated solutes (Na/K) : No concentration change

ÅUnregulated solutes (Cr/Urea) : ᴻ  ÐÌÁÓÍÁ ÌÅÖÅÌ



Question 1

ÅA patient has a urine output of 4800cc/day 
(200cc/hr). Plasma concentration of substance X is 
4mg/ dL. Urine concentration of X is 8mg/dL. What is 
the clearance of substance X?

Cx =   Ux * V   =  8 * 200   = 400cc/hr

Px 4



Question 2

ÅA patient is infused with inulin. At steady state, plasma 
concentration of inulin is 3mg/dl and urine 
concentration is 6mg/dl. If the GFR is 200ml/hr, what 
is the urine flow rate? 

GFR =   Uinulin * V    = Cinulin

Pinulin

V  = GFR* Pinulin =   200 * 3  =   100ml/hr     

Uinulin 6



ÅA patient is infused with PAH. At steady state, plasma 
concentration of PAH is 5mg/dl. Urine concentration is 
10mg/dl. If the urine flow rate is 200ml/hr and the 
hematocrit is 0.50, what is the renal blood flow? 

1- 0.5

Question 3

CPAH =   UPAH * V    =    RPF

PPAH

RPF  =   10 * 200=    400

5

RBF  =   RPF

1- Hct

RBF  =   400    =  800ml/hr



Question 4

ÅA lab animal has an inulin clearance of 100cc/hr. 
Plasma concentration of substance X is 4mg/mL. It is 
known that substance X is not reabsorbed, but is 
secreted at a rate of 25mg/hr. What is the excretion 
rate of substance X?

Amount filtered (X) = GFR * Px
Excreted = Filtered ɀReabsorbed + Secreted



Question 4

ÅA lab animal has an inulin clearance of 100cc/hr. 
Plasma concentration of substance X is 4mg/mL. It is 
known that substance X is not reabsorbed, but is 
secreted at a rate of 25mg/hr. What is the excretion 
rate of substance X?

Amount filtered (X) = GFR * Px = 100 * 4 = 400mg/hr
Excreted = Filtered ɀReabsorbed + Secreted

Excreted =     400      - 0           +      25 
425mg/ hr



Key Points

ÅIf given inulin clearance, that is GFR

ÅGFR used to calculate filtered load of other substances

ÅJust need plasma concentration (Px)



Key Points

ÅAmount filtered = GFR * Px
ÅAmount excreted = V * Ux
ÅExcreted = Filtered + Secreted - Resorbed

ÅFor Inulin Filtered = Excreted
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Nephron

H2O
NaCl
K+

HCO3
-

Glucose
Amino Acids



Transport

Lumen (Urine) Interstitium/Blood

Na

Na

ATP

ᴻɍ.ÁɎ
ᴽɍ.ÁɎ

ᴽɍ.ÁɎ ᴻɍ.ÁɎ

Apical Membrane Basolateral Membrane



Diffusion

Lumen (Urine) Interstitium/Blood

ᴻɍ.ÁɎ
ᴽɍ.ÁɎ

Na

Na Na



Osmotic Diffusion

Lumen (Urine) Interstitium/Blood

H2O

H2O H2O

Low Osmolarity
(50mOsm)

High Osmolarity
1200mOsm



Segments of Nephron
Proximal Tubule

Descending
Limb

Ascending Limb

Distal Tubule

Collecting Duct



Proximal Tubule

100%
Glucose

Amino Acids

67%
Water
Bicarb
NaCl

Potassium
Phosphate



Proximal Tubule

ATP

Na+

K

Lumen (Urine) Interstitium/Blood



Proximal Tubule

ATP

Na+

K+

Lumen (Urine) Interstitium/Blood

Na+

Glucose

Glucose



Proximal Tubule

ATP

Na

K+

Lumen (Urine) Interstitium/Blood

Na+

Glucose

Anions

Cl-

Anions
Hydroxide (OH-)

Formate
Oxalate
Sulfate

K+

Cl

Glucose



Proximal Tubule

ATP

Na

K+

Lumen (Urine) Interstitium/Blood

Glucose

Anions

Cl-

H2O
NaCl

Anions
Hydroxide (OH-)

Formate
Oxalate
Sulfate

K+

Cl

Glucose

Na+



Glucose

ÅCompletely reabsorbed proximal tubule

ÅNa/Glucose co-transport

ÅAt glucose ~160mg/dl Ą glucose appears in urine

ÅGlucose ~350mg/dl Ą all transporters saturated

Å$ÉÁÂÅÔÅÓ ÍÅÌÌÉÔÕÓ Ѐ ȰÓ×ÅÅÔȱ ÄÉÁÂÅÔÅÓ

Glucose

Na+



Pregnancy

ÅPregnancy: some glycosuria normal

Åᴻ  '&2

ÅȢ  ÇÌÕÃÏÓÅ ÒÅÁÂÓÏÒÐÔÉÏÎ

ÅSerum glucose testing for diabetes

ØyvindHolmstad/Wikipedia



Amino Acids

ÅAll amino acids reabsorbed in proximal tubule
ÅNa/AA transporters

ÅHartnup disease
ÅNo tryptophan transporter in proximal tubule

ÅTryptophan deficiency 

ÅSkin rash resembling pellagra (plaques, desquamation)

ÅAmino acids in urine

Amino Acids

Na+



Bicarbonate

Lumen (Urine) Interstitium/Blood

Na+

HCO3
- + H+

H2CO3

CO2 + H2O

H2CO3

H+ + HCO3
-

CA

CA = Carbonic Anhydrase

Na+

CA

CO2 + H2O



Proximal Tubule Bicarbonate
Clinical Correlations

ÅCarbonic anhydrase inhibitors
ÅWeak diuretics

ÅResult in bicarb loss in urine

ÅType II Renal Tubular Acidosis
ÅIon defect

ÅInability to absorb bicarb

ÅMetabolic acidosis



Fanconi Syndrome

ÅLoss of proximal tubule functions
ÅImpaired resorption of solutes

ÅHCO3-, glucose, amino acids, phosphate

ÅLow molecular weight proteins



Fanconi Syndrome

ÅPolyuria, polydipsia (diuresis from glucose)
ÅNormal serum glucose (contrast with diabetes)

ÅNon anion gap acidosis (loss of HCO3
-)

Å(ÙÐÏËÁÌÅÍÉÁ ɉᴻ ÎÅÐÈÒÏÎ ÆÌÏ×Ɋ

ÅHypophosphatemia (loss of phosphate)

ÅAmino acids in urine



Fanconi Syndrome

ÅInherited or acquired syndrome (rare)

ÅInherited form associated with cystinosis
ÅLysosomal storage disease 

ÅAccumulation of cystine

ÅPresents in infancy with Fanconi syndrome

Cysteine
Cystine



Cystinuria

Å$ÏÎȭÔ ÃÏÎÆÕÓÅ ×ÉÔÈ ÃÙÓÔÉÎÏÓÉÓ

ÅProximal tubule defect

ÅImpaired reabsorption of cystine 

ÅCystine kidney stones



Fanconi Syndrome
Acquired Causes

ÅLead poisoning

ÅMultiple myeloma

ÅDrugs
ÅCisplatin (chemotherapy)

ÅIfosfamide(alkylating agent)

ÅTenofovir (HIV drug)

ÅValproate 

ÅAminoglycoside antibiotics

ÅDeferasirox (iron chelator)



Concentration Changes
Solute50/50 50/50

Water

Nephron

50/50 <50/50

Nephron

50/50 >50/50

Nephron

Na/Cl

Glucose
Bicarb

Inulin
Cr



Concentration Changes

1.0

2.0

3.0

0.5

0

[Tubule]
[Plasma]

Distance Along Proximal Tubule

Inulin/Cr
PAH

Glucose/
Amino Acids/

HCO3
-

Na/K

Cl/Urea



Thin Descending Loop Henle

ÅImpermeable to NaCl

ÅConcentrates urine

ÅAbsorbs water

ÅWater leaves urine

ÅDrawn out by hypertonicity
in medulla





Osmolarity of Nephron

Cortex

Outer Medulla

Inner Medulla

300mOsm

600mOsm

1200mOsm



Osmolarity of Nephron

ÅCreated by Na, Cl, and Urea

ÅUrea generated by liver and protein metabolism

ÅReabsorbed by collecting duct 
ÅHigh permeability to urea

ÅEssential to maintaining gradients

Urea



Thin Descending Loop Henle

Cortex

Outer Medulla

Inner Medulla

300mOsm

600mOsm

1200mOsm

300 

1200 

H2O

H2O

H2O

H2O

H2O



Thick Ascending Loop Henle

Cortex

Outer Medulla

Inner Medulla

300mOsm

600mOsm

1200mOsm

300 

1200 

H2O

H2O

H2O

H2O

H2O

120

NaCl

NaCl

NaCl

NaCl

NaCl



Thick Ascending Loop Henle

ATP

Na+

K+

Lumen (Urine) Interstitium/Blood

Na+

K+

2Cl-

K

Mg2+ Ca2+

K

Cl-

+ Charge



Distal Tubule

ATP

Na+

K+

Lumen (Urine) Interstitium/Blood

Na+

Cl-
Cl-



Distal Tubule

ATP

Na+

K+

Lumen (Urine) Interstitium/Blood

Na+

Cl-

Ca2+
Na

Ca2+

Cl-



Collecting Duct

ATP

Na+

K+

Lumen (Urine) Interstitium/Blood

H2O

K+

Na+

ATP

H+

Principal Cell

Intercalated Cell

ENaC



Key Points

ÅCollecting duct functions
ÅReabsorb Na/H2O

ÅSecrete K+/H +

ÅIncreased Na delivery to CD Ą increased K excretion
ÅContributes to hypokalemia with loops/thiazides



Collecting Duct Hormones

ÅAldosterone

ÅAntidiuretic hormone (ADH)

ÅRegulate collecting duct function



Aldosterone

ÅSteroid (mineralocorticoid) hormone 

ÅIncreases Na/K -ATPase proteins 

ÅIncreases Na channels (ENaC) of principal cells

ÅPromotes K secretion principal cells

ÅPromotes H+ secretion intercalated cells



Collecting Duct

ATP

Na+

K+

Lumen (Urine) Interstitium/Blood

H2O

K+

Na+

H+
Cl-

Principal Cell

Intercalated Cell

Aldosterone
Aldosterone

Aldosterone



Aldosterone

ÅOverall effect:
Åᴻ ÓÏÄÉÕÍȾ×ÁÔÅÒ ÒÅÓÏÒÐÔÉÏÎ ɉᴻÅÆÆÅÃÔÉÖÅ ÃÉÒÃÕÌÁÔÉÎÇ ÖÏÌÕÍÅɊ

Åᴻ + ÅØÃÒÅÔÉÏÎ

Åᴻ(Ϲ ÅØÃÒÅÔÉÏÎ

ÅRelease stimulated by:
ÅAngiotensin II

ÅHigh potassium

ÅACTH (minor effect)



Nephron Water Permeability

Permeable Impermeable Variable



Antidiuretic Hormone (ADH)
Vasopressin

ÅPromotes free water retention (inhibits secretion)

ÅTwo receptors: V1, V2
ÅV1: Vasoconstriction

ÅV2: Antidiuretic response

ÅReleased by posterior pituitary

ÅTwo stimuli for release 
ÅMajor physiologic stimuli: hyperosmolarity

ÅVolume loss: non -osmotic release



ADH Water Resorption

ÅV2 receptors: principal cells collecting duct

ÅG-protein, cAMP second messenger system

ÅEndosome insertion into cell membrane

ÅEndosomes contain aquaporin 2
ÅWater channel

Å2ÅÓÕÌÔ ÉÓ ᴻ ÐÅÒÍÅÁÂÉÌÉÔÙ ÏÆ ÃÅÌÌÓ ÔÏ ×ÁÔÅÒ



Collecting Duct
Lumen (Urine) Interstitium/Blood

H2O

Principal Cell

Intercalated Cell

AQP-2 Channel

H2O

H2O

V2

AQP-3

AQP-4

ADH



Water Deprivation
High ADH
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Outer Medulla

Inner Medulla

300mOsm

600mOsm

1200mOsm
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1200

H2O

H2O
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H2O



High Water Intake
Low ADH

Cortex

Outer Medulla

Inner Medulla
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ADH and Urea

ÅKey osmole in kidney (with Na, Cl)

ÅMedullary collecting duct permeable to urea

ÅADH increases urea reabsorption

ÅUrea enters medullary interstitium

Å4ÈÉÎ ÄÅÓÃÅÎÄÉÎÇ ÌÉÍÂ ÔÒÁÎÓÐÏÒÔÅÒÓ ȰÒÅÃÙÃÌÅȱ ÕÒÅÁ



ADH and Urea

Permeable to H20
NOT permeable to Urea

Permeable to H20
AND permeable to Urea

H2O

H2O

Urea

H2O



Collecting Duct
Major Functions

ÅResorption Na/H2O
ÅDepends on ADH (H2O) and Aldosterone (Na)

ÅSecretion of K+ and H+

ÅDepends on Aldosterone

ÅUrea resorption



Sodium

67%

25%

3%

5%

1%



Water

67%

15%

8-17%

0%

Variable



Renal Endocrinology
Jason Ryan, MD, MPH



Renal Hormones

ÅReleased by kidney
ÅErythropoietin

ÅRenin (enzyme)

Å1,25 Vitamin D

ÅAct on kidney
ÅAngiotensin II

ÅAtrial Natriuretic Peptide (ANP)

ÅAntidiuretic hormone (ADH)

ÅAldosterone

ÅParathyroid hormone (PTH)



JG Apparatus
Juxtaglomerular Apparatus

ÅJG Cells
ÅModified smooth muscle of afferent arteriole

ÅMacula densa
ÅPart of distal convoluted tubule

ÅJG cells secrete renin



Glomerulus

Image courtesy of OpenStaxCollege

Macula Densa

Afferent 
Arteriole

Proximal Tubule

JG Cells

Renal Nerve
Distal Tubule



RAAS
Renin-Angiotensin-Aldosterone System

A2

Sympathetic System

Renal Na/Cl resorption

Arteriolar vasoconstriction

Adrenal aldosterone secretion

Pituitary ADH secretionNet Result
ᴻ3ÁÌÔȾ7ÁÔÅÒ 2ÅÔÅÎÔÉÏÎ

ᴻ"0

Angiotensinogen

AI

+ Renin

+ ACE

JG Cells



Stimulation Renin Release

1. Low perfusion pressure
ÅLow blood pressure or low circulating volume

ÅSensed by afferent arteriole Ą JG cell renin release

2. Low NaCl delivery
ÅSensed by macula densaĄ JG cell renin release

Å!ÌÓÏ ÃÏÎÓÔÒÉÃÔÓ ÁÆÆÅÒÅÎÔ ÁÒÔÅÒÉÏÌÅȡ ȰÔÕÂÕÌÏÇÌÏÍÅÒÕÌÁÒ ÆÅÅÄÂÁÃËȱ

3. Sympathetic activation
Åɼ1 receptors

ÅAlso constricts (ɻ) afferent/efferent arterioles

ÅDecreases GFR to limit sodium/water excretion



RAAS
Renin-Angiotensin-Aldosterone System

ÅRenin
ÅConverts angiotensinogen to angiotensin I

ÅAngiotensin II 
ÅMultiple effects

ÅAldosterone
ÅCollecting duct effects

ÅResorption of Na

ÅExcretion of K, H+



Angiotensin II

ÅEfferent arteriole constriction 

ÅȢ  20&

Åᴻ  '&2 

ÅLess renal blood flow

ÅMore Na/H2O filtration

Image courtesy of OpenStaxCollege



Angiotensin II

ÅIncreased Na/H2O reabsorption
ÅSeveral mechanisms

ÅIncreased proximal tubule resorption via capillary effect

ÅDirect proximal tubule resorption through Na/H+ exchange

ÅStimulates aldosterone release



Capillary Effect

ÅAltered by efferent 
arteriole constriction

ÅȢ  ÈÙÄÒÏÓÔÁÔÉÃ ÐÒÅÓÓÕÒÅ 
from less blood flow

Åҧoncotic pressure from 
more H2O filtered

ÅNet result is that efferent 
arteriole constriction by 
AII leads to increased 
NaCl resorption 

Image courtesy of Madhero88



Na/H+ Exchange 
Proximal Tubule

Lumen (Urine) Interstitium/Blood

Na

HCO3
- + H+

H2CO3

CO2 + H2O

H2CO3

H+ + HCO3
-

CA

CA = Carbonic Anhydrase

Na+

CA

CO2 + H2O



Aldosterone

ÅSynthesized/released by adrenal cortex
ÅZona glomerulosa cells

ÅFreely crosses cell membrane (steroid)

ÅBinds to cytosolic protein receptor

ÅActivated receptor modifies gene expression



Aldosterone

ÅIncreases Na/K -ATPase proteins 

ÅIncreases Na channels (ENaC) of principal cells

ÅPromotes K secretion principal cells

ÅPromotes H+ secretion intercalated cells



Collecting Duct

ATP

Na+

K+

Lumen (Urine) Interstitium/Blood

H2O

K+

Na+

H+
Cl-

Principal Cell

Intercalated Cell

Aldosterone
Aldosterone

Aldosterone



Aldosterone

ÅOverall effect:
Åᴻ ÓÏÄÉÕÍȾ×ÁÔÅÒ ÒÅÓÏÒÐÔÉÏÎ ɉᴻÅÆÆÅÃÔÉÖÅ ÃÉÒÃÕÌÁÔÉÎÇ ÖÏÌÕÍÅɊ

Åᴻ + ÅØÃÒÅÔÉÏÎ

Åᴻ(Ϲ ÅØÃÒÅÔÉÏÎ

ÅRelease stimulated by:
ÅAngiotensin II

ÅHigh potassium

ÅACTH (minor effect)



RAAS Drugs

ÅACE-inhibitors
ÅBlock conversion AI to AII

ÅLower blood pressure

ÅAngiotensin receptor blockers (ARBs)
ÅBlock effects of angiotensinII

ÅLower blood pressure



RAA System Drugs

ÅBeta Blockers
ÅBlock sympathetic stim of JG apparatus

ÅBlock renin release

ÅLower blood pressure



RAA System Drugs

ÅAldosterone antagonists 
ÅSpironolactone, eplerenone

ÅLower blood pressure 

Å7ÉÌÌ ᴻ+ȟ ᴻ(Ϲ ɉᴽÐ(Ɋ

ÅPotassium-sparing diuretics
ÅTriamterene/amiloride

ÅInhibit ENaC



Natriuretic Peptides

ÅAtrial natriuretic peptide (ANP)

ÅBrain natriuretic peptide (BNP)

ÅRelease in response to volume (myocyte stretch)

ÅOppose actions of RAAS
ÅRelax vascular smooth muscle via cGMP

Å6ÁÓÏÄÉÌÁÔÏÒ ɉᴽ 362Ɋ

Åᴻ ÄÉÕÒÅÓÉÓ



Parathyroid Hormone

ÅMaintains calcium levels

ÅReleased by chief cells of parathyroid gland

ÅMain stimulus is Ȣ [Ca2+]

ÅNet Effects:
Åᴻɍ#Á 2+] plasma

Åᴽ ɍP043-] plasma

Åᴻ ɍP043-] urine



Parathyroid Hormone Effects

ÅKidney:
Åᴻ #Á 2+ resorption (DCT)

Åᴽ P043- resorption (PCT)

Å 1ᴻ ,25-(0H)2 vitamin D production

ÅAlso has effects on GI tract and bone



Parathyroid Hormone

Proximal Tubule

ATP

Na

K

Lumen (Urine) Interstitium/Blood

X

Na

PO4-

PTH

0/τ-
excretion



Parathyroid Hormone

Distal Tubule

ATP

Na+

K+

Lumen (Urine) Interstitium/Blood

Na+

Cl-

Ca2+

Na

Ca2+

PTH

++

#Á
Resorption



Vitamin D and the Kidney

ÅProximal Tubule converts vitamin D to active form

25-OH Vitamin D 1,25-OH2 Vitamin D1ɻ- hydroxylase

PTH

+



EPO
Erythropoietin

ÅStimulates red blood cell production in bone marrow

ÅMade by interstitial cells peritubular capillary 

ÅReleased in response to hypoxia

ÅDecreased production in renal failure

ÅNormocytic anemia



Dopamine

ÅSynthesized in the proximal tubule 

ÅDilates afferent and efferent arterioles
ÅIncreased RPF

ÅLittle change in GFR

ÅPromotes sodium/water excretion (natriuretic) 

ÅUnclear physiologic significance



Acid Excretion
Jason Ryan, MD, MPH



Types of Acids

ÅTwo types of acids produced via metabolism
ÅVolatile acids

ÅNon-volatile acids



Volatile Acids

ÅCO2

ÅCombines with water to form carbonic acid and H+

ÅEliminated by lungs (not kidneys)



Non-volatile Acids

ÅNot from CO2

ÅDerived from amino acids, fatty acids, nucleic acids



Non-volatile Acids

ÅExample: Sulfuric acid 

H2SO4 + 2Na+ 2HCO3ăĄNa2SO4 + 2CO2 + 2H2O

Sulfuric
Acid

Bicarb

Kidneys Lungs

Key Points
Acid buffered by bicarbonate (no change pH)
Bicarbonate must be replenished by kidneys

H2SO4ăĄH+ + SO4
-



Non-volatile Acids

Proteins
Lipids

Nucleic Acids

ᴽ (#/3
-



Renal Acid-Base Regulation

Å#1: Reabsorb/Generate bicarb

Å#2: Excrete H+



Bicarb Reabsorption
Proximal Tubule

Lumen (Urine) Interstitium/Blood

Na

HCO3
- + H+

H2CO3

CO2 + H2O

H2CO3

H+ + HCO3
-

CA

CA = Carbonic Anhydrase

Na+

CA

CO2 + H2O



Bicarb Reabsorption
Nephron

80%

10%

4%

6%

0%



HCO3
- Generation

Collecting Duct

Lumen (Urine) Interstitium/Blood

ATP

H+

Intercalated Cell

CO2 + H2O

H2CO3

H+ + HCO3
-

CA

HCO3
-



HCO3
- Generation

Collecting Duct

ÅHigh H+ Ą low pH Ą damage to nephron

ÅBuffers soak up H+

ÅProtect from low pH

ÅProblem: Bicarbonate reabsorbed 

ÅNeed other buffers



Urinary Buffers

ÅTitratable acids

ÅAmmonia



Titratable Acids

ÅUrinary substances that absorb H+

ÅAcids 

Å-ÅÁÓÕÒÅÄ ÂÙ ÔÉÔÒÁÔÉÏÎ ɉȰÔÉÔÒÁÔÁÂÌÅȱɊ



Titratable Acids

ÅMostly phosphate 

ÅExists in multiple states

ÅHPO4 (one hydrogen)

ÅH2PO4 (two hydrogens)



Titratable Acids

ÅHPO4 filtered by glomerulus

ÅForm H2PO4 with addition of H+

ÅH2PO4 excreted in urine = excretion of H+

(2PO4 ÅØÃÒÅÔÉÏÎ Ѐ  (Ϲ ÅØÃÒÅÔÉÏÎ



Titratable Acids

Lumen (Urine) Interstitium/Blood

HPO4

CO2 + H2O

H2CO3

H+ + HCO3
-

CA

H2PO4

H+ HCO3
-

H+ excretion
HCO3

- generation



Ammonia

ÅLimited supply of titratable acids 
ÅVaries with dietary intake (especially phosphate)

ÅSupply of ammonia (NH3) is adaptable

ÅMore NH3ÇÅÎÅÒÁÔÅÄ ÂÙ ËÉÄÎÅÙÓ ×ÈÅÎ ᴻ (Ϲ

ÅSynthesized from glutamine (amino acid) 

Glutamine



Terminology

ÅAmmonia = NH3

ÅAmmonium = NH4
+



Ammonia

Lumen (Urine) Interstitium/Blood

NH3

CO2 + H2O

H2CO3

H+ + HCO3
-

CA

NH4+

H+ HCO3
-

H+ excretion
HCO3

- generation

.(τϹ  ÅØÃÒÅÔÉÏÎ Ѐ  (Ϲ ÅØÃÒÅÔÉÏÎ



Renal Acid-Base
Summary

Non-volatile Acids

ᴽ (#/3
-

Proximal
Tubule

 (+ Excretion
 (#/3

- Generated

 (#/3
-

Reabsorption
Collecting

Duct

Buffering
Tit. Acids

NH4+



Net Acid Excretion

ÅUrinary Acid ɀUrinary Base

ÅPositive value indicates acid being excreted

= Titratable Acids + NH4+ - HCO3
-

Net
Acid

Excretion



Net Acid Excretion

ÅAcidosis: Increased net acid excretion

ÅAlkalosis: Decreased net acid excretion

= Titratable Acids + NH4+ - HCO3
-

Net
Acid

Excretion



Acid Base Principles
Jason Ryan, MD, MPH



Acid Base Balance

ÅNormal arterial pH: 7.37 to 7.42

ÅTightly controlled

ÅLungs: excrete carbon dioxide

ÅKidneys : excrete acid & produce bicarbonate

Patrick J. Lynch, medical illustratorPublic Domain



Henderson-Hasselbalch 
Equation

pH = 6.1 + log
[HCO3

-]

0.03*pCO2

Maintained by lungs

Maintained by kidneys



CO2 Acid Dissociation Equation

CO2 + H2Oė HCO3
- + H+



Arterial Blood Gas

ÅNormal HCO3
- = 22 ɀ26 mEq/L

ÅNormal pCO2 = 35 ɀ45 mmHg

ÅNormal pH = 7.37-7.42

Twitter/Public Domain

HCO3
-: 24

PCO2: 40
pH: 7.4



Acid Base Disorders

ÅAcidosis/alkalosis
ÅDisorder-altering H+ levels

ÅAcidemia/alkalemia
ÅPresence of high or low pH in bloodstream

ÅAcidosis without acidemia occurs in mixed disorders
Åi.e. acidosis + alkalosis at same time



Acidosis Effects

Å-ÙÏÃÁÒÄÉÁÌ ÄÅÐÒÅÓÓÉÏÎ ɉᴽ ÃÏÎÔÒÁÃÔÉÌÉÔÙɊ

Åᴻ  #/2: cerebral vasodilation
ÅCO2: major cerebral autoregulator 

ÅIncreased cerebral blood flow

ÅIncreased intracranial pressure Ą headaches

pH = 6.1 + log
[HCO3

-]

0.03*pCO2



Acidosis Effects

ÅHyperkalemia
ÅHigh H+ shifts into cells in exchange for K+

ÅShift in oxyhemoglobin dissociation curve
ÅBohr effect

Å pȢH leads to hemoglobin releasing more oxygen



Alkalosis Effects

ÅCerebral vasoconstriction
ÅDecrease in cerebral blood flow

ÅHypokalemia

ÅShift in oxyhemoglobin dissociation curve



Acid-Base Disorders

ÅMetabolic Disorders
ÅExcess or insufficient HCO3

-

Å-ÅÔÁÂÏÌÉÃ ÁÃÉÄÏÓÉÓ ɉᴽ (#/3
-)

Å-ÅÔÁÂÏÌÉÃ ÁÌËÁÌÏÓÉÓ ɉᴻ (#/3
-)

ÅRespiratory disorders
ÅExcess or insufficient CO2
Å2ÅÓÐÉÒÁÔÏÒÙ ÁÃÉÄÏÓÉÓ ɉᴻ #/2)

Å2ÅÓÐÉÒÁÔÏÒÙ ÁÌËÁÌÏÓÉÓ ɉᴽ #/2)

pH = 6.1 + log
[HCO3

-]

0.03*pCO2



Acid-Base Problems

ÅGiven pH, CO2, HCO3
-

ÅWhat is the disorder?

Flikr/Public Domain



Acid-Base Problems

1.Check the pH
ÅpH < 7.37 = acidosis

ÅpH > 7.42 = alkalosis

2.Check the HCO3
- and pCO2

ÅIncreased or decreased?

ÅHCO3
- : normal 22-28 mEq/L

ÅpCO2 from ABG; normal 35-45mmHg



Acid-Base Problems

3.Determine acid-base disorder
Å!ÃÉÄÏÓÉÓ Ϲ ᴽ (#/3

- = metabolic acidosis

Å!ÃÉÄÏÓÉÓ Ϲ ᴻÐ#/2 = respiratory acidosis

Å!ÌËÁÌÏÓÉÓ Ϲ ᴻ(#/3
- = metabolic alkalosis

Å!ÌËÁÌÏÓÉÓϹ ᴽ Ð#/2 = respiratory alkalosis

pH = 6.1 + log
[HCO3

-]

0.03*pCO2



Acid-Base Problems

4.Calculate anion gap (metabolic acidosis)

5.Use special formulas to check for mixed disorders
ÅCombined respiratory/metabolic

ÅTwo metabolic disorders



Compensatory Changes

ÅHCO3
- and CO2 are not independent

ÅAbnormal HCO3
-
ĄAbnormal CO2

ÅAbnormal CO2ĄAbnormal HCO3
-

ÅThis is called compensation

pH = 6.1 + log
[HCO3

-]

0.03*pCO2



Compensatory Changes

ÅRespiratory disorders Ą abnormal CO2

ÅCompensation: HCO3
- (renal)

ÅMetabolic disorders ĄAbnormal HCO3
-

ÅCompensation CO2 (respiratory)

pH = 6.1 + log
[HCO3

-]

0.03*pCO2



Compensatory Changes

Acid-Base Disorder Primary Abnormality Compensation

Metabolic Acidosis ᴽ (#/3
- ᴽ #/2

Metabolic Alkalosis ᴻ (#/3
- ᴻ #/2

Respiratory Acidosis ᴻ #/2 ᴻ (#/3
-

Respiratory Alkalosis ᴽ #/2 ᴽ (#/3
-

pH = 6.1 + log
[HCO3

-]

0.03*pCO2



Compensatory Changes

ÅMost acid-base disorders: HCO3
- and CO2 abnormal

Å/ÎÅ ÉÓ ȰÃÕÌÐÒÉÔȱ ÃÁÕÓÉÎÇ ÄÉÓÏÒÄÅÒ

ÅOther is compensatory change

pH = 6.1 + log
[HCO3

-]

0.03*pCO2



Compensatory Changes

ÅSimple disorders
ÅCulprit and compensatory change: same direction

ÅHCO3
- and pCO2 both increased or both decreased

Example 1  
pH = 7.30 (acidosis)

HCO3
- = low

pCO2 = low
Metabolic acidosis with respiratory compensation

pH = 6.1 + log
[HCO3

-]

0.03*pCO2



Compensatory Changes

ÅSimple disorders
ÅCulprit and compensatory change: same direction

ÅBoth increased or both decreased

Example 2  
pH = 7.30 (acidosis)

HCO3
- = high

pCO2 = high
Respiratory acidosis with metabolic compensation



Respiratory Compensation

ÅHyperventilation or hypoventilation

ÅAlters CO2

ÅCompensates for metabolic disorders (HCO3
-)

ÅHyperventilation
ÅPhysiologic response to metabolic acidosis

ÅKussmaul breathing = deep, labored breathing

ÅTrying to blow off CO2

Patrick J. Lynch, medical illustrator



Respiratory Compensation

ÅHyperventilation
ÅBlows off CO2

ÅPlasma CO2 level falls

ÅLess H+ in blood

ÅpH rises

ÅHypoventilation
ÅRetains CO2
ÅPlasma CO2 level rises

ÅMore H+ in blood

ÅpH falls

pH = 6.1 + log
[HCO3

-]

0.03*pCO2



Renal Compensation

ÅAcidosis
ÅExcess H+ filtered/secreted

ÅBicarbonate reabsorbed

ÅBicarbonate generated

ÅAlkalosis
ÅReverse of acidosis

Public Domain

pH = 6.1 + log
[HCO3

-]

0.03*pCO2



Acid-Base Map



Mixed Disorders

ÅTwo disorders at same time
ÅMetabolic acidosis AND respiratory acidosis

ÅMetabolic acidosis AND metabolic alkalosis

ÅTwo metabolic acidoses

ÅOccurs in many pathologic states

ÅExample: vomiting and diarrhea



Mixed Disorder Recognition

ÅDetermine ȰÅØÐÅÃÔÅÄȱresponse
ÅExpected HCO3

- for respiratory disorder

ÅExpected CO2 for metabolic disorder

Å)Æ ÁÃÔÕÁÌ Ё ÅØÐÅÃÔÅÄ Ą 2nd disorder present

ÅCompensation back to normal pH very rare
ÅNormal pH usually implies a mixed disorder



Mixed Disorder Recognition

Å)Æ ÁÃÔÕÁÌ Ё ÅØÐÅÃÔÅÄȟ ÄÅÔÅÒÍÉÎÅ ÁÂÎÏÒÍÁÌÉÔÙ
ÅExample: CO2 higher than expected

ÅExample: HCO3
- lower than expected

ÅUsual rules then apply for determining 2° disorders:
Åᴻ #/2 = respiratory acidosis

Åᴽ #/2 = respiratory alkalosis

Åᴽ (#/3
- = metabolic acidosis

Åᴻ (#/3
- = metabolic alkalosis



Compensation Formulas

Å 7ÉÎÔÅÒȭÓ &ÏÒÍÕÌÁ

Å Metabolic Alkalosis Formula

Å Acute/Chronic Respiratory Equations

Å Delta-Delta



Metabolic Acidosis

Å#ÏÍÐÅÎÓÁÔÏÒÙ ÒÅÓÐÉÒÁÔÏÒÙ ÁÌËÁÌÏÓÉÓ ɉᴽCO2)

ÅHyperventilation

Å7ÉÎÔÅÒȭÓ &ÏÒÍÕÌÁȡ 
ÅCalculates expected CO2 

ÅIf actual CO2Ё ÅØÐÅÃÔÅÄȟ ÍÉØÅÄ ÄÉÓÏÒÄÅÒ

pCO2 = 1.5 (HCO3
-) + 8 +/ - 2



Metabolic Acidosis

Å#ÏÍÐÅÎÓÁÔÏÒÙ ÒÅÓÐÉÒÁÔÏÒÙ ÁÌËÁÌÏÓÉÓ ɉᴽCO2)

ÅHyperventilation

Å7ÉÎÔÅÒȭÓ &ÏÒÍÕÌÁȡ 
ÅCalculates expected CO2 

ÅIf actual CO2Ё ÅØÐÅÃÔÅÄȟ ÍÉØÅÄ ÄÉÓÏÒÄÅÒ

Example 1  
pH = 7.23 (acidosis)

HCO3
- = 9 mEq/L (nl = 24)

pCO2 = 22mmHg (nl=40)
Expected pCO2 = 1.5 (9) + 8 = 22 +/- 2

pCO2 = 1.5 (HCO3
-) + 8 +/ - 2



Metabolic Acidosis

Å#ÏÍÐÅÎÓÁÔÏÒÙ ÒÅÓÐÉÒÁÔÏÒÙ ÁÌËÁÌÏÓÉÓ ɉᴽCO2)

ÅHyperventilation

Å7ÉÎÔÅÒȭÓ &ÏÒÍÕÌÁȡ 
ÅCalculates expected CO2 

ÅIf actual CO2Ё ÅØÐÅÃÔÅÄȟ ÍÉØÅÄ ÄÉÓÏÒÄÅÒ

Example 2  
pH = 7.10 (acidosis)

HCO3
- = 12 mEq/L (nl = 24)

pCO2 = 40mmHg (nl=40)
Expected pCO2 = 1.5 (12) + 8 = 26 +/- 2

pCO2>expected 
Concomitant Respiratory Acidosis

pCO2 = 1.5 (HCO3
-) + 8 +/ - 2



Metabolic Alkalosis

Å#ÏÍÐÅÎÓÁÔÏÒÙ ÒÅÓÐÉÒÁÔÏÒÙ ÁÃÉÄÏÓÉÓ ɉᴻ CO2)

ÅHypoventilation

Åᴻ  Ð#/ς πȢχ ÍÍ(Ç ÐÅÒ ρȢπ ÍÅÑȾ, ᴻ ɍ(#/3
-]

ÅIf actual pCO2Ё ÅØÐÅÃÔÅÄȟ ÍÉØÅÄ ÄÉÓÏÒÄÅÒ

ɝpCO2 = 0.7 * (ɝ[HCO3
-])



Metabolic Alkalosis

Å#ÏÍÐÅÎÓÁÔÏÒÙ ÒÅÓÐÉÒÁÔÏÒÙ ÁÃÉÄÏÓÉÓ ɉᴻ CO2)

ÅHypoventilation

Åᴻ  Ð#/ς πȢχ ÍÍ(Ç ÐÅÒ ρȢπ ÍÅÑȾ, ᴻ ɍ(#/3
-]

ÅIf actual pCO2Ё ÅØÐÅÃÔÅÄȟ ÍÉØÅÄ ÄÉÓÏÒÄÅÒ

ɝpCO2 = 0.7 * (ɝ[HCO3
-])

Example  1
pH = 7.48 (alkalosis)

HCO3
- = 34 mEq/L (nl = 24)

pCO2 = 47mmHg (nl=40)
ɝ[HCO3

-] = (34-24) = 10
Expected ɝpCO2 = 0.7 (10) = 7

Actual ɝpCO2 = 47-40 = 7
No Secondary Disorder



Respiratory Acidosis

ÅAcute compensation
ÅMinutes

ÅIntracellular buffers raise [HCO3
-]

ÅHemoglobin and other proteins

Å3ÍÁÌÌ ᴻÐ(

ÅChronic compensation
ÅDays

Å2ÅÎÁÌ ÇÅÎÅÒÁÔÉÏÎ ÏÆ ᴻɍ(#/3
-]

Å,ÁÒÇÅÒ ᴻ Ð(  



Respiratory Acidosis

ÅAcute compensation
Åρ ÍÅÑȾ, ᴻ ɍ(#/3

-Ɏ ÆÏÒ ÅÖÅÒÙ ρπ ÍÍ(Ç ᴻÐ#/2

Åɝ[HCO3
-] = ɝpCO2/10

ÅChronic compensation
ÅσȢυ ÍÅÑȾ, ᴻ ɍ(#/3

-Ɏ ÆÏÒ ÅÖÅÒÙ ρπ ÍÍ(Ç ᴻÐ#/2

Åɝ[HCO3
-] = 3.5* ɝpCO2/10

Example  1
pH = 7.10 (acidosis)

pCO2 = 80mmHg (nl=40)
Acute ɝ[HCO3

-] = 40/10 = 4
[HCO3

-] = 28; pH = 7.17
Chronic ɝ[HCO3

-] = 3.5* 40/10 = 14
[HCO3

-] = 38; pH = 7.30



Respiratory Alkalosis

ÅAcute compensation
ÅςÍÅÑȾ, ᴽ ɍ(#/3

-Ɏ ÆÏÒ ÅÖÅÒÙ ρπ ÍÍ(Ç ᴽ Ð#/2

Åɝ[HCO3
-] = 2*ɝpCO2/10

ÅChronic compensation
ÅτÍÅÑȾ, ᴽɍ(#/3

-Ɏ ÆÏÒ ÅÖÅÒÙ ρπ ÍÍ(Ç ᴽ Ð#/2

Åɝ[HCO3
-] = 4 * ɝpCO2/10

Example  1
pH = 7.7 (alkalosis)

pCO2 = 20mmHg (nl=40)
Acute ɝ[HCO3

-] = 2* 20/10 = 4
[HCO3

-] = 20; pH = 7.62
Chronic ɝ[HCO3

-] = 4* 20/10 = 8
[HCO3

-] = 16; pH = 7.53



Compensation Timeframe

ÅRespiratory compensation to metabolic disorders
ÅOccurs in minutes

ÅRapid change in respiratory rate

ÅMetabolic compensation to respiratory disorders
ÅAcute, mild compensation in minutes from buffers

ÅChronic, significant compensation in days from kidneys

Public Domain



Summary
Acidosis Alkalosis

Respiratory Metabolic

Compensation
ᴻ (#/3

-

Acute/Chronic
Formulas

Compensation
ᴽ #/2

7ÉÎÔÅÒȭÓ
Formula

Respiratory Metabolic

Compensation
ᴽ (#/3

-

Acute/Chronic
Formulas

Compensation
ᴻ #/2

Expected  CO2
Formula



Respiratory
Acid-Base Disorders
Jason Ryan, MD, MPH



Acid-Base Disorders

1. Respiratory alkalosis

2. Respiratory acidosis

3. Metabolic alkalosis

4. Metabolic acidosis



Respiratory Alkalosis

pH>7.42
 Ð#/2

pH = 6.1 + log
[HCO3

-]

0.03*pCO2

Increased
ᴽ Ѐ ÃÏÍÐÅÎÓÁÔÉÏÎ

ᴽ Ѐ ÐÒÉÍÁÒÙ ÁÂÎÏÒÍÁÌÉÔÙ



Respiratory Alkalosis

ÅCaused by hyperventilation
ÅPain

ÅAnxiety

ÅEarly high-altitude exposure

ÅEarly aspirin overdose

ÅMechanical ventilation

ÅNormal respiratory rate < 25/min



High Altitude

ÅLower atmospheric pressure
ÅSea level: 760 mmHg

ÅMachu Picchu = 560 mmHg

ÅLower pO2

ÅPAO2sea level = 100 mmHg

ÅPAO2Machu Picchu = 75mmHg

Wikipedia/Public Domain



High Altitude

ÅHypoxia Ą hyperventilation

ÅȢ  Ð#/ς Ą respiratory alkalosis (pH rises)

Parameter Change

PO2 (alveoli, artery) Decrease

Respiratory rate Increase

Carbon dioxide Decrease

pH Increase



High Altitude
Acclimatization

ÅRenal response
ÅAfter 24-48 hours: kidneys excrete HCO3

-

ÅpH will fall back toward normal

ÅAcetazolamide increases HCO3
- excretion

ÅRed cell response to hypoxemia
ÅSynthesis of 2,3-Bisphosphoglycerate

ÅUnloading of oxygen from hemoglobin

Wikipedia/Public Domain



Aspirin Overdose

ÅTwo acid-base disorders

ÅShortly after ingestion: respiratory alkalosis
ÅSalicylates stimulate medulla 

ÅHyperventilation

ÅHours after ingestion: AG metabolic acidosis
Å3ÁÌÉÃÙÌÁÔÅÓ ᴽ ÌÉÐÏÌÙÓÉÓȟ ÕÎÃÏÕÐÌÅ ÏØÉÄÁÔÉÖÅ ÐÈÏÓÐÈÏÒÙÌÁÔÉÏÎ

ÅInhibits citric acid cycle

ÅAccumulation of pyruvate, lactate, ketoacids



Aspirin Overdose

ÅpH
ÅVariable due to mixed disorder

ÅAcidotic, alkalotic, normal

ÅpCO2

ÅLow due to hyperventilation

ÅHCO3
-

ÅLow due to acidosis

Å7ÉÎÔÅÒȭÓ ÆÏÒÍÕÌÁ ÐÒÅÄÉÃÔÓ #/2 higher than actual

ÅCO2 lower than expected for compensation



Aspirin Overdose

ÅSample case: pH 7.36, pCO2 20, HC03
- 11

ÅMetabolic acidosis

Å7ÉÎÔÅÒȭÓ ÆÏÒÍÕÌÁ
ÅpCO2 = 1.5 (HC03) + 8 +/- 2

ÅpCO2 = 1.5 (11) + 8 +/- 2 = 25

ÅpCO2 < expected

ÅConcomitant respiratory alkalosis



Respiratory Acidosis

pH<7.37
 Ð#/2

pH = 6.1 + log
[HCO3

-]

0.03*pCO2

Decreased
ᴻ Ѐ ÃÏÍÐÅÎÓÁÔÉÏÎ

ᴻ Ѐ ÐÒÉÍÁÒÙ ÁÂÎÏÒÍÁÌÉÔÙ



Respiratory Acidosis

ÅCaused by hypoventilation

ÅDecreased CNS respiratory drive
ÅOpiates 

ÅBarbiturates

ÅCNS disease

ÅRespiratory muscle diseases
ÅGuillain-Barre

ÅPolio

ÅMultiple sclerosis

ÅAmyotrophic lateral sclerosis



Respiratory Acidosis

ÅImpaired gas exchange
ÅPneumonia

ÅPulmonary edema

ÅAcute respiratory distress syndrome

ÅCOPD

ÅAirway obstruction
ÅAspiration

ÅObstructive sleep apnea

ARDS



Respiratory Acidosis
Renal Compensation

ÅExcess H+ filtered/secreted

ÅBicarbonate reabsorbed

ÅBicarbonate generated

ÅClassic example: COPD
ÅChronic increase pCO2
ÅChronic respiratory acidosis

ÅCompensation: increased HCO3
-

Public Domain

pH = 6.1 + log
[HCO3

-]

0.03*pCO2



Acute hypercapnia

ÅHypercapnia can affect CNS system

ÅMild to moderate: anxiety, headaches

ÅSevere: delirium, eventually coma

RobinH/Wikipedia

CO2



Metabolic Alkalosis
Jason Ryan, MD, MPH



Acid-Base Disorders

1. Respiratory alkalosis

2. Respiratory acidosis

3. Metabolic alkalosis

4. Metabolic acidosis



Metabolic Alkalosis

pH>7.42
 (#/3

-

pH = 6.1 + log
[HCO3

-]

0.03*pCO2

Increased
ᴻ Ѐ ÐÒÉÍÁÒÙ ÁÂÎÏÒÍÁÌÉÔÙ

ᴻ Ѐ ÒÅÓÐÉÒÁÔÏÒÙ 
compensation



Metabolic Alkalosis

1. Gastrointestinal acid loss

2. Hypokalemia

3. Contraction alkalosis

4. Hyperaldosteronism

5. Milk -alkali syndrome

6. Rare renal syndromes



Gastrointestinal Acid Loss

ÅVomiting

ÅGastric suction

ÅParietal cells secrete HCl

ÅLoss of stomach contents Ą alkalosis

ÅHypochloremia (Cl- loss)

ÅHypokalemia (K+ loss; RAAS activation)

ÅHypochloremic, hypokalemic metabolic alkalosis

Stomach



Hypokalemia

ÅK+ exchanges with H+

ÅShifts in and out of cells

ÅȢ  ++
Ą shift K+ out of cells ĄH+ into cells

ÅHypokalemia Ą alkalosis (vice versa)

CELL

H+

K+



Contraction Alkalosis

ÅLoss of fluid with Na and Cl

ÅȢ  %ÆÆÅÃÔÉÖÅ #ÉÒÃÕÌÁÔÉÎÇ 6ÏÌÕÍÅ ɉ%#6Ɋ 

ÅRenin-Angiotensin-Aldosterone (RAAS) activation

ÅSympathetic nervous system (SNS) activation

Åᴻ HCO3
- resorption proximal tubule 

Åᴻ (+ secretion collecting duct



Proximal Tubule

Lumen (Urine) Interstitium/Blood

Na

HCO3
- + H+

H2CO3

CO2 + H2O

H2CO3

H+ + HCO3
-

CA

CA = Carbonic Anhydrase

Na+

CA

CO2 + H2O

 %#6
ᴻ .ÁϹ ÒÅÓÏÒÐÔÉÏÎ
ᴻ (#/3

- resorption

HCO3
-



Collecting Duct

ATP

Na+

K+

Lumen (Urine) Interstitium/Blood

H2O

K+

Na+

H+
Cl-

Principal Cell

Intercalated Cell

Aldosterone
Aldosterone

Aldosterone

Net Effect
Na+ Reabsorption

K+ Excretion
H+ Excretion



Contraction Alkalosis

ÅVomiting (contraction plus gastric losses)

Å$ÉÕÒÅÔÉÃÓ ɉÃÏÎÔÒÁÃÔÉÏÎ ÐÌÕÓ ᴽ +Ɋ

ÅHeart failure (treated with diuretics)

ÅCirrhosis (treated with diuretics)

ÅNew data suggest chloride depletion is true cause
ÅLow volume Ą low NaCl 

ÅChloride repletion resolves alkalosis



Diuretics

ÅMetabolic alkalosis: loop and thiazide diuretics

ÅIncreased Na delivery to distal tubule
ÅIncreased K excretion Ą hypokalemia

ÅIncreased H+ excretion 

ÅVolume contraction Ą contraction alkalosis



Hyperaldosteronism 
Primary Aldosteronism

ÅAdrenal overproduction of aldosterone

ÅAdrenal hyperplasia

Å!ÄÒÅÎÁÌ ÁÄÅÎÏÍÁ ɉ#ÏÎÎȭÓ ÓÙÎÄÒÏÍÅɊ

ÅIncreased secretion H+

ÅMetabolic alkalosis

ÅHypokalemia

ÅHypertension

Aldosterone

Public Domain



Milk-alkali Syndrome

ÅHypercalcemia, metabolic alkalosis, renal failure

ÅExcessive intake:
ÅCalcium

ÅAlkali (base)

ÅUsually calcium carbonate and/or milk
ÅAlkaline CaCO3

ÅOften taken for dyspepsia

Midnightcomm



Milk-alkali Syndrome

ÅIncreased Ca intake Ą hypercalcemia

ÅHypercalcemiainterferes with kidney function
ÅInhibition Na-K-2Cl in TAL

ÅBlockade (ADH)-dependent water reabsorption collecting duct

ÅResults in volume contraction

ÅContraction + alkali = metabolic alkalosis

ÅȢ  '&2 ÆÒÏÍ ÖÏÌÕÍÅ ÃÏÎÔÒÁÃÔÉÏÎ
Åᴻ "5.ȟ #Ò



Bartter and Gitelman

ÅCongenital disorders 

ÅOccur in children

ÅImpaired sodium resorption in nephron

ÅPolyuria

ÅHypokalemia (muscle cramps)

ÅMetabolic alkalosis

Public Domain



Bartter Syndrome

ÅDefective sodium resorption thick ascending limb

ÅSimilar to administration of loop diuretic

ÅPresents in childhood

ÅPolyuria, polydipsia or nocturia

ÅActivation RAAS Ąmetabolic alkalosis

ÅHypokalemia

ÅHigh urinary calcium
ÅTAL cannot absorb Ca

Na
Ca



Gitelman Syndrome

ÅDefective sodium resorption distal tubule

ÅSimilar to administration of thiazide diuretic

ÅPresents in childhood

ÅPolyuria, polydipsia or nocturia

ÅActivation RAAS Ąmetabolic alkalosis

ÅHypokalemia (cramps)

ÅLow urinary calcium
ÅDistal tubule cannot secrete Ca

Na



Liddle Syndrome

ÅGenetic disorder of increased activity of ENaC
ÅEpithelial sodium channel 

ÅActivity increased by aldosterone

ÅPresents in juveniles

ÅSimilar clinical syndrome to hyperaldosteronism
ÅHypertension

ÅHypokalemia

ÅMetabolic alkalosis
Na

K



Liddle Syndrome

ÅYoung patient with hypertension, hypokalemia

ÅAldosterone levels low

ÅTreatment: amiloride
ÅPotassium-sparing diuretic

ÅInhibits ENaC activity



SAME
Syndrome of Apparent Mineralocorticoid Excess

ÅRenal aldosterone receptors bind cortisol

ÅCortisol Ą cortisone by renal cells

ÅEnzyme: 11-ɼ-hydroxysteroid dehydrogenase

ÅSAME: deficiency 11-ɼ-hydroxysteroid dehydrogenase

ÅCortisol produces aldosterone effects

11-ɼ -hydroxysteroid
dehydrogenaseCortisol Cortisone



SAME
Syndrome of Apparent Mineralocorticoid Excess

ÅPresents in children/adolescents

ÅSimilar clinical syndrome to hyperaldosteronism
ÅHypertension

ÅHypokalemia

ÅMetabolic alkalosis 

ÅAldosterone levels low

ÅTreatment: 
ÅPotassium-sparing diuretics (amiloride, spironolactone)

ÅDexamethasone



Licorice

ÅContains glycyrrhetinic acid (a steroid)
ÅWeak mineralocorticoid effect

ÅInhibits renal 11-beta-hydroxysteroid dehydrogenase

ÅLarge amounts may cause disease

ÅHypertension, hypokalemia, metabolic alkalosis 

ÅPlasma aldosterone level low

Pikaluk/Flikr

http://flickr.com/photos/91687216@N00


Hypertension

Aldosterone

Yes No

HighLow

HyperaldosteronismLiddle 
SAME

Licorice

Bartter
Gitelman

Metabolic Alkalosis Causes

Polyuria
Cramps



Urinary Chloride

ÅRarely used test in metabolic alkalosis

ÅLow (<20 mEq/L) with gastric acid loss (HCl)
ÅVomiting

ÅNasogastric suction

ÅVariable findings with other causes

ÅHigh immediately after diuretic administration



NaCl Fluid Administration

ÅContains sodium, chloride and water

ÅResolves many forms of metabolic alkalosis
ÅȰ#ÈÌÏÒÉÄÅ ÒÅÓÐÏÎÓÉÖÅȱ

ÅDiuretics

ÅVomiting

ÅSome exceptions
ÅHyperaldosteronism

ÅBartter, Gitelman

ÅHeart failure, cirrhosis 



Hypoventilation

ÅRespiratory compensation in metabolic alkalosis

ÅIncreased pCO2
ÅLowers pH

Patrick J. Lynch, medical illustrator

pH = 6.1 + log
[HCO3

-]

0.03*pCO2



Renal Tubular 
Acidosis
Jason Ryan, MD, MPH



Non-AG Metabolic Acidosis

ÅDiarrhea

ÅAcetazolamide

Å3ÐÉÒÏÎÏÌÁÃÔÏÎÅȾ!ÄÄÉÓÏÎȭÓ ÄÉÓÅÁÓÅ

ÅSaline infusion

ÅHyperalimentation

ÅRenal tubular acidosis



Renal Tubular Acidosis

ÅRare disorders of nephron ion channels

ÅAll cause non-anion -gap metabolic acidosis

ÅOften present with low [HCO3
-]  or abnormal K +

pH<7.37
 (#/3

-



Renal Acid Handling

HCO3
-

H+

Aldosterone

+



Type II (proximal) RTA

ÅDefect in proximal tubule HC0 3
- resorption

ÅNon-anion gap metabolic acidosis

ÅOften asymptomatic



Type II (proximal) RTA

ÅHypokalemia
ÅLoss of HCO3

- resorption Ą diuresis

ÅVolume contraction 

Åᴻ ÁÌÄÏÓÔÅÒÏÎÅ Ąᴻ + ÅØÃÒÅÔÉÏÎ Ą hypokalemia

ÅUrine pH < 5.5 
ÅDistal tubule excretes H+ as acidosis becomes established

ÅUrine becomes acidic

ÅNegative urine anion gap



Type II (proximal) RTA

ÅMilder than type I: [HC03
-] 12-20

ÅDistal intercalated cells function normally

ÅSecrete acid to compensate

Normal Proximal (II) Distal (I) Type IV

HC03
-

mg/dL
24 12-20 <10 >17



Type II (proximal) RTA

ÅSample Case
ÅNo symptoms : routine blood work 

ÅMild weakness (low K)

ÅMildly reduced HCO3
- (12 ɀ20)

ÅHypokalemia

ÅUrine pH is low (<5.3)

ÅTreatment: Sodium bicarbonate



Type II (proximal) RTA

ÅCan be seen with Fanconi syndrome 
ÅGeneralized failure of proximal tubule

ÅUrine loss of phosphate, glucose, amino acids, urate, protein

ÅCan be seen in multiple myeloma
ÅSome forms of light chains toxic to proximal tubule

ÅCauses Fanconi syndrome

Proximal
Tubule



Acetazolamide

ÅCarbonic anhydrase inhibitor

ÅWeak diuretic effect
ÅBlock some Na resorption

ÅCauses a non-anion gap metabolic acidosis
ÅIncreased elimination of HCO3

-

Acetazolamide



Type I (distal) RTA

ÅImpaired acidification of urine by distal nephron

ÅNon-anion gap metabolic acidosis

ÅȢ  ÅØÃÒÅÔÉÏÎ (+ (acidemia)

ÅȢ  ÒÅÓÏÒÐÔÉÏÎ ++ (hypokalemia)



Type I (distal) RTA

ÅVery low HCO3- (often <10meq/L)

ÅUrine pH is high
Å$ÉÓÔÁÌ ÔÕÂÕÌÅ ÃÁÎÎÏÔ ȰÁÃÉÄÉÆÙȱ ÔÈÅ ÕÒÉÎÅ

ÅUrine is alkaline

ÅDiagnosis established if alkaline urine (pH > 5.5) 
despite a metabolic acidosis (with normal kidneys)



Type I (distal) RTA

ÅKey symptoms: chronic kidney stones
ÅAlkaline urine precipitates stones (sometimes bilateral)

ÅAcidosis Ąᴻ#Á ÆÒÏÍ ÂÏÎÅÓ

Å!ÃÉÄÏÓÉÓ ÓÕÐÐÒÅÓÓÅÓ ÃÁÌÃÉÕÍ ÒÅÓÏÒÐÔÉÏÎ ɉᴻ#Á ÉÎ ÕÒÉÎÅɊ

ÅRickets

ÅGrowth failure in children



Type I (distal) RTA

ÅMany etiologies

ÅAssociated with autoimmune diseases 
ÅSjögren's syndrome 

ÅRheumatoid arthritis

ÅMedications
ÅAmphotericin B

ÅRare genetic forms



Urine Anion Gap

ÅUsed for diagnosis of metabolic acidosis

ÅEvaluation of renal acid excretion

ÅIn acidosis, excess NH4 excreted (removes H+)

ÅNH4 not measured directly 

ÅSurrogate: urinary anion gap 

ÅNH4 leaves with Cl

ÅNegative UAG when acid (H+) being excreted

ÅUAG should be negative in acidosis

UAG = Na + K ɀCl



Urine Anion Gap

ÅIn GI metabolic acidosis (diarrhea):
ÅUAG becomes negative

ÅExcretion of NH4 with Cl increases 

ÅUrine Cl concentration goes up

ÅAlso negative in proximal (type II) RTA 
ÅIntact distal H+ secretion intact

UAG = Na + K ɀCl

neGUTtive in GI



Urine Anion Gap

ÅIn distal RTA and type IV RTA UAG is positive
Å+ÉÄÎÅÙÓ ÃÁÎȭÔ ÅØÃÒÅÔÅ (Ϲ

ÅNH4 and Cl-ÄÏÎȭÔ ÉÎÃÒÅÁÓÅ 

ÅUAG (Na + K ɀCl)  does not become negative

UAG = Na + K ɀCl



Ammonium ChlorideChallenge

ÅUsed for diagnosis of metabolic acidosis

ÅȰ#ÈÁÌÌÅÎÇÅȱ ÐÁÔÉÅÎÔ ×ÉÔÈ .(4Cl

ÅGives an acid load

ÅShould lower urine pH

ÅIn distal RTA, urine pH remains >5.3



Type I (distal) RTA

ÅClassic case
ÅPatient with 3ÊÏÇÒÅÎȭÓdisease

ÅRecurrent bilateral kidney stones

ÅVery low bicarb on blood work (<10)

ÅHypokalemia

ÅUrine pH is high (>5.5)

ÅUAG is positive

ÅIf given NH4Cl urine remains with high pH

ÅTreatment: Sodium bicarbonate



Type IV RTA
Hypoaldosteronism

ÅDistal tubule failure to respond to aldosterone
ÅAldosterone deficiency/resistance

ÅDecreased excretion K+

ÅMajor feature: hyperkalemia

ÅMild non-anion gap metabolic acidosis
ÅHCO3

- > 17 (normal = 24)



Type IV RTA

ÅMajor pathologic defect: decreased NH4
+ excretion

ÅLoss of urinary buffering Ą low urinary pH (<5.3)

ÅHyperkalemia Ąᴽ ÁÍÍÏÎÉÕÍ

 ++X

NH4
+



Type IV RTA

ÅHyporeninemic hypoaldosteronism
ÅLow renin activity

ÅDecreased aldosterone production

ÅDiabetes (associated with low renin production)

ÅNSAIDs (impair renin release)

ÅOther drugs



Type IV RTA

ÅRAAS drugs ɉᴽ ÁÌÄÏÓÔÅÒÏÎÅɊ
ÅAngiotensin-converting enzyme (ACE) inhibitors

ÅAngiotensin II receptor blockers (ARBs) 

ÅDirect renin inhibitors (Aliskiren)



Type IV RTA

ÅAldosterone resistance
ÅUsually caused by drugs that inhibit tubular function

ÅPotassium sparing diuretics

ÅTMP/SMX

Public Domain



Type IV RTA

ÅClassic case:
ÅDiabetic with renal insufficiency

ÅUnexplained hyperkalemia

ÅTreatment: fludrocortisone
ÅMineralocorticoid

Fludrocortisone Aldosterone



Renal Tubular Acidosis

Type Key Features

I Distal; High urine pH; kidney stones; very low HCO3-

II 0ÒÏØÉÍÁÌȠ ÍÉÌÄ ÁÃÉÄÏÓÉÓȠ &ÁÎÃÏÎÉȭÓ

IV Aldosterone; hyperkalemia; ammonium

Type Plasma K+ Urine pH

I Low (<3.5) High (>5.4)

II Low (<3.5) Low (<5.4)

IV High (>5.0) Low (<5.4)



Metabolic Acidosis
Jason Ryan, MD, MPH



Acid-Base Disorders

1. Respiratory alkalosis

2. Respiratory acidosis

3. Metabolic alkalosis

4. Metabolic acidosis



Metabolic Acidosis

ÅMost complex set of acid-base disorders

ÅReduced pH (acidosis)

ÅReduced HCO3
- (metabolic acidosis)

ÅCauses categorized by anion gap

pH<7.37
 (#/3

-

pH = 6.1 + log
[HCO3

-]

0.03*pCO2

Decreased
ᴽ Ѐ ÐÒÉÍÁÒÙ ÁÂÎÏÒÍÁÌÉÔÙ

ᴽ Ѐ ÒÅÓÐÉÒÁÔÏÒÙ 
compensation



The Anion Gap

ÅSodium (Na): major serum cation

ÅBalanced by anions like Cl- and HCO3
-

Å!ÎÉÏÎ ȰÇÁÐȱȡ ÕÎÍÅÁÓÕÒÅÄ ÁÎÉÏÎÓ
ÅProteins (albumin)

ÅPhosphates

ÅSulfates

Na+

Cl-

HCO3
-

Gap
Proteins

Phosphates
Sulfates



The Anion Gap

ÅAnion Gap = Na ɀ(Cl- + HCO3
-)

ÅNormal: 8 to 12 

ÅMetabolic acidoses subtypes: 
ÅNormal anion gap

ÅIncreased anion gap

Anion Gap = 140 ɀ(103 + 26) = 11 

Measurement Value

Sodium (Na+) 140 mEq/L

Chloride (Cl-) 103 mEq/L

Bicarbonate (HCO3
-) 26 mEq/L



Why the Anion Gap Matters

ÅAcidosis from primary loss of HCO 3
-

ÅBody compensates with retention of chloride (Cl-)

ÅAG = Na+ɀ(Cl- + HCO3
-)

ÅNormal anion gap

Na+

Cl-

HCO3
-

Normal

Na+

Cl-

HCO3
-

Non-AG acidosis



Why the Anion Gap Matters

ÅAcidosis from primary retention of acid
ÅExamples: ketoacids, lactic acid

ÅHCO3
- falls

ÅA- to compensate for fall in HCO3
-

ÅNo change in Cl-

ÅAG = Na+ɀ(Cl- + HCO3
-)

ÅIncreased anion gap

Na+

Cl-

HCO3
-

A-

High AG

Na+

Cl-

HCO3
-

Normal



Hyperchloremia

ÅIncreased serum chloride

ÅSeen in all non-anion gap metabolic acidoses

ÅNegatively-charged HCO3
- decreases

ÅNo increase in acid-related anions

ÅCl- rises to compensate for lost negative charge

#Ì-



Two Cases
Measurement Value Normal

pH 7.31 7.37-7.42

Sodium (Na+) 134 mEq/L 135-145

Chloride (Cl-) 108 mEq/L 96-106

Bicarbonate (HCO3
-) 16 mEq/L 22-26

Anion gap 10 8-16

Measurement Value Normal

pH 7.27 7.37-7.42

Sodium (Na+) 132 mEq/L 135-145

Chloride (Cl-) 93 mEq/L 96-106

Bicarbonate (HCO3
-) 11 mEq/L 22-26

Anion gap 28 8-16



Non-Anion Gap 
Metabolic Acidosis
ÅDiarrhea
ÅMost common

ÅLoss of HCO3
- in stool

ÅSaline infusion
ÅNaCl: lots of Cl-

ÅȰ#ÈÌÏÒÉÄÅ ÔÏØÉÃÉÔÙȱ

ÅCl- drives HCO3- from plasma

ÅRenal tubular acidosis



Non-Anion Gap 
Metabolic Acidosis
ÅHyperalimentation
ÅAcid 

ÅLowers pH

ÅAcetazolamide
ÅBlocks formation and resorption HCO3

-

Å3ÐÉÒÏÎÏÌÁÃÔÏÎÅȾ!ÄÄÉÓÏÎȭÓ ÄÉÓÅÁÓÅ
ÅLoss of aldosterone effects

ÅCannot excrete H+ effectively

ÅBody retains H+



Anion Gap Metabolic Acidosis

ÅMethanol 

ÅUremia

ÅDiabetic ketoacidosis

ÅPropylene glycol

ÅIron tablets or INH

ÅLactic acidosis 

ÅEthylene glycol 

ÅSalicylates  

MUD PILES



Alcohol
Dehydrogenase

Methanol

ÅAntifreeze, industrial cleaners, windshield wiper fluid

ÅMetabolized toformic acid

ÅCentral nervous system poison

ÅVisual loss, coma

Methanol Formaldehyde Formic Acid

Aldehyde
Dehydrogenase



Methanol

ÅClassic scenario:
ÅSuspected ingestion (accidental, suicide, alcoholic)

ÅConfusion (may appear inebriated)

ÅVisual symptoms

ÅHigh AG metabolic acidosis

ÅTreatment:
ÅInhibit alcohol dehydrogenase

ÅFomepizole (Antizol)

ÅEthanol

Petr Novák, Wikipedia



Ethylene Glycol

ÅAntifreeze, industrial cleaners, windshield wiper fluid

ÅMetabolized to glycolate and oxalate 

ÅKidney toxins 

ÅGlycolate: toxic to renal tubules

ÅOxalate: precipitates calcium oxalate crystals

Alcohol
Dehydrogenase



Ethylene Glycol

ÅClassic scenario:
ÅSuspected ingestion (accidental, suicide, alcoholic)

ÅFlank pain, oliguria, anorexia (acute renal failure)

ÅHigh AG metabolic acidosis

ÅTreatment:
ÅInhibit alcohol dehydrogenase

ÅFomepizole (Antizol)

ÅEthanol

Public Domain



Propylene Glycol

ÅAntifreeze (lowers freezing point of water)

ÅSolvent for IV benzodiazepines

ÅMetabolized to pyruvic acid, acetic acid,lactic acid

Alcohol
Dehydrogenase

Propylene 
Glycol

Lactic 
Acid

Pyruvate

Acetate



Propylene Glycol

ÅMain clinical feature of overdose is CNS depression

ÅHigh AG metabolic acidosis from lactate & other acids

ÅMany other adverse effects:
ÅHemolysis

ÅSeizure, coma, and multisystem organ failure

ÅNo visual symptoms or nephrotoxicity



Isopropyl Alcohol

ÅAlso found in many industrial products

ÅEffects similar to ethanol
ÅKey scenario: ingestion by alcoholic

ÅLess toxic than methanol or ethylene glycol

ÅDoes NOT cause anion gap metabolic acidosis
ÅAbsence of high AG acidosis suggest IA ingestion

ÅNo role for fomepizoleor ethanol

ÅMain symptom of ingestion is coma



Uremia

ÅAdvanced kidney disease
ÅEarly kidney disease can have non-AG acidosis

ÅReduction in H+ excretion (loss of tubule function)

ÅKidneys cannot excrete organic acids

ÅRetention of phosphates, sulfates, urate, others

ÅIncreased anion gap acidosis



Diabetic Ketoacidosis
DKA

ÅUsually occurs in type I diabetics

ÅInsulin requirements rise Ą cannot be met
ÅOften triggered by infection

ÅFatty acid metabolism Ą ketone bodies
Åɼ-hydroxybutyrate

ÅAcetoacetate

ɼ-hydroxybutyrateAcetoacetate



Diabetic Ketoacidosis (DKA)

Å0ÏÌÙÕÒÉÁȟ ÐÏÌÙÄÉÐÓÉÁ ɉᴻÇÌÕÃÏÓÅ Ą diuresis)

ÅAbdominal pain, nausea, vomiting

ÅKussmaul respirations
ÅDeep, rapid breathing

ÅFrom acidosis

ÅHigh AG metabolic acidosis from ketones



Lactic Acidosis

ÅLow tissue oxygen delivery 

ÅPyruvate converted to lactate

ÅHigh levels (>4.0mmol/L) Ą lactic acidosis

ÅAnion gap metabolic acidosis

ÅClinical scenarios:
Å3ÈÏÃË ɉᴽ ÔÉÓÓÕÅ ÐÅÒÆÕÓÉÏÎɊ

ÅIschemic bowel

ÅMetformin therapy (especially with renal failure)

ÅSeizures

Lactic Acid 
(lactate)



Iron

ÅAcute iron poisoning

ÅInitial gastrointestinal phase (0 to 6 hours)
ÅIron toxic to GI mucosal cells

ÅAbdominal pain

ÅWeeks later: bowel obstruction (scarring)

Wikipedia/Public Domain



Iron

ÅLater (24 hours)
ÅCardiovascular toxicity: shock

ÅCoagulopathy: iron inhibits thrombin formation/action

ÅHepatic dysfunction: worsening coagulopathy

ÅAcute lung injury

ÅAnion-gap metabolic acidosis
ÅFrom ferric irons (Fe3 +)

ÅAlso lactate (hypoperfusion)

Fe3+ + 3H2O ɂ> Fe(OH)3 + 3H+

Tomihahndorf



Isoniazid
INH

ÅTuberculosis antibiotic

ÅOverdose causes seizures
ÅOften severe, refractory (status epilepticus)

ÅSeizures cause lactic acidosis

ÅAnion gap metabolic acidosis

Flikr/Public Domain

M. tuberculosis



Aspirin Overdose

ÅTwo acid-base disorders

ÅShortly after ingestion: respiratory alkalosis
ÅSalicylates stimulate medulla 

ÅHyperventilation

ÅHours after ingestion: AG metabolic acidosis
ÅSalicylates uncouple oxidative phosphorylation

ÅAccumulation of pyruvate, lactate, ketoacids

Salicylic Acid
(salicylate)

Acetylsalicylic Acid
(aspirin)



Aspirin Overdose

ÅpH
ÅVariable due to mixed disorder

ÅAcidotic, alkalotic, normal

ÅpCO2

ÅLow due to hyperventilation

ÅHCO3
-

ÅLow due to acidosis

Å7ÉÎÔÅÒȭÓ ÆÏÒÍÕÌÁ ÐÒÅÄÉÃÔÓ #/2 higher than actual

ÅCO2 lower than expected for compensation



Aspirin Overdose

ÅSample case: pH 7.36, pCO2 20, HC03
- 11

ÅMetabolic acidosis

Å7ÉÎÔÅÒȭÓ ÆÏÒÍÕÌÁ
ÅpCO2 = 1.5 (HC03) + 8 +/- 2

ÅpCO2 = 1.5 (11) + 8 +/- 2 = 25

ÅpCO2 < expected

ÅConcomitant respiratory alkalosis



Hyperventilation

ÅRespiratory compensation to metabolic acidosis

ÅLowers pCO2

ÅIncreases pH

pH = 6.1 + log
[HCO3

-]

0.03*pCO2



7ÉÎÔÅÒȭÓ &ÏÒÍÕÌÁ

ÅAcidosis: compensatory respiratory alkalosis 
Å pȢCO2

ÅHyperventilation

Å7ÉÎÔÅÒȭÓ &ÏÒÍÕÌÁ ÇÉÖÅÓ ÅØÐÅÃÔÅÄ ᴽ pCO2 

ÅIf actual CO2Ё ÅØÐÅÃÔÅÄ Ąmixed disorder

Å#ÈÅÃË 7ÉÎÔÅÒȭÓ ÆÏÒÍÕÌÁ ÆÏÒ ÁÌÌ ÍÅÔÁÂÏÌÉÃ ÁÃÉÄÏÓÅÓ

pCO2 = 1.5 (HCO3
-) + 8 +/ - 2



The Delta-Delta
Delta Ratio

Å!ÎÉÏÎ ÇÁÐ ᴻ ÓÈÏÕÌÄ ÂÅ ÓÉÍÉÌÁÒ ÔÏ (#/3
-ᴽ 

ÅRatio ɝAG/ɝHCO3
- assesses for 2° acid-base disorder

ÅOnly used in AG metabolic acidosis

ɝɝ=
ɝHCO3

-

ɝAG



The Delta-Delta
Delta Ratio

Åɝɝ1-2 = normal

Åɝɝ<1
ÅHCO3

- too low

Å2° non-AG metabolic acidosis

Åɝɝ>2 
ÅHCO3

- too high

Å2° metabolic alkalosis 

ÅOr pre-existing chronic respiratory acidosis

ɝɝ=
ɝHCO3

-

ɝAG



The Delta-Delta
Example

ÅpH=7.21 (acidosis)

ÅHCO3
- = 12

ÅNa+ = 150, Cl- = 96

ÅAnion gap: 42

ÅDelta AG = 42-12 = 30

ÅDelta HCO3
- = 24 ɀ12 = 12

ÅDelta-Delta = 30/12  = 2.5 

ÅHCO3
- is too high

ÅConcurrent metabolic alkalosis

ÅOr prior compensated respiratory acidosis



Low Anion Gap

ÅHypoalbuminemia

ÅMultiple myeloma
ÅIgG is cationic (+)

ÅWill lower measured (+) ions

Na+

Cl-

HCO3
-

Na+

Cl-

HCO3
-

IgG+

Hypoalbuminemia Multiple Myeloma

Na+

Cl-

HCO3
-

Normal



Acid Base 
Problems
Jason Ryan, MD, MPH



Case 1 

A 40-year-old man presents to the emergency room

with a three day history of severe diarrhea.  Several

coworkers have been ill with similar symptoms. 

An arterial blood gas is drawn showing:

pH 7.30, pCO2 33mmHg. 

Electrolytes are:

Na 134, K 2.9, Cl 108, HCO3
- 16

What is the acid-base disorder?



Case 1 

ÅDiarrheaĄ non-AG metabolic acidosis

ÅNo other clues to suggest a 2nd disorder

ÅpH = 7.30 Ą acidosis

ÅHCO3
- = 16 (low) Ąmetabolic acidosis

ÅpCO2 = 33 (low) Ą respiratory compensation

ÅAbnormal same direction Ąmixed disorder less likely

ÅAnion gap = 134 ɀ108 ɀ16 = 10 (normal)

Å7ÉÎÔÅÒȭÓ ÆÏÒÍÕÌÁ

134

2.9

108

16

pCO2 = 1.5 (HCO3
-) + 8 +/- 2

= 1.5 (16) + 8
= 32 +/- 2

Non-AG Metabolic Acidosis



Case 2 

An 80-year-old man with a severe cardiomyopathy

presents with shortness of breath and edema for the

past two days. 

An arterial blood gas is drawn showing:

pH 7.25, pCO2 62mmHg 

Electrolytes show:

HCO3
- 27

What is the acid-base disorder?



Case 2

ÅCHF exacerbation Ą acute respiratory acidosis

ÅpH = 7.25 (acidosis)

ÅpCO2 = 62 (high) Ą respiratory acidosis

ÅHCO3
- = 27 (high) Ąmetabolic compensation

ÅAbnormal same direction Ąmixed disorder less likely

ÅAcute respiratory acidosis ҧHCO3
- 1/10 ҧCO2

ÅExpected ҧHCO3  = 2 (HCO3
- of 26)

ÅNo concurrent disorder

Acute respiratory acidosis 



Case 3 

A 40-year-old woman with rheumatoid arthritis

presents for a routine exam. She has normal vitals and

a normal physical exam. She was hospitalized for a

kidney stone six months ago which has since resolved. 

Serum electrolytes show:

Na 140, K 3.4, Cl 110, HCO3
- 16

Because of the low HCO3, an ABG is done:

pH 7.25, pCO2 32mmHg 

What is the acid-base disorder?



Case 3 

ÅpH 7.25 (acidosis)

ÅHCO3
- 16 (low) Ąmetabolic acidosis

ÅpCO2 32 (low) Ą respiratory compensation

ÅExpected PCO2 = 32 

ÅAG = 140 ɀ110 ɀ16 = 14

ÅNon-AG metabolic acidosis

pCO2 = 1.5 (HCO3
-) + 8 +/- 2

= 1.5 (16) + 8
= 32 +/- 2

140

3.4

110

16

Non-AG metabolic acidosis



Case 3

ÅMust consider RTA given RA history/kidney stones

ÅUAG should be checked
ÅUrine Na + K ɀCl

ÅShould be negative due to acidosis

ÅIf positive, suggests RTA

ÅAcid challenge with NH4Cl should be done
ÅUrine pH will remain >5.3 after NH4Cl

ÅType I RTA cannot acidify urine



Case 4 

75-year-old man has a long-standing history of severe

COPD for which he requires chronic oxygen therapy.

Serum electrolytes show:

Na 140, K 4.0, Cl 94, HCO3
- 34

An ABG is done:

pH 7.32, pCO2 69mmHg 

What is the acid-base disorder?



Case 4

ÅpH = 7.32 (acidosis)

ÅPCO2 = 69 Ą respiratory acidosis

ÅHCO3
- = 34 Ąmetabolic compensation

ÅThis is chronic

ÅExpected ɝ[HCO3
-] = 3.5* ɝpCO2/10

ÅɝpCO2 = 69 ɀ40 = 29

ÅExpected ɝ[HCO3
-] = 3.5* 29/10 = 10

ÅActual ɝ[HCO3
-]  = 34 ɀ24 = 10

140

4.0

94

34

Chronic respiratory acidosis 



Case 5

A 50-year-old man is found obtunded and poorly

responsive. 

An arterial blood gas is drawn showing:

pH 7.52, pCO2 47mmHg 

Electrolytes show:

Na 140, Cl- 96; HCO3
- 34

What is the acid-base disorder?



Case 5

ÅpH = 7.52 (alkalosis)

ÅHCO3
- = 34 (high) Ąmetabolic alkalosis

ÅPCO2 = 47 (high) Ą respiratory compensation

ÅɝpCO2 = 0.7 * (ɝ[HCO3
-])

ÅɝPCO2 = 47- 40 = 7

Åɝ[HCO3
-] = 34 ɀ24 = 10

ÅExpected ɝ PCO2 = 0.7 * (10) = 7

Pure metabolic alkalosis



Case 5

ÅCause?
ÅContraction alkalosis, hypokalemia, diuretics, vomiting, 

hyperaldosteronism, antacid use

ÅNeed to know volume status
ÅReduced in contraction, diuretics, vomiting

ÅNeed to know urinary chloride
ÅLow with GI losses (vomiting)

ÅThis disorder often fluid (saline) responsive



Case 6

A 59-year-old man with a history of alcoholism and

depression presents with altered mental status. He was

found by his ex-wife sleeping in his tool shed. He reports

blurry vision and black spots.

An arterial blood gas is drawn showing:

pH 7.30, pCO2 28mmHg 

Electrolytes show:

Na 141, Cl- 102; HCO3
- 14

What is the acid-base disorder?



Case 6

ÅpH = 7.30 (acidosis)

ÅHCO3
- = 14 Ąmetabolic acidosis

ÅpCO2 = 28mmHg Ą respiratory compensation

ÅExpected PCO2 = 29 +/- 2

ÅNo secondary respiratory disorder

ÅAG = 141 ɀ102 ɀ14 = 25 (high)

Åɝ!' Ѐ ςυ ɀρς Ѐ ρσȠ ɝHCO3
-=24 ɀ14 = 10

Åɝɝ Ѐ ρσȾρπ Ѐ ρȢσ 

ÅNo secondary metabolic disorder

pCO2 = 1.5 (HCO3
-) + 8 +/- 2

= 1.5 (14) + 8
= 29 +/- 2

141 102

14

AG metabolic acidosis



Case 7 

A 50-year-old man with diabetes presents to the

emergency room with confusion. His wife says he has

been thirsty and urinating frequently. In addition, he

takes narcotics for back pain and she believes he has

been taking more pills than usual lately for abdominal

pain. 

An arterial blood gas is drawn showing:

pH 7.28, pCO2 40mmHg.

Electrolytes are:

Na 134, K 3.5, Cl 94, HCO3
- 12

What is the acid-base disorder?



Case 7 

ÅDiabetic, polyuria, polydipsia, abd pain ĄDKA

ÅExpect AG metabolic acidosis

ÅNarcotic use
ÅPossible respiratory depression

ÅRespiratory acidosis

ÅpH = 7.28 Ą acidosis

ÅHCO3
- = 12 (low) Ąmetabolic acidosis

ÅpCO2 = 40 (normal) ĄNO respiratory compensation

ÅAnion gap = 134 ɀ94 ɀ12 = 28 (high)

134

3.5

94

12



Case 7 

Å7ÉÎÔÅÒȭÓ ÆÏÒÍÕÌÁ ÐCO2 = 26

ÅpCO2 higher than expected at 40

ÅConcomitant respiratory acidosis

134

3.5

94

12

pCO2 = 1.5 (HCO3
-) + 8 +/- 2

= 1.5 (12) + 8
= 26 +/- 2

AG metabolic acidosis with respiratory acidosis



Case 8 

A 60-year-old woman presents to the emergency room

with a massive vomiting for 3 days. On exam,  she is

hypotensive and tachycardic. Skin turgor is

diminished.  

An arterial blood gas is drawn showing:

pH7.24, pCO2 24mmHg. 

Electrolytes are:

Na 140, K 3.2, Cl 79, HCO3
- 10

What is the acid-base disorder?



Case 8 

ÅVomiting Ąmetabolic alkalosis

ÅDehydration Ą Possible lactic acidosis

ÅpH = 7.24 Ą acidosis

ÅHCO3
- = 10 (low) Ąmetabolic acidosis

ÅpCO2 = 24 (low) Ą respiratory compensation

ÅAbnormal same direction Ąmixed disorder less likely

ÅAnion gap = 140 ɀ79 ɀ10 = 51 (high)

140

3.2

79

10



Case 8 

Å7ÉÎÔÅÒȭÓ &ÏÒÍÕÌÁ Ð#/2 = 23 +/ - 2

ÅActual pCO2 = 24

ÅNormal respiratory compensation

ÅɝAG = 51 ɀ12 = 39

ÅɝHCO3
- = 24 ɀ10 = 14

Åɝɝ= 39/14 = 2.8

ÅConcurrent metabolic alkalosis

140

3.2

79

10

pCO2 = 1.5 (HCO3
-) + 8 +/- 2

= 1.5 (10) + 8
= 23 +/- 2

AG Metabolic Acidosis with metabolic alkalosis



Summary

ÅDiarrhea non-AG metabolic acidosis

ÅAcute respiratory acidosis

ÅRenal tubular acidosis - Urine anion gap

ÅChronic respiratory acidosis

ÅMetabolic alkalosis -Volume status/urine chloride

ÅMethanol toxicity

ÅAG metabolic acidosis with respiratory acidosis
Å7ÉÎÔÅÒȭÓ ÆÏÒÍÕÌÁ ÄÏÅÓÎȭÔ ÍÁÔÃÈ ÃÏÍÐÅÎÓÁÔÉÏÎ

ÅAG Metabolic acidosis with metabolic alkalosis
ÅDelta-delta abnormal



Electrolytes
Jason Ryan, MD, MPH



Potassium

ÅNeeded for HEARTand SKELETAL MUSCLES

ÅHypo/hyper effects: 
ÅEKG changes

ÅArrhythmias

ÅWeakness



Hyperkalemia
Signs/Symptoms

ÅArrhythmias
ÅSinus arrest

ÅAV block

ÅMuscle weakness Ą paralysis 
ÅLower extremities Ą trunk Ą upper extremities

ÅEKG changes
ÅPeaked T waves

ÅQRS widening



Peak T waves



QRS Widening



Hyperkalemia
Causes

Å-ÏÓÔ ÃÁÓÅÓȡ ᴽ + ÅØÃÒÅÔÉÏÎ ÉÎ ÕÒÉÎÅ
ÅAcute and chronic kidney disease

ÅNeed aldosterone Ą renal secretion K+
ÅType IV RTA (aldosterone resistance)



Hyperkalemia
Causes

ÅIncreased K release from cells
ÅAcidosis

ÅInsulin deficiency

ÅBeta blockers

ÅDigoxin

ÅLysis of cells (tumor lysis syndrome)

ÅHyperosmolarity 
K

K

KK
K

K
K

K

K

KK
K

K

KK
K

K
K K

K
K

K



Hypokalemia
Signs/Symptoms

ÅArrhythmias
ÅPACs, PVCs

ÅBradycardia

ÅMuscle weakness Ą paralysis 
ÅLower extremities Ą trunk Ą upper extremities

ÅEKG changes
ÅU waves 

ÅFlattened T waves



U Waves/Flat T waves

U Wave: Origin unclear

May represent 
repolarization of 
Purkinje fibers

Can be normal
T U

T U



Hypokalemia
Selected Causes

ÅIncreased renal losses
ÅDiuretics

ÅType I and II RTAs

ÅIncreased GI losses
ÅVomiting/diarrhea

Pixabay/Public Domain



Hypokalemia
Selected Causes

ÅIncreased K entry into cells
ÅHyperinsulinemic states

ÅBeta agonists: albuterol, terbutaline, dobutamine

ÅAlkalosis

ÅHypomagnesemia
ÅPromotes urinary K loss

ÅCannot correct K until Mg is corrected!!



Hypercalcemia
Symptoms

ÅOften asymptomatic

ÅMay cause recurrent kidney stones

ÅAcute hypercalcemia Ą polyuria
ÅNephrogenic diabetes insipidus

ÅLoss of ability to concentrate urine

ÅDownregulation of aquaporin channels

ÅExcessive free water excretion

Åᴽ '&2 Ą acute renal failure



Hypercalcemia
Symptoms

ÅStones (kidney)
ÅPolyuria

ÅKidney stones

ÅRenal failure

ÅBones (bone pain)

ÅGroans (abdominal pain)
ÅConstipation, anorexia, nausea

ÅPsychiatric overtones 
ÅAnxiety, altered mental status



Hypercalcemia
Selected Causes

ÅHyperparathyroidism

ÅMalignancy 

Wikipedia/Public Domain



Hypercalcemia
Selected Causes

ÅHypervitaminosis D
ÅMassive consumption calcitriol supplements

ÅSarcoidosis : 'ÒÁÎÕÌÏÍÁÔÏÕÓ ÍÁÃÒÏÐÈÁÇÅÓ ρɻ-hydroxylase

ÅMilk alkali syndrome
ÅLargely historical (milk/bicarb)

ÅHigh intake calcium carbonate (ulcers)

ÅExcess calcium and alkali intake 

ÅHypercalcemia

ÅMetabolic alkalosis

ÅRenal failure

Wikimediacommons



Hypocalcemia
Signs/Symptoms

ÅTetany
ÅMuscle twitches

ÅCalcium blocks Na channels in neurons

ÅLow Ca Ą easy depolarization Ą spontaneous contractions

ÅHigh Ca Ą difficult depolarization Ąweakness

ÅHyper-excitability of neurons and motor endplates

ÅTrousseau's sign: Hand spasm with BP cuff inflation

ÅChvostek's sign: Facial contraction with tapping on nerve

ÅSeizures

 #Á



Hypocalcemia
Selected Causes

Å(ÙÐÏÐÁÒÁÔÈÙÒÏÉÄÉÓÍ ɉᴽ 04(Ɋ

Å2ÅÎÁÌ ÆÁÉÌÕÒÅ ɉᴽ ÁÃÔÉÖÅ ÖÉÔÁÍÉÎ $Ɋ

ÅPancreatitis (saponification of Mg/Ca in necrotic fat)

ÅDrugs (Foscarnet)

ÅMagnesium: Hypo/Hypermagnesemia



Hyperphosphatemia
Selected Causes

ÅAcute and chronic kidney disease

ÅHypoparathyroidism

ÅHuge phosphate load
ÅTumor lysis syndrome

ÅRhabdomyolysis

Å,ÁÒÇÅ ÁÍÏÕÎÔ ÏÆ ÐÈÏÓÐÈÁÔÅ ÌÁØÁÔÉÖÅÓ ɉ&ÌÅÅÔȭÓ Phospho-soda)

PO4-



Calcium-Phosphate in 
Renal Failure

Sick Kidneys

 0ÈÏÓÐÈÁÔÅᴽρȟςυ-OH2 Vitamin D

ᴽ #Á ÆÒÏÍ ÇÕÔᴽ#Á ÆÒÏÍ ÐÌÁÓÍÁ

Hypocalcemia

04(



Hyperphosphatemia
Hypoparathyroidism

Proximal Tubule

ATP

Na

K

Lumen (Urine) Interstitium/Blood

X

Na

PO4-

PTH

0/τ-
excretion



Hyperphosphatemia
Symptoms

ÅMost patients asymptomatic

ÅSigns and symptoms usually from hypocalcemia

ÅPhosphate precipitates serum calcium



Hyperphosphatemia
Symptoms

ÅMetastatic calcifications
ÅȰCalciphylaxisȱ

ÅSeen in chronic hyperphosphatemia in CKD

ÅExcess phosphate taken up by vascular smooth muscle 

ÅSmooth muscle osteogenesis

ÅVascular wall calcification

ÅIncreased systolic blood pressure

ÅSmall vessel thrombosis

ÅPainful nodules, skin necrosis

Niels Olsen/Wikipedia



Hypophosphatemia
Symptoms

ÅMain acute symptom is weakness
ÅATP depletion

ÅOften presents are respiratory muscle weakness

ÅIf chronic: bone loss, osteomalacia



Hypophosphatemia
Selected Causes

ÅPrimary hyperparathyroidism 

ÅDiabetic ketoacidosis (DKA)
ÅGlucose induced diuresis Ąᴻ 0/τ ÅØÃÒÅÔÉÏÎ

ÅRefeeding syndrome in alcoholics
ÅLow PO4 from poor nutrition

ÅFood intake Ąmetabolism ĄÆÕÒÔÈÅÒ ᴽ 0/τ

ÅAntacids
ÅAmmonium hydroxide

ÅUrinary wasting
ÅFanconi Syndrome



Hypermagnesemia
Signs/Symptoms

ÅMg blocks Ca and K channels

ÅNeuromuscular toxicity
Åᴽ ÒÅÆÌÅØÅÓ

ÅParalysis 

ÅBradycardia, hypotension, cardiac arrest

ÅHypocalcemia (inhibits PTH secretion)

ᴻ -Ç Ąᴽ04( Ąᴽ#Á



Hypermagnesemia
Selected Causes

ÅRenal insufficiency

Image courtesy of BruceBlaus



Hypomagnesemia
Symptoms

ÅNeuromuscular excitability
ÅTetany, tremor

ÅCardiac arrhythmias

ÅHypocalcemia

ÅHypokalemia



Hypomagnesemia
Parathyroid Gland

ÅLow Mg 
Åᴻ 04( ÒÅÌÅÁÓÅ ɉÓÁÍÅ ÅÆÆÅÃÔ ÁÓ ÃÁÌÃÉÕÍɊ

Åᴻ ') ÁÎÄ ÒÅÎÁÌ ÍÁÇÅÎÓÉÕÍ ÁÌÏÎÇ ×ÉÔÈ ÃÁÌÃÉÕÍ

ÅVery low Mg Ą inhibits PTH release
ÅSome Mg required for normal CaSR function

ÅAbnormal function Ą suppression of PTH release

ÅHypocalcemia often seen in severe hypomagenesemia



Hypomagnesemia
Potassium

ÅMagnesium inhibits potassium excretion

ÅROMK
ÅRenal outer medullary potassium channel

ÅFound in cortical collecting duct

Å+Ϲ ×ÏÎȭÔ ÃÏÒÒÅÃÔ ÕÎÔÉÌ -ÇςϹ ÃÏÒÒÅÃÔÅÄ

K+

Lumen (Urine) Interstitium/Blood
Mg2+

X

ROMK



Hypomagnesemia
Selected Causes

ÅGI losses (secretions contain Mg)
ÅDiarrhea

ÅPancreatitis
ÅSaponification of Mg/Ca in necrotic fat

ÅRenal losses
ÅLoop and thiazide diuretics

ÅAlcohol abuse (alcohol-induced tubular dysfunction)

ÅDrugs
ÅOmeprazole (impaired absorption)

ÅFoscarnet



Foscarnet

ÅAntiviral pyrophosphate analog

ÅBinds/inhibits viral DNA polymerase

ÅAdverse effects
ÅNephrotoxicity (limiting side effect)

ÅSeizures (often related to electrolytes)

ÅHypocalcemia (chelates calcium)

ÅHypomagnesemia (induces renal wasting of magnesium)

ÅHypokalemia

ÅHypophosphatemia

ÅHypercalcemia

ÅHyperphosphatemia

Foscarnet



Sodium and Water 
Balance
Jason Ryan, MD, MPH



Balance

ÅWater in = water out ĄȰ×ÁÔÅÒ ÂÁÌÁÎÃÅȱ

ÅSodium in = sodium out  ĄȰÓÏÄÉÕÍ ÂÁÌÁÎÃÅȱ

ÅMajor regulators:
ÅAntidiuretic hormone (ADH)

ÅSympathetic nervous system (SNS)

ÅRenin-angiotensin-aldosterone system (RAAS)



Effective Circulating Volume

ÅPortion of extracellular fluid

ÅContained in arterial system

ÅMaintains tissue perfusion

ÅNot necessarily correlated with total body water



Effective Circulating Volume

ÅModified by:
ÅVolume

ÅCardiac output

ÅVascular resistance

ÅMajor determinant: sodium
ÅExcess sodium Ąᴻ %#6

ÅRestricted sodium Ąᴽ %#6



Effective Circulating Volume

ÅLow ECV can lead to low blood pressure

ÅMay cause orthostatic hypotension

ÅDizziness/fainting on standing



Effective Circulating Volume

ÅLow ECV activates:
ÅSympathetic nervous system

ÅRenin-angiotensin -aldosterone system

ÅRetention of sodium/water



Effective Circulating Volume

Å3ÏÍÅ ÄÉÓÅÁÓÅ ÓÔÁÔÅÓ ÈÁÖÅ ÃÈÒÏÎÉÃÁÌÌÙ ᴽ %#6

ÅChronic activation of SNS and RAAS

ÅChronic retention of sodium/water by kidneys

ÅMay or may not lead to increased total body water



Antidiuretic Hormone
ADH; Vasopressin

ÅRetention of free water

ÅMajor physiologic trigger is plasma osmolality 
ÅSensed by hypothalamus

ÅADH released by posterior pituitary gland

ÅADH Ą free water resorption by kidneys

ÅWater retention adjusted to maintain normal osmolality 



Antidiuretic Hormone
ADH; Vasopressin

ÅAlso released with low ECV
ÅȰ.ÏÎ-ÏÓÍÏÔÉÃ ÒÅÌÅÁÓÅȱ ÏÆ !$(

ÅSecond trigger in addition to serum osmolality

ÅOnly activated with very low ECV



Water Balance

ÅPlasma sodium maintained at ~ 140meq/L

ÅWater intake Ąwater excretion Ą normal sodium 

ÅWater balance maintained by ADH

ÅADH Ą retention of excess free water

ÅWater balance reflected by plasma sodium
ÅNormal sodium: In = Out (in balance)

ÅHyponatremia: In>Out

ÅHypernatremia: In<Out



Water Balance

Excess Water
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ᴽ 7ÁÔÅÒ 
Resorption

ᴻ 7ÁÔÅÒ %ØÃÒÅÔÉÏÎ

Restricted Water
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Sodium Balance

ÅPlasma sodium maintained at ~ 140meq/L

ÅExcess sodium Ąᴻ ÏÓÍÏÌÁÌÉÔÙ

Åᴻ  ÏÓÍÏÌÁÌÉÔÙ Ąwater retention Ą normal sodium 

ÅWater retention Ąᴻ %#6

ÅSodium intake expands ECV



Sodium Balance

Restricted Sodium

ᴽ /ÓÍÏÌÁÌÉÔÙ
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Sodium Balance

ÅECV controlled by SNS and RAAS
ÅSympathetic nervous system

ÅRenin-angiotensin-aldosterone system

ÅActivated when ECV is low

ÅInhibited when ECV is high 

ÅSodium alters ECV Ą alters SNS/RAAS



Sodium Balance

ÅSodium intake ĄExpanded ECV 

ÅExpanded ECV Ąᴽ 3.3 ÁÎÄ ᴽ 2!!3

ÅResult: Increased sodium excretion

ÅOut = In Ą balance restored 



Sodium Balance

Restricted Sodium Excess Sodium

 %#6  %#6

 3.3Ⱦ2!!3  3.3Ⱦ2!!3

ᴻ .Á 2ÅÔÅÎÔÉÏÎȢ  3ÏÄÉÕÍ 2ÅÔÅÎÔÉÏÎ
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In = Out In = Out



Sodium Balance
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Sodium Balance
Key Points

ÅHigh sodium intake expands ECV
ÅWeight gain

ÅMay cause hypertension

ÅLow sodium intake contracts ECV
ÅWeight loss

ÅMay improve hypertension



Out of Balance

ÅLack of water balance
ÅAlters plasma sodium level

ÅHypo or hypernatremia

ÅLack of sodium balance
ÅAlters total body volume/ECV

ÅHypo or hypervolemia



GI Losses 

ÅNausea, vomiting, diarrhea

ÅActivation of SNS/RAAS

ÅVolume loss Ą  !$( ÒÅÌÅÁÓÅ
ÅNon osmotic release of ADH

ÅDriven by volume sensors

ÅNo longer controlled by plasma sodium level

ÅWater balance control by ADH lost 

ÅFree water always retained by kidneys

ÅPlasma sodium determined by relative intake/losses



GI Losses 

ÅHyponatremia often occur
ÅDrinking free water

ÅNot eating (no sodium)

ÅHypernatremia can occur
ÅNot taking enough free water



Heart Failure

Å#ÈÒÏÎÉÃÁÌÌÙ ᴽ %#6 ɉÌÏ× ÃÁÒÄÉÁÃ ÏÕÔÐÕÔɊ

ÅChronic activation of SNS and RAAS

ÅSodium chronically retained

ÅFree water also retained to balance sodium



Heart Failure

ÅSodium balance disrupted

ÅSodium excretion always reduced 

ÅHigh sodium intake Ą intake > excretion

ÅHypervolemia often occurs



Heart Failure

Å%#6 ÄÏÅÓ ÎÏÔ  ÎÏÒÍÁÌÌÙ ×ÉÔÈ ÆÌÕÉÄ ÒÅÔÅÎÔÉÏÎ
ÅFailing heart unable to increase CO

ÅHeart failure patients always have low ECV 

ÅResult: Congestion
ÅPulmonary edema

ÅElevated jugular venous pressure

ÅPitting edema 



Heart Failure

ÅWater balance disrupted

Å  %#6 Ą  !$( ÒÅÌÅÁÓÅ
ÅADH always high

Å$ÒÉÖÅÎ ÂÙ ÖÏÌÕÍÅ ÓÅÎÓÏÒÓ ɉȰÎÏÎ-ÏÓÍÏÔÉÃȱɊ

ÅNo longer controlled by plasma sodium level

ÅWater balance control by ADH lost

ÅFree water always retained by kidneys

ÅPlasma sodium determined by relative intake/losses

ÅHyponatremia often occurs



SIADH
Syndrome of Inappropriate ADH Secretion

ÅExcessive ADH release

ÅExcess water retention Ą hyponatremia

ÅNormal volume status
ÅWater retention Ąᴻ %#6 Ąᴽ 3.3Ⱦ2!!3 

ÅSodium excretion Ąᴽ %#6 ɉÂÁÃË ÔÏ ÎÏÒÍÁÌɊ

ÅKey findings
ÅHyponatremia

ÅNormal volume status

ÅConcentrated urine 



Sodium Disorders
Jason Ryan, MD, MPH



Sodium Disorders

ÅIn general, these are disorders of WATERnot sodium

ÅHyponatremia
ÅToo much water

ÅHypernatremia
ÅToo little water



Sodium Symptoms

ÅHypo and hypernatremia effect brain

ÅLow sodium = low plasma osmotic pressure
ÅFluid into tissues

ÅBrain swells

ÅHigh sodium = high plasma osmotic pressure
ÅFluid out of tissues

ÅBrain shrinks

Image courtesy of RobinH



Hyponatremia
Symptoms

ÅMalaise, stupor, coma

ÅNausea



Hyponatremia
Key Diagnostic Tests

ÅPlasma osmolality

ÅUrinary sodium

ÅUrinary osmolality



Plasma Osmolality

ÅAmount of solutes present in plasma

ÅKey solute: Sodium

ÅOsmolality should be LOW in HYPOnatremia

Å1stÓÔÅÐ ÉÎ ÈÙÐÏÎÁÔÒÅÍÉÁ ÉÓ ÔÏ ÍÁËÅ ÓÕÒÅ ÉÔȭÓ ÌÏ×



Plasma Osmolality

Serum Osmolality = 2 * [Na] + Glucose + BUN

18            2.8

Normal = 285 (275 to 295)



Plasma Osmolality

ÅHyponatremia with HIGH osmolality
ÅHyperglycemia or mannitol

ÅGlucose or mannitol = osmoles

ÅRaise plasma osmolality

ÅWater out of cells Ą hyponatremia



Plasma Osmolality

ÅHyponatremia with NORMALosmolality
ÅArtifact in serum Na measurement

ÅHyperlipidemia

ÅHyperproteinemia (multiple myeloma)

ÅȰPseudohyponatremiaȱ



Plasma Osmolality

Å1st step in evaluation of hyponatremia unknown cause

Plasma Osmolality

Low Normal
Lipids
Protein

High
Glucose
Mannitol

Further Workup



Urinary Osmolality

ÅConcentrations of all osmoles in urine (Na, Cl, K, Urea)

ÅVaries with water ingestion and urinary concentration

ÅLow Uosm = dilute urine (lots of free water in urine)

ÅHigh Uosm= concentrated urine (little free water)



Urinary Sodium

ÅUsually > 20meq/L

ÅVaries with dietary sodium and free water in urine

ÅUsually high when urine osmolarity is high

ÅKey exception:
ÅSympathetic nervous system (SNS)

ÅRenin-angiotensin -aldosterone system (RAAS)

ÅActivation ĄÌÏ× ÕÒÉÎÁÒÙ ÓÏÄÉÕÍ ×ÉÔÈ ᴻUosm

ÅHemorrhage, heart failure, cirrhosis 



Antidiuretic Hormone
ADH; Vasopressin

ÅOsmolality sensed by hypothalamus

ÅADH released by posterior pituitary gland

ÅADH Ą free water resorption by kidneys



Antidiuretic Hormone
ADH; Vasopressin

ÅResponds to water intake to maintain sodium levels

Excess Water

ᴽ /ÓÍÏÌÁÌÉÔÙ
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Resorption
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Antidiuretic Hormone
ADH; Vasopressin

ÅAny cause of high ADH can cause hyponatremia

ÅSodium no longer controlled by ADH (always high)

ÅPlasma free water varies with intake

ÅIncreased intake Ą hyponatremia



Hyponatremia
General Points

ÅUrine should be diluted
ÅMore free water than solutes

ÅLow urine osmolality (<100mosm/kg)

ÅLow urinary sodium (<30meq/L)



Hyponatremia
General Points

ÅIf urine is diluted
ÅKidneys responding appropriately

ÅADH level is low (as it should be)

ÅProblem is outside the kidneys

ÅIf urine is not diluted
ÅKidneys are NOT responding appropriately

ÅToo much ADH

ÅOr drugs/pathology interfering with kidney function



Hyponatremia
Causes

1. Heart failure and Cirrhosis 

2. Kidneys ineffective

3. High ADH

4. Psychogenic polydipsia/Dietary



Heart failure and Cirrhosis 

ÅPerceived hypovolemia ĄADH levels high

ÅUrine not diluted (Uosm > 100)

ÅClinical signs of hypervolemia

Wellcome Images



Kidneys ineffective

ÅAdvanced renal failure
ÅKidneys cannot excrete free water normally

ÅUrine cannot be diluted

ÅMinimum Uosm rises even with low ADH

ÅNormal <100 

ÅGreater than 200 to 250mosmol/kg with renal failure

ÅKey point:  5ÏÓÍ ÉÎÄÉÃÁÔÅÓ ÁÂÎÏÒÍÁÌ ÒÅÓÐÏÎÓÅ ÔÏ ᴽ.Á

ÅMay occur with euvolemia or hypervolemia



Kidneys ineffective

ÅDiuretics
ÅCause sodium and water loss

ÅMost commonly thiazides

ÅCan occur with loop diuretics

ÅHighly variable urinary findings
Åᴻ ÓÏÄÉÕÍ ÁÎÄ ×ÁÔÅÒ ÅØÃÒÅÔÉÏÎ

ÅDehydration Ąᴻ !$(

ÅWater/Na in urine vary by dose, dietary intake

ÅKey test: Response to discontinuation of drugs



Diuretics

Cortex

Outer Medulla

Inner Medulla

300mOsm

600mOsm

1200mOsm



Diuretics

ÅLoop diuretics
ÅMedullary gradients diminished

ÅDifficult to reabsorb free water (loops = powerful diuretic)

ÅLow likelihood of excess water Ą hyponatremia

ÅThiazide diuretics
ÅMedullary gradients intact

ÅIntact ability to absorb free water

ÅMore sodium out in urine (diuretic effect)

ÅHigher likelihood of excess water Ą hyponatremia



High ADH

ÅAny cause of dehydration Ąᴻ !$(
ÅVomiting, diarrhea

ÅSweat

ÅSodium level varies with water intake

ÅFree water intake Ą hyponatremia



High ADH

ÅAdrenal insufficiency
ÅCortisol normally suppresses ADH release

ÅLoss of cortisol (primary/secondary) Ąᴻ !$(

ÅLoss of aldosterone (primary) Ą loss of salt/water Ąᴻ !$(

ÅHypothyroidism

ÅSIADH



SIADH
Syndrome of Inappropriate Antidiuretic Hormone Secretion

ÅToo much ADH released (inappropriate)

ÅCauses hyponatremia

ÅHigh urinary Na (>40meq/L)

ÅHigh urinary osmolality (>100 mOsm/kg)

ÅNo other cause for high ADH
ÅHeart failure

ÅCirrhosis

ÅDehydration

ÅThyroid/adrenal disease



SIADH
Causes

ÅDrug induced (carbamazepine, cyclophosphamide)

ÅParaneoplastic (small cell lung cancer)

ÅCNS

ÅPulmonary disease



Volume Status SIADH

ÅFluid retention due to ADH

ÅBody responds with 2!!3

ÅȢ  ÁÌÄÏÓÔÅÒÏÎÅ Ąᴻ.Á ÉÎ ÕÒÉÎÅ ɉ×ÏÒÓÅÎÓ ÈÙÐÏÎÁÔÒÅÍÉÁɊ

ÅȢ  ÁÌÄÏÓÔÅÒÏÎÅ Ąᴽ ×ÁÔÅÒ ÒÅÓÏÒÐÔÉÏÎ ÂÙ ËÉÄÎÅÙÓ

ÅResult: normal volume status



SIADH

ÅDiagnostic Criteria
Å(ÙÐÏÔÏÎÉÃ ÈÙÐÏÎÁÔÒÅÍÉÁ ɉᴽPosmᴽ.ÁɊ

ÅNormal liver, renal, cardiac function 

ÅClinical euvolemia 

ÅNormal thyroid, adrenal function

ÅUrine osmolality > 100 mOsm/kg



SIADH

ÅCommon treatment: fluid restriction

ÅSpecial treatment option: 
ÅDemeclocycline

ÅTetracycline antibiotic

ÅADH antagonist

Demeclocycline



Psychogenic Polydipsia

ÅNeed to drink >18L/day to get hyponatremia

ÅOccurs in psychiatric patients (compulsive)

ÅHyponatremia

ÅLow urine osmolality (<100mosm/kg)
ÅIndicates kidneys working

ÅKidneys trying to eliminate free water

ÅWater restriction resolves hyponatremia



Special Diets

ÅTea and toast

Å"ÅÅÒ ÄÒÉÎËÅÒÓ ɉȰÂÅÅÒ potomaniaȱɊ

ÅVery little sodium ingestion

ÅMinimum urine osmolality ~60 mosmol/kg

ÅMinimal sodium intake may limit free water excretion

ÅFree water intake > output

ÅResult: hyponatremia



Special Diets

ÅSalt consumed must equal salt excreted

ÅImagine highest water to salt ratio is 10:1

Normal Diet
3 salt

30 water

Restricted Diet
1 salt

10 water



Special Diets

ÅNormal diet 
Å1000mOsm/day solute

ÅMost dilute urine = 50mOsm/L

ÅMax free water output = 1000/50 = 20L/day

ÅSpecial diet
Å250mOsm/day solute

ÅMost dilute urine = 50mOsm/L

ÅMax free water output = 250/50 = 5L/day

ÅWater intake >5L/day Ą hyponatremia



Special Diets

ÅLow urine osmolality (<100mosm/kg)
ÅIndicates kidneys working

ÅKidneys trying to eliminate free water

ÅFree water excretion limited by solute availability



Hyponatremia

Hypervolemic

Cirrhosis

CHF

Renalfailure

Euvolemic

SIADH

Hypothyroid

2° Adrenal Disease

Renal failure

Polydipsia

Dietary

Hypovolemic

Dehydration

Diuretics

1°Adrenal Disease



Euvolemic Hyponatremia

Measure 
Uosm

Uosm > 100
SIADH

Hypothyroidism
Renal Failure

Uosm <100
Psychogenic Polydipsia

Diet (tea, beer)



Hypovolemic Hyponatremia

Measure 
UNa

UNa > 30
Renal Cause

Diuretics
1°Adrenal Disease

(aldosterone)

UNa <30 mEq/L
Extra-renal cause

Vomiting
Diarrhea
Sweating

Hypovolemic

Dehydration

Diuretics

1°Adrenal Disease



ᴻ !$( ÁÎÄ ᴻ 5ÏÓÍ

Hypervolemic

Cirrhosis

CHF

Renalfailure

Euvolemic

SIADH

Hypothyroid

2° Adrenal Disease

Renal failure

Polydipsia

Dietary

Hypovolemic

Dehydration

Diuretics

1°Adrenal Disease



ᴽ !$( ÁÎÄ ᴽ 5ÏÓÍ

Hypervolemic
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CHF
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Euvolemic

SIADH

Hypothyroid

2° Adrenal Disease

Renal failure

Polydipsia
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Hypovolemic

Dehydration

Diuretics

1°Adrenal Disease



ᴽ !$( ÁÎÄ ᴻ 5ÏÓÍ

Hypervolemic

Cirrhosis

CHF

Renal failure

Euvolemic

SIADH

Hypothyroid

2° Adrenal Disease

Renal failure

Polydipsia

Dietary

Hypovolemic

Dehydration

Diuretics

1°Adrenal Disease



Hyponatremia
Treatment

ÅFluid restriction

Å3% saline

ÅVaptan drugs (tolvaptan, lixivaptan, andconivaptan)
ÅBlock ADH

ÅMain use is in severe hyponatremia of heart failure



Central Pontine Myelinolysis
Ȱ/ÓÍÏÔÉÃ ÄÅÍÙÅÌÉÎÁÔÉÏÎ ÓÙÎÄÒÏÍÅȱ

Å!ÓÓÏÃÉÁÔÅÄ ×ÉÔÈ ÏÖÅÒÌÙ ÒÁÐÉÄ ÃÏÒÒÅÃÔÉÏÎ ᴽ.Á
ÅUsually >10meq per 24 hours

ÅDemyelination of central pontine axons

ÅLesion at base of pons

ÅLoss of corticospinal and corticobulbar tracts

ÅQuadriplegia

ÅCan be similar to locked-in syndrome



Hypernatremia
Symptoms

ÅIrritability, stupor, coma



Hypernatremia
Causes

1. Water loss
Å Skin and lungs (more H2O than Na)

Å ADH will be high

Å Uosmwill high

2. Diabetes insipidus
Å Loss of ADH activity

Å Central: trauma, tumors  

Å Congenital nephrogenic (rare)

Å Acquired (nephrogenic): Many causes



Acquired Diabetes Insipidus

ÅHypercalcemia

ÅHypokalemia

ÅDrugs
ÅLithium

ÅAmphotericin B



Diabetes Insipidus
Symptoms

ÅPolyuria and polydipsia

ÅSimilar to diabetes mellitus via different mechanism



Diagnosis Diabetes Insipidus

ÅSuspected with polyuria and polydipsia

ÅOften normal [Na]
ÅWater loss stimulates thirst

ÅHypernatremia occurs if not enough water

ÅCentral lesion (central DI) can impair thirst 

ÅUrine osmolality low (50-200mOsm/kg)



Diagnosis Diabetes Insipidus
Diagnosis

ÅFluid restriction
ÅAfter 8 hours of no fluid, urine should be concentrated

ÅIf  urine is dilute Ą absent/ineffective ADH

ÅAdministration of vasopressin or desmopressin
ÅShould concentrate urine if kidneys work

ÅIf no concentration Ą nephrogenic DI

ÅIf concentration Ą central DI



Hypernatremia
Treatment

ÅWater (ideally PO)

ÅIV Fluids (D5W)



Diabetes Insipidus Treatments

ÅCentral DI: Desmopressin
ÅADH analog

ÅNo vasopressor effect (contrast with vasopressin)



Diabetes Insipidus Treatments

ÅNephrogenic DI: Thiazides and NSAIDs

ÅThiazides
ÅIncrease in proximal Na/H2O reabsorption

ÅLess H2O delivery to collecting tubules 

ÅParadoxical antidiuretic effect

ÅNSAIDs
ÅInhibit renal synthesis of prostaglandins (ADH antagonists)



Glomerular Disease 
Principles
Jason Ryan, MD, MPH



Glomerulus Functions

Å!ÌÌÏ× Ȱultrafiltrate ȱ ÉÎÔÏ "Ï×ÍÁÎȭÓ ÓÐÁÃÅ
ÅWater, electrolytes, glucose, amino acids

ÅPrevent filtration of most proteins

ÅPrevent filtration of red blood cells

ÅGlomerular pathology
ÅProteinuria

ÅHematuria



Glomerular Filtration Barrier

Capillary

"Ï×ÍÁÎȭÓ 3ÐÁÃÅ

Capillary
Endothelium

Basement
Membrane

Podocytes
(epithelium)



Capillary Endothelium

Å Fenestrated (i.e. has openings)

Å Only small (~40nm) molecules pass through

Å Repels red cells, white cells, platelets

Å First barrier to filtration

Å Capillary damage ĄRBC in urine Ą hematuria

Å Capillary damage Ą inflammation Ą nephritis



Basement  Membrane

Å Negatively charged molecules
Å Type IV collagen

Å Heparansulfate

Å Repels (-) molecules like albumin

Å Also size barrier



Podocytes

ÅAlso called epithelial cells

Å,ÏÎÇ ȰÐÒÏÃÅÓÓÅÓȱ ÃÁÌÌÅÄ ȰÆÏÏÔ ÐÒÏÃÅÓÓÅÓȱ

ÅWrap capillaries

ÅSlits between foot processes filter blood

ÅFurther size barrier small molecules

ÅDamage Ą loss of protein barrier



Albumin

ÅSmall (~3.6nm)

ÅCan fit through all size barriers

ÅNegatively charged

ÅRepelled by GBM charge barrier

ÅPodocyte/GBM disease Ą albumin in urine



Glomerular Diseases

ÅBreakdown of components of filtration barrier

Å4ÈÉÎÇÓ ÉÎ ÕÒÉÎÅ ÔÈÁÔ ÓÈÏÕÌÄÎȭÔ ÂÅ ÔÈÅÒÅȡ
ÅRed blood cells

ÅProtein (especially albumin)



Hematuria

ÅUrinalysis

ÅDipstick: tests for the presence of heme
ÅHeme has peroxidase activityĄ reacts with strip

ÅHeme positive: hemoglobin or myoglobin

ÅMicroscopy: red cells visualized

Image courtsy of J3D3

Image courtsy of Bobjgalindo



Hematuria

ÅMany, many causes

ÅGross: abnormal color to urine from blood

ÅMicroscopic: Incidental finding on urinalysis

ÅCan occur after exercise

ÅCommon causes:
ÅUTI

ÅKidney stones

ÅFeared cause: bladder cancer

ÅGlomerular disease is rare cause



Glomerular Bleeding

ÅRed cell casts

ÅDysmorphic red blood cells

ÅAcanthocytes

ÅProteinuria

Å2ÅÄȟ ÓÍÏËÙ ÂÒÏ×Î ÏÒ ȰȰÃÏÃÁ ÃÏÌÁȱȱ

ÅClots generally not seen

Image courtesy of Anwar Siddiqui



Proteinuria

ÅUrine dipstick
ÅColor change indicates amount of protein

ÅPrimarily detects albumin (good for glomerular disease!)

Å1+, 2+, 3+, 4+

ÅAffected by urine concentration



Proteinuria

ÅUrine protein-to-creatinine ratio 
ÅȰ3ÐÏÔ ÕÒÉÎÅȱ

Å1st or 2nd morning urine sample after avoiding exercise

ÅNormal ratio  less than 0.2 mg/mg



Proteinuria

Å24-hour urine collection
ÅGold standard for protein evaluation

ÅGives you grams/day or protein excretion

ÅNormal is less than 150mg/day

ÅCumbersome for patients

ÅErrors in collection common



Glomerular Diseases

Nephritic Syndrome
RBC casts

Mild proteinuria
Renal Failure

Nephrotic Syndrome
Massive proteinuria

Hyperlipidemia

Spectrum



Nephrotic Syndrome

ÅFiltration barrier to protein is lost

ÅRBC filtration barrier remains intact

ÅMassive proteinuria
Å4+ on dipstick

Å>3.5g/day

ÅTriggers cascade of pathology



Nephrotic Syndrome

ᴽÁÌÂÕÍÉÎ

Proteinuria
Frothy urine

ᴽ ÐÌÁÓÍÁ
oncotic pressure

Edema

ᴻÌÉÖÅÒ ÁÃÔÉÖÉÔÙ

Hyperlipidemia

ᴽÐÒÏÔÅÉÎᴽ ÉÍÍÕÎÏÇÌÏÂÕÌÉÎÓ

Infection
ᴽ !4)))

Thrombosis

Fatty casts
Oval fat bodies

ᴽ %#6
ᴽ'&2

RAAS

Na/H2O 
Retention



Urine in Nephrotic Syndrome

ÅUrinary lipid may be present 

ÅTrapped in casts (fatty casts)

ÅEnclosed by plasma membrane of degenerative 
epithelial cells (oval fat bodies)

ÅUnder polarized light fat droplets have appearance of 
Maltese cross



Nephrotic Syndrome

ÅClassic presentation
ÅFrothy urine

ÅSwelling of ankles

ÅSwelling around eyes (periorbital )

ÅOften mistaken for allergic reaction

ÅSerum total cholesterol >300mg/dl

ÅProteinuria (>3.5g/day)



Nephritic Syndrome

ÅInflammatory process damages entire glomeruli

ÅFiltration barrier to RBCs and protein lost

Å'ÌÏÍÅÒÕÌÁÒ ÄÁÍÁÇÅȡ ᴽ'&2

ÅRBC in urine
ÅDysmorphic

ÅRBC Casts

ÅProtein in urine
ÅLess than nephrotic syndrome due to lower GFR

Å<3.5g/day



Nephritic Syndrome
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Nephritic Syndrome

ÅClassic presentation
ÅDark urine (RBCs)

ÅSwelling

ÅFatigue (uremia)

ÅProteinuria (<3.5g/day)



Microscopy

Immunofluorescence

Light
Microscopy

Electron
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Microscopy
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Nephritic Syndrome

ÅClassic presentation
ÅDark urine (RBCs)

ÅSwelling/edema

ÅFatigue (uremia)

ÅProteinuria (<3.5g/day)



Nephritic/Nephrotic
Sites of Glomerular Injury

ÅMajor determinant of whether a disease process leads 
to nephritic or nephrotic syndrome is the site of 
glomerular injury



Nephritic/Nephrotic
Sites of Glomerular Injury

ÅPodocyte injury Ą protein loss only Ą nephrotic

ÅEndothelial and mesangial cells
ÅExposed to blood elements

ÅInjury lead to inflammation (nephritis)

ÅLoss of red blood cells and protein in urine

ÅMost causes of nephritic syndrome related to 
endothelial/mesangial injury with influx of 
inflammatory cells



Nephritic Syndrome
Major Causes

1. Post-streptococcal

2. "ÅÒÇÅÒȭÓ ɉIgA) nephropathy

3. Diffuse proliferative glomerulonephritis

4. Rapidly progressive glomerulonephritis (RPGN)

5. Alport syndrome

6. Membranoproliferative glomerulonephritis



Post-streptococcal GN

ÅFollows group A ɼ-hemolytic strep infection
ÅImpetigo (skin)

ÅPharyngitis

ÅNephritogenic strains
ÅCarry specific subtypes of M protein virulence factor



Post-streptococcal GN

ÅImmune complexes deposit in kidney
ÅCirculating antigen-antibodies complexes

ÅIn situ formation in kidney

ÅFix complement

ÅAttract PMNs

ÅHypocomplementemia (also lupus, MPGN)



Post-streptococcal GN

ÅCommon in children (can also occur in adults)

ÅClassic case
ÅChild

Å2-3 weeks following strep throat infection

ÅNephritic syndrome



Post-streptococcal GN

ÅGlomeruli: Enlarged, hypercellular

Images courtesy of bilalbanday



Post-streptococcal GN

ÅSubendothelial antibodies/complexes

ÅGranular IF (IgG, C3)

Images courtesy of bilalbanday



Post-streptococcal GN

ÅElectron microscopy: Subepithelial ȰÈÕÍÐÓȱ
ÅImmune complexes

Images courtesy of bilalbanday



Post-streptococcal GN

ÅGood prognosis in children
Å95% recover completely

ÅAdults have worse prognosis
ÅAbout 60% recover

ÅMany develop renal insufficiency

ÅCan be late: 10 to 40 years after initial illness

ÅCan develop RPGN



Post-streptococcal GN

ÅNo specific therapy (supportive)

ÅSpontaneous resolution 



IgA Nephropathy
"ÅÒÇÅÒȭÓ $ÉÓÅÁÓÅ

ÅMost common form glomerulonephritis worldwide

ÅRepeated episodes of hematuria (nephritic)

ÅOver time leads to ESRD and HD (50% patients)



IgA Nephropathy
"ÅÒÇÅÒȭÓ $ÉÓÅÁÓÅ

ÅOveractive immune system

Åᴻ )Ç! ÓÙÎÔÈÅÓÉÓ ÉÎ ÒÅÓÐÏÎÓÅ ÔÏ ÔÒÉÇÇÅÒÓ
ÅRespiratory infection

ÅGI infection

ÅIgA immune complexes Ąmesangium

ÅActivate complement 
ÅAlternative and lectin pathways 

ÅNo hypocomplementemia

ÅGlomerular injury occurs



IgA Nephropathy
"ÅÒÇÅÒȭÓ $ÉÓÅÁÓÅ

ÅGranular IF 

ÅStained for IgA

Images courtesy of bilalbanday



IgA Nephropathy
"ÅÒÇÅÒȭÓ $ÉÓÅÁÓÅ

ÅClassic case
ÅRecurrent episodes hematuria since childhood

ÅEpisodes follow URI or diarrheal illness

ÅSlowly worsening renal function (BUN/Cr) over time

ÅPossible progression to ESRD and HD (20yrs+)

Å$ÏÎȭÔ ÃÏÎÆÕÓÅ ×ÉÔÈ ÏÔÈÅÒ ÇÌÏÍÅÒÕÌÁÒ ÄÉÓÏÒÄÅÒÓ
ÅPost-strep GN: weeksafter infection

ÅIgA GN: daysafter infection

ÅMinimal change: nephrotic syndromeafter URI



Henoch-Schonlein Purpura 

ÅIgA nephropathy with extra-renal involvement 

ÅMost common childhood systemic vasculitis 

ÅSkin: palpable purpura on buttocks/legs 

ÅGI: abdominal pain, melena

ÅJoint pains

ÅDiffuse IgA deposition

ÅTissue biopsy: demonstrates IgA



DPGN
Diffuse proliferative glomerulonephritis

ÅSystemic lupus erythematosus (SLE)
ÅMost common subtype of SLE renal disease

ÅȰ4ÙÐÅ )6 ,ÕÐÕÓ .ÅÐÈÒÉÔÉÓȱ

ÅOften presents with other SLE features: fever, rash, arthritis

ÅImmune complex deposition in glomeruli
ÅIC Ą inflammatory response



Lupus Nephritis

Type I Type II Type III Type IV Type V

Nephrotic
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DPGN
Diffuse proliferative glomerulonephritis

ÅDiffuse: More than 50% glomeruli affected

ÅProliferative:
ÅIncrease in cellularity of glomeruli

ÅMesangial cells 

ÅEndothelial cells

ÅMonocyte/neutrophil infiltration



DPGN
Diffuse proliferative glomerulonephritis

ÅSubendothelial deposits drive immune response
ÅAnti-dsDNA

ÅHypocomplementemia (also post-strep, MPGN)

ÅClassic finding: capillary loops thickened
ÅȰ7ÉÒÅ ÌÏÏÐÉÎÇȱ

Image courtesy of bilalbanday



DPGN
Diffuse proliferative glomerulonephritis

ÅGranular IF

ÅȰ&ÕÌÌ ÈÏÕÓÅȱ ÉÍÍÕÎÏÆÌÕÏÒÅÓÃÅÎÃÅ 
ÅIgG, IgA, IgM, C3, C1q

Image courtesy of bilalbanday



DPGN
Diffuse proliferative glomerulonephritis

ÅMixed clinical presentation
ÅProteinuria (sometimes nephrotic)

ÅHematuria

ÅReduced GFR

ÅSevere, often leads to ESRD and HD



Å!ÌÓÏ ÃÁÌÌÅÄ ȰÃÒÅÓÃÅÎÔÉÃȱ ÇÌÏÍÅÒÕÌÏÎÅÐÈÒÉÔÉÓ

ÅPathologic description: Many causes
ÅMany diseases lead to this condition

RPGN
Rapidly progressive glomerulonephritis

Images courtesy of bilalbanday



RPGN
Rapidly progressive glomerulonephritis

ÅCrescents formed by inflammation :
ÅMonocytes/macrophages

ÅFibrin

Images courtesy of bilalbanday



RPGN
Rapidly progressive glomerulonephritis

ÅSevere form of glomerulonephritis

ÅProgressive loss of renal function

ÅRapid onset

ÅOften presents as acute renal failure

ÅGeneralized symptoms: fatigue, anorexia



RPGN
Rapidly progressive glomerulonephritis

Multiple
Causes

Fatigue/Anorexia
Acute renal failure

Nephritic urine

Light Microscopy:
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Renal Biopsy



RPGN
Rapidly progressive glomerulonephritis

ÅCauses distinguished based on immunofluorescence

ÅType I: Linear IF

ÅType II: Granular IF

ÅType III: Negative IF



RPGN Type I

ÅAnti-glomerular basement membrane antibodies
ÅȰ!ÎÔÉ-'"- ÁÎÔÉÂÏÄÉÅÓȱ

ÅAntibodies against GBM antigens
ÅUnknown stimulus

ÅType II hypersensitivity

ÅLinear IF
ÅIgG antibodies

ÅLinear pattern

Images courtesy of bilalbanday



'ÏÏÄÐÁÓÔÕÒÅȭÓ 3ÙÎÄÒÏÍÅ

ÅAntibody to collagen 

ÅAntibodies to alpha-3 chain of type IV collagen
ÅFound in GBM and alveoli

ÅHemoptysis and nephritic syndrome

ÅClassic case
ÅYoung adult

ÅMale 

ÅHemoptysis

ÅHematuria



RPGN Type II

ÅImmune complex deposition
ÅType III hypersensitivity

ÅGranular IF

Images courtesy of bilalbanday



RPGN Type II

ÅPost-streptococcal glomerulonephritis
ÅCan progress to RPGN

ÅMost common cause RPGN

ÅSystemic lupus erythematosus (SLE)
ÅDiffuse proliferative glomerulonephritis

ÅCan progress to RPGN



RPGN Type III

ÅNegative IF
ÅNo staining for IgG, IgA, etc. 

ÅȰ0ÁÕÃÉ-ÉÍÍÕÎÅȱ

ÅMost patients ANCA positive
Åc-ANCA or p-ANCA

ÅMost patients have a vasculitis syndrome

Images courtesy of bilalbanday



ANCA Diseases
Anti-neutrophil cytoplasmic antibodies

ÅWegener's Granulomatosis (c-ANCA)

ÅMicroscopic Polyangiitis (p-ANCA)

ÅChurg-Strauss syndrome (p-ANCA)

ÅAll can lead to pauci-immune nephritis



RPGN
Rapidly progressive glomerulonephritis
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Alport Syndrome
Hereditary Nephritis

ÅGenetic type IV collagen defect
ÅMutations in alpha-3, alpha-4, or alpha -5 chains

ÅChains found in basement membranes kidney, eye, ear

ÅInherited: X-linked 

ÅClassic triad:
ÅHematuria

ÅHearing loss

ÅOcular disturbances

ÅLook for child with triad and family history



Nephrotic Syndrome
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Nephrotic Syndrome

ÅClassic presentation
ÅFrothy urine

ÅSwelling of ankles

ÅSwelling around eyes (periorbital)

ÅSerum total cholesterol >300mg/dl

ÅProteinuria (>3.5g/day)



Nephritic/Nephrotic
Sites of Glomerular Injury

ÅMajor determinant of whether a disease process leads 
to nephritic or nephrotic syndrome is the site of 
glomerular injury

ÅPodocytes
ÅSeparated from blood by GBM

ÅInjury does not lead to inflammation

ÅDamage Ą loss of filtration barrier to protein only

ÅMost causes of nephrotic syndrome related to injury of 
podocytes or epithelial side of GBM



Glomerular Filtration Barrier

Capillary

"Ï×ÍÁÎȭÓ 3ÐÁÃÅ
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Nephrotic Syndrome Causes

1. Minimal change disease

2. Focal segmental glomerulosclerosis (FSGS)

3. Membranousnephropathy

4. Diabetic

5. Amyloidosis

6. Membranoproliferative glomerulonephritis



Minimal Change Disease

Capillary

CapillaryEffacement
(flattening)

Foot Processes



Minimal Change Disease
Pathology

ÅCaused by effacement of foot processes

ÅLoss of anion (-) charge barrier GBM

ÅTriggered by cytokines Ą damage to podocytes

ÅUsually idiopathic

ÅAssociated with Hodgkin Lymphoma



Minimal Change Disease
Renal Biopsy

ÅNormal light microscopy

ÅNo important findings IF

ÅOnly finding is effacement foot processes EM

Images courtesy of bilalbanday



Minimal Change Disease
Other Features

ÅSometimes has immunological trigger (days before)
ÅViral infection (URI)

ÅAllergic reaction (bee sting)

ÅRecent immunization

ÅȰ3ÅÌÅÃÔÉÖÅȱ proteinuria
ÅOnly albumin in urine (not immunoglobulin)

Å#ÏÎÔÒÁÓÔ ×ÉÔÈ ÏÔÈÅÒ ÇÌÏÍÅÒÕÌÁÒ ÄÉÓÅÁÓÅ ȰÎÏÎ-ÓÅÌÅÃÔÉÖÅȱ

ÅMost common cause nephrotic syndrome in children
ÅClassic presentation is a child with recent URI



Minimal Change Disease
Prognosis and Treatment

ÅFavorable prognosis

ÅResponds very well to steroids
ÅUnique among nephrotic syndrome causes



ÅGlomerulosclerosis
ÅPink/dense deposition of collagen in glomerulus

ÅSegmental
ÅOnly potion of glomerulus involved

ÅFocal
ÅOnly some glomeruli involved

Image courtesy of bilalbanday

FSGS
Focal segmental glomerulosclerosis



FSGS
Pathology

ÅSclerotic segments
ÅCollapse of basement membranes

Å(ÙÁÌÉÎÅ ÄÅÐÏÓÉÔÉÏÎ ɉȰhyalinosisȱɊ

ÅEffacement of foot processes
ÅSeen on electron microscopy



FSGS
Renal Biopsy

ÅLight microscopy: focal, segmental lesions

ÅElectron microscopy: effacement of foot processes

ÅImmunofluorescence
ÅUsually negative (no immune complexes)

ÅSometimes IgM, C3, C1 (nonspecific finding)



FSGS
Focal segmental glomerulosclerosis

ÅCaused by podocyte injury

ÅUnknown cause

ÅOften progresses to chronic renal failure
Å40-60% within 10 to 20 years

ÅDoes not respond to steroids

ÅSevere version of minimal change disease



FSGS
Epidemiology

ÅAfrican Americans
ÅMost common cause nephrotic syndrome

Nephrotic Syndrome Causes



FSGS
Focal segmental glomerulosclerosis

ÅUsually idiopathic (primary)

ÅMany secondary causes



FSGS
Focal segmental glomerulosclerosis

ÅHIV

ÅSickle cell patients

ÅHeroin users

Psychonaught/Wikipedia



FSGS 
Other Associations

ÅMassive obesity

ÅInterferon treatment
ÅUsed to treat HCV and HBV

ÅSome leukemias and lymphomas, melanoma

ÅLoss of nephrons
ÅSingle kidney (congenital)

ÅSurgical kidney removal

Tibor Végh



Membranous Nephropathy

ÅThick glomerular basement membrane
ÅȰ-ÅÍÂÒÁÎÏÕÓȱ

ÅAbsence of hypercellularity

Normal Membranous

Images courtesy of bilalbanday



Membranous Nephropathy

ÅMembrane thick from immune complex deposition
ÅIF microscopy very useful

ÅȰ'ÒÁÎÕÌÁÒȱ ÄÅÐÏÓÉÔÓ ÏÆ IgG and C3 staining

Image courtesy of bilalbanday



Membranous Nephropathy
Pathophysiology

Capillary
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Subepithelial
Immune
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Ȱ3ÐÉËÅ ÁÎÄ $ÏÍÅȱ



Subepithelial Deposits
Ȱ%ÌÅÃÔÒÏÎ ÄÅÎÓÅ ÄÅÐÏÓÉÔÓȱ

Image courtesy of bilalbanday



Spike and Dome

Nephron/Wikipedia


