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Kidney Development

AKidneys derive frommesoderm

AThree embryonic renal structures form in utero
AFirst two degenerate

AThird becomes adult kidney
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Kidney Development

APronephros
Forms/degenerates week 4

AMesonephros

Interim kidney 1sttrimester

Contributes tovas deferens in males
AMetanephros

Forms permanent kidney

Appears 8" week

Develops into kidney through weeks 3236

STUDY SMARTER




Kidney Formation

AKey Structure #1:Ureteric bud
Outgrowth of mesonephric (Wolffian) duct
Gives rise to ureter, pelvis, calyxegpllecting ducts

AKey Structure #2:Metanephric mesenchyme
Mesoderm tissue
Also calledmetanephric blastema
Interacts with ureteric bud
Interaction forms glomerulus to distal tubule

AAberrant interaction A kidney malformation
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Nephron

Metanephrici Ureteric _
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AMost common renal malignancy of young children

A Proliferation of metanephric blastema
Embryonic glomerular structures
Associated with mutations of WT1
WT1 expressed in metanephric blastema/mesenchyme
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Renal Agenesis

AUreteric bud fails to develop
ALack of signals to mesenchyme

Alf single kidney A remaining kidney compensates
Hypertrophy
Hyperfiltration
Risk offocal segmental glomerular sclerosis (FSGS)
Risk of renal failure after decades

Alf both kidneys: oligohydramnios,0 | OOA 06 O O
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Multicystic Dysplastic Kidney

AAbnormal ureteric bud -mesenchyme interaction
A Form of renal dysplasia

AKidney replaced with cysts

A Nollittle functioning renal tissue




Ureteropelvic Junction

AlLast connection to form

A Ureteropelvic junction (UPJ) obstruction
Common causesingle kidney obstruction
Narrowing at proximal ureter at junction
Hydronephrosis
Often detected in utero
Poor urinary flow A kidney stones/UTIs
Can be treated with surgery after birth
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Duplex Collecting System

Duplicated Ureter

ATwo ureteric buds right or left

A Or bifurcation ureteric bud
AUpper/lower kidneys form

AMay lead to poor urine flow

A Hydronephrosis

AUrinary tract infections

A Associated withvesicoureteral reflux

Morning2k/Wikipedia
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Vesicoureteral Reflux

ABackward urine flow from bladder to kidneys
ALeads to recurrent urinary tract infections

APrimary
Abnormal closure of ureterovesical junction (UVJ)
Occurs in children
Associated withduplex ureters

A Secondary
High bladder pressureA pushes urine backward
Seen with posterior urethral valves
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AFetus exposedttA AOAT O | O Al T EI

A Amniotic fluid = fetal urine
A3 AOAOA OAT Al 1T Al £O1 AOEI
A Loss of fetal cushioning to external forces

A External compression of the fetus
Abnormal face/limb formation

AAlteration in lung liguid movement
Abnormal lung formation
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Signs

ALimb deformities
AFlat face

APulmonary hypoplasia
A Often fetal death
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Oligohydramnios

AFirst trimester (1-12 weeks): rare

ASecond trimester (13 -27 weeks)
Decreased formation of fetalirine

AThird trimester (28 weeks to birth)
Rupture of membranes
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Causes

ABilateral renal agenesis
Often detected in utero
Fetal kidneys seen on ultrasound at 10 to 12 weeks
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Causes

A Posterior urethral valves
A Occurs in males
A Tissue (valves) obstruct bladder outflow
A Ultrasound: dilated bladder, kidneys
A Both kidneys effected

: Wikipedia/Public Domain
Boards&Beyond.

STUDY SMARTER



01 OOAOGO 33Ul AO
Causes

A Autosomal recessive polycystic kidney disease
Juvenile form of cystic kidney disease
Cysts in kidneys and biliary tree
Both kidneys affected

If severe, may cause oligohydramnios
Less severeéd renal failure and hypertension in childhood

Boards&Beyond



Horseshoe Kidney

AlInferior poles fuse
AKidney cannot ascend pelvi¢\ retroperitoneum
ATrapped byinferior mesenteric artery

AMost patients asymptomatic

A Associated with Turner and Down syndrome

A Associated with vesicoureteral reflux

BoardS&Beyond_ Image courtesy ofProsyannikov
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Horseshoe Kidney

I Boards&Beyond Image courtesy oHellerhoff

TER



Urachus

A Connectsdome of bladder to umbilicus
A Obliterated at birth A median umbilical ligament

A Failed/incomplete obliteration can occur
Urine can leak from umbilicus
Also can form cyst, sinus, diverticulum
Can lead to infections
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Patent Urachus
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Urachal
Diverticulum

Urachal Cyst




Urachal Remnants

ARemnant can lead tadenocarcinoma of bladder
Key feature: Cancer at dome of bladder

A Classic case
Adult with painless hematuria
Tumor at dome of bladder
Path showing adenocarcinoma
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Renal Anatomy
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Kidney Anatomy Glomen

Prox Tubule
Distal Tubule
Renal Arter
Renal Vein
N
Pelvis | Medulla
Loop ofHenle

Ureter Collecting Ducts

Calyx

Papilla

m Boards&Beyond Image courtesy ofPiotr - E A Hadvarski
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Kidney Anatomy

Renal cortex

Renal medulla

Renal papilla

Renal

A= pyramids

Renal
columns
Major calyx Fibrous
. capsule
Minor calyx P

Kidney Anatomy
BoardS&Beyond- Image courtesy oBruceBlaus
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Arterial System

Renal Artery

Segmental
Artery

l

Interlobar
Artery

l

Arcuate
Artery

Glomerulus <— Interlobular

Artery
Ll BoardsaBeyond
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Glomerular Blood Flow

Afferent Efferent
Interlobular arteriole arteriole
Artery
Glomerular
capillaries

Bowman's
capsule

Peritubular
capillaries

Renal
vein

Madhero88
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Special Kidney Features

ARight kidney slightly smaller

Less development in utero due to liver

A Left kidney haslonger renal vein
Often taken for transplant
Dead/dying kidney usually not removed in transplant
New kidney attached to iliac artery/vein

Boards&Beyond. Wikipedia/Public Domain
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Aortic Dissection

ARenal arteries come off abdominal aorta
A Aortic dissection can cause renal ischemia
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Fluid Compartments

1/4
40% Plasma
Non-Water 1/3 /
60% / Extracellular \ y
Water \ 2/3 Interstitial
Intracellular
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Determining Fluid Volume

o 04%0 - o 4%
0ed® — [eee®
1gram 1Liter Fluid Lo/l

o 04%0 - o 4%
0ed® — [eee®
1gram Unknown Volume 1o/
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Fluid Compartments

Inulin U Radiolabeled

40% Plasma Albumin
Non-Water

Extracellular

1/3 /
\ y
2/3 Interstitial

Intracellular

Water

60% /
AN

X grams Inulin infused
Equilibrium concentration =Y g/L
ECF = X/Y (Liters)
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Fluid Compartments

Inulin U Radiolabeled

40% Plasma Albumin
Non-Water

Extracellular

1/3 /
\ y
2/3 Interstitial

Intracellular

Water

60% /
AN

10 grams Inulin infused
Equilibrium concentration = 0.25 g/L
ECF = 10/0.25 = 40L
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Sample Question

AA 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 = 120mgz 20mg = 100mg
Concentration = 1mg/100m|
ECF = 100mg = 10000ml = 10L
0.01mg/ml
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Fluid Compartment Shifts

APlasma osmolarity about 300mosm/kg
A Equilibrium between cells and extracellular fluid
AFluid shifts only if difference in osmolarity
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Fluid Compartment Shifts

A Addition/loss of isotonic fluid
Change in ECF volume
No change in ICF volume

AExample:Hemorrhage
Loss of ECF, no change ICF

A Example:Infusion of normal saline
Increase ECF, no change ICF
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Fluid Compartment Shifts

AExample:Infusion of 5% dextrose
Hypotonic fluid
Increase in in ECF volume
Increase in ICF volume

A Example:Mannitol infusion
Raises plasma osmolarity
Remains in the vascular system
Decrease in ICF volume
Increase in ECF volume
Reduces volume in interstitial space

Boards&Beyond.
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Effective Circulating Volume

AExtracellular fluid contained in arterial system
AMaintains tissue perfusion

ANot necessarily correlated with total body water
AModified by:

Volume
Cardiac output
Vascular resistance

BP = CO X TPR
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Effective Circulating Volume

ALow ECV leads to low blood pressure

ALow ECV activates:
A Sympathetic nervous system
A Renin-angiotensin -aldosterone system

Condition ECV TBW
Volume
Depletion - i
Heart Failure L 1
(low CO)
Cirrhosis L 1
(low SVR)
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Evaluating Kidney Function

A Glomerular filtration rate
How much liquid passes through the filter (i.e. glomerulus)?
Determined from plasma, urine measurements
GFR falls as kidneys fall

ARenal Blood/Plasma Flow
How much blood enters kidney

AFiltration Fraction
GFR/RPE
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Measuring GFR

ATheoretical determination

. AAA O ET T x POAOOOOAO EI
A Clinical determination

Need to know plasma concentrations solutes, urine flow
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Theoretical Determination GFR

AFiltration Driving Forces
/A Hydrostatic pressure
A Oncotic Pressure

Peritubular capillaries




Capillary Fluid Exchange

A Hydrostatic pressure z fluid PUSHING against walls
A High pressure drives fluid TOWARD low pressure

A Oncotic pressure z concentrated solution PULLING fluid in
A High pressure draws fluid AWAY from low pressure

Pac b
]
! \

Pac bgc
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Capillary Fluid Exchange

ATwo forces drive fluid into or out of capillaries

A Hydrostatic pressure (P)
Molecules against capillaries walls
Pushes fluid out

Al'T AT OEA DPOAOOOOA j BQ

Solutes (albumin) drawing fluid into capillaries

Capillary

Interstitial

E C
Space 5.
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Glomerular Filtration Rate

To change GFR:
Change R-or Pge
#EAl GQArBR
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Arterioles

Efferent & Afferent

Afferent Efferent
arteriole arteriole

Glomerular
capillaries

Bowman's

capsule

Madhero88/Wikipedia

P C EGC

G
|
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Pac bgc
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Raise R

Increase GFR

ADilate afferent arteriole
/A More blood IN
A Increase RPF
A Increase R
A Increase GFR
/A No change FF

Pac b e
]
! \

Pac bgc
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Raise R

Increase GFR

A Constrict efferent arteriole
A Blood backs up behind constricted arteriole
A Less blood out
A Decreased RPF
A Increase R
A Increase GFR
A Increase FF

Pec b e
]
! \

Pac bgc
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Raiseb ;-

Alncrease protein levels in blood
A Less blood drawn into proximal tubule
A Lower GFR
/A No change RPF
A Decrease FF

Pec b e
]
! \

Pac bgc

BoardssBeyond.
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Change BE-

AObstruct ureter A Increase Py
A Urine backs up behind obstruction P

AlLess GFR R
ANo effect RPF
ADecrease FF

Afferent Efferent
arteriole arteriole

Glomerular
capillaries

Bowman's

Madhero88/Wikipedia
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Glomerular Flow Dynamics

Afferent
Dilation T T -
Efferent

Constriction { T T
T plas.ma . L L
proteins

Ureter
obstruction - ! y
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Autoregulation

AConstant GFR/RBF over range of blood pressures
A#1: Myogenic mechanism
A#2: Tubuloglomerular feedback

Renal Blood Flow

/

0 50 100 150 200

GFR

Flow rate (mL/min)

Mean Arterial Blood Pressure (mmHg)
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Boards &Beyon d Madhero88/Wikipedia

Myogenic Mechanism

A Afferent arteriole constricts with high pressure
Responds to changes in stretch

AResult is maintenance of normal GFR/RPF

Afferent Efferent
arteriole arteriole

Glomerular
capillaries

Bowman's
capsule
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Tubuloglomerular Feedback

Av OOET AOU AIYNaClt&distaldubudeO 1 A
ANaCl sensed bynacula densa (part of JG apparatus)
AMacula Densa vasoconstriction afferent arteriole

Afferent Efferent
arteriole arteriole

Glomerular
capillaries

Bowman's
capsule
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Severe Volume Loss

AProfound loss of fluid (vomiting, diarrhea, etc.)
ARenal plasma flow falls significantly

A Auto -regulatory mechanisms overwhelmed
A &2

AM ! 5 . 7 # C) Renal Blood Flow

APre-renal failure

0 50 100 150 200

GFR

Flow rate (mL/min)

Mean Arterial Blood Pressure (mmHg)
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Renal Function Measurements

A Glomerular filtration rate
How much liquid passes through the filter (i.e. glomerulus)?

ARenal plasma flow
How much liquid does the kidney handle?

A Filtration fraction
Of all substance X entering kidney, what % gets filtered?

ARenal clearance
How much of each blood component gets removed?
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Renal Function Measurements

FR

Fluid across Glomerulus

N

RPF
Fluid into Glomerulus

Urine Flow
Fluid out of kidney

BoardssaBeyond .



Renal Function Measurements

FR

Fluid across Glomerulus

N

RPF
Fluid into Glomerulus

RPF = 5L/min
GFR = 2L/min Urine Flow
Filtration Fraction=2/5=40% Fluid out of kidney

BoardssaBeyond .



Renal Function Measurements

FR

Fluid across Glomerulus

RPF
Fluid into Glomerulus

GFR = 2L/min
| [Na] = 2g/L Urine Flow
Filtered Load Na = Fluid out of kidney
2*2= 4g/min

BoardssaBeyond .



Renal Function Measurements

N

RPF
Fluid into Glomerulus

Urine Flow = 100cc/hr
Urine [K] = 10meg/cc
Excretion K
=100 * 10 = 1000meg/hr

STUDY SMARTER

FR

Fluid across Glomerulus

Urine Flow
Fluid out of kidney




Measured Variables

1. Plasma concentration (P= mg/l)
A i.e. Na, Glucose

2. Urine concentration (U, = mg/l)
3. Urine flow rate (V = I/min)

Use these measured variables to get RPF, GFR,

etc.
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Renal Clearance

ANumber determined for blood substance (Na, Glucose)
AT 1T O A T &£ ATTTA OAI AAOAADG
AVolume of blood that contained amount of X excreted
AReported liters/min (volume flow)

G = Y*Vv
P

X
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Determining GFR e

8~ n OH
o "

Alnulin clearance used to determine GFR”‘%X?.\;‘EL;?;&EO;(°@;Z
Alnulin neither secreted or resorbed oo
AAll inulin filtered goes out

AMTTOT O ATTTA OAI AAOAAGSG

filtered by glomerulus
A Clearance of inulin (liters/min) = GFR

Qnulin = L"nulin *Voo= GFR
P.

inulin
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Creatinine

A Breakdown product muscle metabolism

A Closest naturally occurring substance to inulin
Inulin = All filtered goes out, no secretion/resorption
Creatinine = All filtered goes out, small amount secretion

AUsing Cr instead of inulin:

Secreted Cr will be counted as filtered
This will slightly overestimate GFR

BoardssaBeyond
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Creatinine G = YV
I:)X

A Special formulas to convert Cr to GFR
CockcroftGaultformula
Modification of Diet in Renal Disease (MDRD) formula
Use age, gender, Cr level to estimate GFR

CockcroftGault
CrCl= (140-age) * (Wtin kg) * (0.85 if female) / (72 * Cr)
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P-/GFR Relationship

Amount of Cr out in urine
Equal to amount produced

A
( \

Cor = U *V
I:)Cr

GFR
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Creatinine Clearance

&, = Constant GFR
I:)Cr

Double [Cr] (1.0 to 2.0)A Half the GFR
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Creatinine

Cr

GFR

STUDY SMARTER



Creatinine

AWorsening renal function = high blood Cr level

A Some sample values:
Normal kidney function A Cr = 0.8 mg/dl
Chronic kidney diseased Cr = 2.0 mg/dl
End stage renal disease (dialysis) Cr =4.0mg/dl

STUDY SMARTER




Creatinine

AGFR declines with age
Not always accompanied by rise in Cr
Use of formulas is key
Must adjust some medication dosages

CockcroftGault
CrCl= (140-age) * (Wt in kg) * (0.85 if female) / (72 * Cr)
Ll BoardsaBeyond
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Renal Function Measurements

FR

Fluid across Glomerulus

N

RPF
Fluid into Glomerulus

Urine Flow
Fluid out of kidney

BoardssaBeyond .



Renal Plasma Flow (RPF)

AUsepara-aminohippuric acid (PAH) to estimate RPF
APAH is filtered and secreted

A100% of PAH that enters kidney leaves blood in urine
A Clearance PAH (I/min) = Plasma to kidney (I/min)

O

OH
Coan = Way*V. = RPF /G)LH/\Q/
HoN

P
oA PAH

*PAH clearance underestimates RPF by 10%

Not all renal plasma/blood to glomeruli
L) BoardsaBeyond
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Plasma versus Blood

ABlood = Plasma + cells/proteins
ARenal Blood Flow > Renal Plasma Flow
A Separate calculations RBF vs. RPF  ——

Plasma
(55% of total blood)

Buffy Coat
— & |eukocytes & platelets
(<1% of total blood)

Erythrocytes
(45% of total blood)

Image courtesy of KnuteKnudsen
Boards&Beyond .



Renal Blood Flow (RBF)

ARBF determined from RPF
ABlood = Plasma + Cells/Proteins
A# AT 1 OFT00O1 OAET O

RPF = RBF (Hct)

RBF = 10cc/min
40% if cells (Hct)
60% RBF is plasma
RPF=10(10.4) =10 (0.6)
= 6¢cc/min

SSSSSSSSSSSS

< D

Plasma
(55% of total blood)

Buffy Coat
leukocytes & platelets
(<1% of total blood)

Erythrocytes
(45% of total blood)

Image courtesy of KnuteKnudsen .



Renal Blood Flow (RBF)

ARBF determined from RPF
ABlood = Plasma + Cells/Proteins
A# AT 1 OFT00O1 OAET O

RPF = RBF (Hct)

RBF = RPF
1- Het

SSSSSSSSSSSS

< D

Plasma
(55% of total blood)

Buffy Coat
leukocytes & platelets
(<1% of total blood)

Erythrocytes
(45% of total blood)

Image courtesy of KnuteKnudsen .



Renal Blood Flow (RBF)

ARPF =1 liter/min
AHct = 40%

RBF = 1 = 1 1.6 I/min

1- Hct 0.6
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Renal Function Measurements

FR

Fluid across Glomerulus
Inulin/Creatinine

N

RPF
Fluid into Glomerulus
PAH

Urine Flow
Fluid out of kidney
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Other Renal Function Variables

AFiltration Fraction
How much of plasma to kidney gets filtered?
GFR/RPF
Normal = 20%

AFiltered Load X

How much of substance X gets filtered?
P, * GFR
Amount of X delivered to proximal tubule

STUDY SMARTER




Quantifying Kidney Function

Measured Variables Determined Variables
Urine Flow (I/min) Renal clearance
Plasma Conc X (mg/l)| — | Renal plasma flow

rine « ) Renal Blood Flow
rine Conc X (mg/l) Glomerular filtration rate

Filtration fraction

Inulin Clearance = GFR
PAH Clearance = RPF
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Prostaglandins and NSAIDs

AProstaglandinsdilate afferent arteriole A Y 2 0 &
ANSAIDs (ibuprofen)block PG production

A Afferent arteriole constricts

A8 20&  -BFF' &2

A Clinical effects:

Acute renal failure
Acute heart failure

STUDY SMARTER




ACE Inhibitors

A Al constricts most blood vessels
A Al constricts efferent arteriole
AACE inhibitors blunt All effects

preferentially

A &2 M20& 8 &&
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Secretion and Absorption

7TEAO EA &EI OAOA

STUDY SMARTER

A

FR

Fluid across Glomerulus
GFR*E = Filtered Load

, T AA E %OBAOAOEI

Urine Flow
Fluid out of kidney
V*U, = Excretion




Secretion and Absorption

A Excreted = Filteredz Reabsorbed + Secreted
AAmount filtered (X) = GFR * P
AAmount excreted (X) =V * U

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

AFiltered = Excreted if no secretion/resorption
AFiltered < Excreted if some secreted
AFiltered > 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

SSSSSSSSSSSS




Secretion and Absorption

Alf clearance (x) = GFR no secretion/resorption
AGFR<C»¥ secretion
AGFR>Cx»¥ resorption

Example #1.:
GFR = 100ml/min
Cx = 120ml/min
| AAEOET T AT c¢mi 1 X1 ET |OAI AZ

Example #2:
GFR = 100ml/min
Cx = 80ml/min
Additional 20ml/min Qunclearedd AU OA |
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Intake and Output

AAmount of any substance in must equal amount out

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

A Steady state returns
AEat 10grams per day salC excrete 10grams per day
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Solutes In Renal Failure

ARegulated solutes (Na/K) : No concentration change
AUnregulated solutes (Cr/Urea) :¥ DI AOI A |

Normal Filtered Fractional
GFR=100 GFR=50 Load Excretion Excretion

Na 145 145 \) -- T

Urea 20 40

STUDY SMARTER



Question 1

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

C = U*VvV = 8*200 400cc/hr
P, 4
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Question 2

AA 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 = lin *V = Guin
P.

Inulin

V = GFRP, . = 200 *3 =100ml/hr
U 6

inulin
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Question 3

AA 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?

Gy = U™V = RPF RBF = RPF
Pean 1- Hct

RPF = 10*200= 400RBF = 400 800ml/hr

5 1-0.5
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Question 4

AA lab animal has an inulin clearance of 100cc/hr.
Plasma concentration of substance X is 4mgiL. 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 * P
Excreted = Filteredz Reabsorbed + Secreted

SSSSSSSSSSSS




Question 4

AA lab animal has an inulin clearance of 100cc/hr.
Plasma concentration of substance X is 4mgiL. 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 * P= 100 * 4 = 400mghr
Excreted = Filteredz Reabsorbed + Secreted
Excreted= 400 - O + 25
425mq/ hr
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Key Points

Alf given inulin clearance, that is GFR
AGFR used to calculate filtered load of other substances
AJust need plasma concentration (fp

STUDY SMARTER




Key Points

AAmount filtered = GFR * P

AAmount excreted = V * U

A Excreted = Filtered + Secreted Resorbed
AFor Inulin Filtered = Excreted

STUDY SMARTER
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Nephron

H20
NacCl
K+
HCQ-
Glucose
Amino Acids

A \

STUDY SMARTER



Transport

Apical Membrane Bgsolateral Membrane

Lumen (Urine) | ! Interstitium/Blood
MF.AY<>Na >8 § . AY
Na
°f Wy AY
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Diffusion

Lumen (Urine) Interstitium/Blood

My . AY

Na Na

Vv
Vv

Vv
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Osmotic Diffusion

Lumen (Urine) Interstitium/Blood

High Osmolarity

Low Osmolarity 1200mOsm

(50mOsm)
H20 H20

\_ ) weo

STUDY SMARTER



Segments of Nephron

Proximal Tubule Distal Tubule

0

Descending
Limb —

STUDY SMARTER

z

—— Collecting Duct

Ascending Limb




Proximal Tubule

100%
Glucose
Amino Acids

67/%
Water
Bicarb

NacCl

Potassium
Phosphate

STUDY SMARTER




Proximal Tubule

Lumen (Urine) Interstitium/Blood

Na,

)

K

&
™~
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Proximal Tubule

Lumen (Urine) Interstitium/Blood
Na*
Na* @
C Glucose K

<>Gluco§e

N >

Boards&Beyond. 1
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Proximal Tubule

Lumen (Urine)

Interstitium/Blood

Na*
C Glucose
Ck
Anions
Hydroxide (OH) Anions
Formate
Oxalate

Sulfate \

Na

K+

N
)

o

<>Glucose

/)

7
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Proximal Tubule

Lumen (Urine)

Interstitium/Blood

Na
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Glucose

ACompletely reabs

orbed proximal tubule

ANa/Glucose co-transport
A At glucose ~160mg/dl A glucose appears in urine
AGlucose ~350mg/dlA all transporters saturated
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Pregnancy

APregnancy:some glycosuria normal
A &2

A Cl1 OAT OA OAAAOI
A Serum glucose testing for diabetes
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Amino Acids

AAIl amino acids reabsorbed in proximal tubule
Na/AA transporters

AHartnup disease
No tryptophan transporter in proximal tubule
Tryptophan deficiency
Skin rash resembling pellagra (plagues, desquamation)
Amino acids in urine

Na*

C )Amiqo Acids
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Bicarbonate

Lumen (Urine)

~ Na+ Interstitium/Blood

(e (
HCQ + H < H* +HCQ
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LR H,CO
CA l TCA
CO + H,0 CO + H,0

CA = Carbonic Anhydras
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Proximal Tubule Bicarbonate

Clinical Correlations

A Carbonic anhydrase inhibitors
Weak diuretics
Result in bicarb loss in urine
AType Il Renal Tubular Acidosis
lon defect
Inability to absorb bicarb
Metabolic acidosis
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Fanconi Syndrome

A Loss ofproximal tubule functions
Impaired resorption of solutes
HCO3, glucose, amino acids, phosphate
Low molecular weight proteins

Proximal Tubule

9’
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Fanconi Syndrome

A Polyuria, polydipsia (diuresis from glucose)
Normal serum glucose (contrast with diabetes)

ANon anion gap acidosis (loss of HG®
ACUDPT EAT AT EA v TAPEOI I
AHypophosphatemia (loss of phosphate)

AAmino acids in urine
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Fanconi Syndrome

Alnherited or acquired syndrome (rare)

Alnherited form associated withcystinosis
Lysosomal storage disease
Accumulation ofcystine

APresents in infancy with Fanconi syndrome
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Cystinuria

A$T 160 Ai 1 £#OOA xEOE AUOOE]
A Proximal tubule defect
Almpaired reabsorption of cystine
A Cystine kidney stones
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Fanconi Syndrome

Acquired Causes

ALead poisoning
AMultiple myeloma

ADrugs
Cisplatin (chemotherapy)
Ifosfamide (alkylating agent)
Tenofovir (HIV drug)
Valproate
Aminoglycoside antibiotics
Deferasirox (iron chelator)

STUDY SMARTER




Concentration Changes
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Concentration Changes
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Thin Descending Loop Henle

Almpermeable toNaCl
A Concentrates urine
A Absorbs water
AWater leaves urine

ADrawn out by hypertonicity « {\ Z

iIn medulla

H,0 <
H,0
H,0
H,0 <
H,0 <
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Osmolarity of Nephron

Cortex

Outer Medulla
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Osmolarity of Nephron

ACreated byNa, Cl, and Urea
AUrea generated by liver and protein metabolism

A Reabsorbed bycollecting duct
High permeability to urea

A Essential to maintaining gradients

(”)

C
H,N~ "~ “NH,

Urea
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Thin Descending Loop Henle

Cortex 300mOsm
Outer Medulla 600mOsm
Inner Medulla 1200mOsm
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Thick Ascending Loop Henle

Cortex b)) __..300mOsm
OuterMedulla  Ho4y |} 600mOsm
Inner Medulla 1200mOsm
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Thick Ascending Loop Henle

Lumen (Urine) Interstitium/Blood
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Na* @
+ Charge / K K
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Mg?* Ca* K / > ?
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Distal Tubule

Lumen (Urine)

Interstitium/Blood
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Distal Tubule

Lumen (Urine)

Interstitium/Blood

Na*
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Collecting Duct

Lumen (Urine) / Principal Cell \ Nar Interstitium/Blood

ENaC K*

I H20

@
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Key Points

A Collecting duct functions
Reabsorb Na/H20
Secrete K/H*

Alncreased Na delivery to CI, increased K excretion
Contributes to hypokalemia with loops/thiazides
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Collecting Duct Hormones

A Aldosterone
A Antidiuretic hormone (ADH)
A Regulate collecting duct function
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Aldosterone

A Steroid (mineralocorticoid) hormone
AlncreasesNa/K -ATPase proteins
AlncreasesNa channels (ENaQ of principal cells
APromotes K secretion principal cells
APromotes H+ secretion intercalated cells




Collecting Duct
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Aldosterone T k
K+

Aldosterone

H20

; Intercalated Cel<
Aldosterone
Ct

SSSSSSSSSSS




Aldosterone

A Overall effect:
n Ol AEOI TxAOAO OAOIT OPOEI 1
m + A@GAOAOEI I
m(c AGAOAOEI I
/A Release stimulated by:
Angiotensin |l
High potassium
ACTH (minor effect)
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Nephron Water Permeability
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Antidiuretic Hormone (ADH)

Vasopressin

APromotes free water retention (inhibits secretion)

ATwo receptors: V1, V2
V1: Vasoconstriction
V2: Antidiuretic response

A Released byposterior pituitary

ATwo stimuli for release
Major physiologic stimuli: hyperosmolarity
Volume loss: non -osmotic release OH
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ADH Water Resorption

AV2 receptors:principal cells collecting duct
A G-protein, cCAMP second messenger system
AEndosome insertion into cell membrane

AEndosomes contairagquaporin 2
Water channel

A2A001 O EO W DPAOI AAAEI EOU
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Collecting Duct

Lumen (Urine) / Principal Cell \ Interstitium/Blood

AQR3 |  H20

/\__ H20 @ -

AQR2 Channel —T

> Intercalated CeIK
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Water Deprivation

High ADH
S 300
Cortex AN AN\ .300mOsm
H,O
H,O

_____________ H,O____600mOsm

1200
1200mOsm
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High Water Intake

Low ADH
300
Cortex AN AN\ .300mOsm

60
1200mOsm
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ADH and Urea

AKey osmole in kidney (with Na, CI)

AMedullary collecting duct permeable to urea

AADH increases urea reabsorption

AUrea enters medullary interstitium

AAEET AAOAAT AET C 1 EI A OOAI
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ADH and Urea

Permeable to H20
NOT permeable to Urea

Permeable to H20
AND permeable to Urea

BoardssBeyond.
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Collecting Duct

Major Functions

AResorption Na/H20
Depends on ADH (H20) and Aldosterone (Na)

A\ Secretion of K and H*
Depends on Aldosterone

AUrea resorption
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Renal Endocrinology

Jason Ryan, MD, MPH
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Renal Hormones

AReleased by kidney
Erythropoietin
Renin (enzyme)
1,25 Vitamin D

AAct on kidney
Angiotensin |l
Atrial Natriuretic Peptide (ANP)
Antidiuretic hormone (ADH)
Aldosterone
Parathyroid hormone (PTH)
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JG Apparatus

Juxtaglomerular Apparatus

AJG Cells

Modified smooth muscle of afferent arteriole

AMacula densa
Part of distal convoluted tubule

AJG cells secrete renin
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Glomerulus

JG Cells Macula Densa

Renal Nerye

Distal Tubule

Afferent
Arteriole

Boards& BeyO nd. Imagecourtesy of OpenStaxCollege
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RAAS

ReninAngiotensin-Aldosterone System

Angiotensinogen

Sympathetic System
+ Renin l

——> Renal Na/Cl resorption

\ Arteriolar vasoconstriction

Adrenal aldosterone secretion

Al | —=

+ ACE | A2

JG Cells

Net Result
Pituitar H secretion
"3 Al OT7AOAO| 2 AQHPYDH pecret

nrQ
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Stimulation Renin Release

1. Low perfusion pressure
A Low blood pressure or low circulating volume
A Sensed by afferent arterioled JG cell renin release

2. Low NaCl delivery
A Sensed by macula@ensaA JG cell renin release

A1 O AT 1 OOOEAOO AEZAOAT O AOO
3. Sympathetic activation

A1 1 receptors

A Also constricts () afferent/efferent arterioles

A Decreases GFR to limit sodium/water excretion
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RAAS

ReninAngiotensin-Aldosterone System

ARenin
Converts angiotensinogen to angiotensin |

A Angiotensin Il
Multiple effects

A Aldosterone
Collecting duct effects
Resorption of Na
Excretion of K, H+
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Angiotensin I

A Efferent arteriole constriction
A8 20 &

vt &2

ALess renal blood flow
AMore Na/H20 filtration

STUDY SMARTER
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Angiotensin I

Alncreased Na/H20 reabsorption
Several mechanisms
Increased proximal tubule resorption viacapillary effect
Direct proximal tubule resorption through Na/H+ exchange
Stimulates aldosterone release
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Capillary Effect

Afferent Efferent

A Altered by efferent arleriole  arteriole
arteriole constriction
Qlomgrular

A8 EUAOT OOAOFEK-
from less blood flow

Armoncotic pressure from
more H20 filtered

ANet result is that efferent
arteriole constriction by
All leads to increased
NaCl resorption

1. Filtration
2. Reabsorption

@ SRcretion
’ EXtretion

Bowman's
capsule

Peritubular
capillaries

Renal
vein

Urinary excretion
Excretion = Filtration — Reabsorption + Secretion

Boards&Bengg. Image courtesy of Madhero88 .



Na/H+ Exchange

Proximal Tubule

Lumen (Urine) .. Interstitium/Blood

\Na
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LR H,CO
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CA = Carbonic Anhydras
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Aldosterone

A Synthesized/released byadrenal cortex
Zona glomerulosa cells

A Freely crosses cell membrane (steroid)
ABinds to cytosolic protein receptor
A Activated receptor modifies gene expression




Aldosterone

AlncreasesNa/K -ATPase proteins
AlncreasesNa channels (ENaQ of principal cells
APromotes K secretion principal cells
APromotes H+ secretion intercalated cells




Collecting Duct

Lumen (Urine) / Principal Cell \ Nar Interstitium/Blood

Aldosterone T k
K+

Aldosterone

H20

; Intercalated Cel<
Aldosterone
Ct

SSSSSSSSSSS




Aldosterone

AOverall effect:
n Ol AEOI TxAOAO OAOIT OPOEI 1
m + A@GAOAOEI I
m(c AGAOAOEI I
/A Release stimulated by:
Angiotensin |l
High potassium
ACTH (minor effect)
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RAAS Drugs

AACEinhibitors

Block conversion Al to All
Lower blood pressure

A Angiotensin receptor blockers (ARBS)
Block effects ofangiotensinll
Lower blood pressure

STUDY SMARTER




RAA System Drugs

/A Beta Blockers
Block sympathetic stim of JG apparatus
Block renin release
Lower blood pressure
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RAA System Drugs

A Aldosterone antagonists
Spironolactone, eplerenone
Lower blood pressure
7EIl “+h w(C j8D((Q
A Potassiumsparing diuretics
Triamterene/amiloride
Inhibit ENaC
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Natriuretic Peptides

A Atrial natriuretic peptide (ANP)
A Brain natriuretic peptide (BNP)
ARelease in response to volume (myocyte stretch)

AOppose actions of RAAS
Relax vascular smooth muscle via cGMP
6A0T AET AOI O j8 3620Q
m AEOOAOEO
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Parathyroid Hormone

AMaintains calcium levels
AReleased bychief cells of parathyroid gland

AMain stimulus iss [Ca*]

A Net Effects:
N ¢ #Fplasma
8 P@E4*] plasma
W P@4*] urine
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Parathyroid Hormone Effects

AKidney:
n 3 pesorption (DCT)
8 PO43 resorption (PCT)
11 ,25(0H), vitamin D production

AAlso has effects on Gl tract and bon
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Parathyroid Hormone
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Parathyroid Hormone

Lumen (Urine)

Interstitium/Blood

Na*
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J
Vitamin D and the Kidney @g

AProximal Tubule converts vitamin D to active form

PTH

|+

1) - hydroxylase S
25-OH Vitamin D —+_ Y2952 1 25-0H, Vitamin D
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EPO

Erythropoietin

A Stimulates red blood cell production in bone marrow
AMade by interstitial cells peritubular capillary
AReleased in response to hypoxia

A Decreased production in renal failure

ANormocytic anemia

SSSSSSSSSSS




Dopamine

A Synthesized in the proximal tubule

A Dilates afferent and efferent arterioles
Increased RPF
Little change in GFR

A Promotes sodium/water excretion (natriuretic)
AUnclear physiologic significance

HODA/NHQ
HO
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Acid Excretion

Jason Ryan, MD, MPH
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Types of Acids

ATwo types of acids produced via metabolism
Volatile acids
Non-volatile acids
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Volatile Acids

ACQ
A Combines with water to form carbonic acid and H
A Eliminated by lungs (not kidneys)
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Non-volatile Acids

ANot from CQ
A Derived from amino acids, fatty acids, nucleic acids
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Non-volatile Acids

AExample: Sulfuric acid  H,SQ a A H*+SQ

H,SQ + 2Na+ 2HCQa A Na,SQ + 2CQ + 2H,0
Sulfuric Bicarb l
Acid l

Kidneys  Lungs

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

Proteins
Lipids
Nucleic Acids

|

5 (g#

STUDY SMARTER




Renal AcidBase Regulation

A#1: Reabsorb/Generate bicarb
A#2: Excrete H
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Bicarb Reabsorption

Proximal Tubule

Lumen (Urine) .. Interstitium/Blood

\Na

e R
| |

LR H,CO
CA l TCA
CO + H,0 CO + H,0

CA = Carbonic Anhydras
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Bicarb Reabsorption

Nephron
6%
[, _H4%
10%

0%
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HCQ Generation

Collecting Duct

- Interstitium/Blood
Lumen (Urine) flntercalated Cell\

CO + H,0

loa

H,CQ,
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HCQ Generation

Collecting Duct

AHigh H+A low pH A damage to nephron
ABuffers soak up H+

A Protect from low pH

A Problem: Bicarbonate reabsorbed
ANeed other buffers

STUDY SMARTER




Urinary Buffers

ATitratable acids
AAmmonia
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Titratable Acids

AUrinary substances that absorb H

AAcids
A- AAOOOAA AU

STUDY SMARTER
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Titratable Acids

AMostly phosphate

A Exists in multiple states
AHPQ, (one hydrogen)
AH,PQ, (two hydrogens)
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Titratable Acids

AHPQ, filtered by glomerulus
AForm H,PQ, with addition of H*
AH,PQ, excreted in urine = excretion of H

PO, AGAOAQEIT E
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Titratable Acids

Lumen (Urine)

HPQ,

-

=

H,PO,

STUDY SMARTER

H* + HCQ

H,CQ,

loa

CO + H,0

Interstitium/Blood

S HCQ'

H+ excretion
HCQO, generation




Ammonia

A Limited supply of titratable acids
Varies with dietary intake (especially phosphate)

A Supply of ammonia (NH) is adaptable
AMore NH,CAT AOAOAA AU EEAT AUO
A Synthesized fromglutamine (amino acid)

0 0 HY"{ T

/ H
H,N OH
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Terminology

AAmmonia = NH
AAmmonium = NH;*
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Ammonia (1c  AgAOGAGEINT

Lumen (Urine) / \ Interstitium/Blood
NH,
}/ ) T Heq . HCQ
NH4+ H,CQ
TCA H+ excretion
CO + H,0 HCG;-generation
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Renal AcidBase

Summary
Non-volatile Acids
5 (gt
(41 Proximal Collecting
Reabsorption Tubule Duct

Buffering l N .

Tit. Acids ™~ Excretion
NH4+ ( #/Generated
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Net Acid Excretion

AUrinary Acid z Urinary Base
A Positive value indicates acid being excreted

Net

Acid = Titratable Acids + NH4 - HCQ;
Excretion
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Net Acid Excretion

AAcidosis: Increased net acid excretion
A Alkalosis: Decreased net acid excretion

Net

Acid = Titratable Acids + NH4 - HCQ;
Excretion
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Acid Base Principles

Jason Ryan, MD, MPH
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Acid Base Balance

ANormal arterial pH: 7.37 to 7.42

ATightly controlled

ALungs: excrete carbon dioxide

AKidneys : excrete acid & produce bicarbonate

Patrick J. Lynch, medical illustrator




HendersonHasselbalch
Equation

Maintained by kidneys

|

[HCOy]
0.03*pCO,

|

Maintained by lungs

PH=6.1 + log
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CQ Acid Dissociation Equation

CO +H,0e HCOs+H?*
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Arterial Blood Gas

ANormal HCQ = 227 26 mEq/L
ANormal pCQ = 357 45 mmHg
ANormal pH = 7.3%7.42

Twitter/Public Domain

STUDY SMARTER

HCO,: 24
PCQ: 40
oH: 7.4




Acid Base Disorders

A Acidosis/alkalosis
Disorder-altering H+ levels

A Acidemia/alkalemia
Presence of high or low pH in bloodstream

A Acidosis without acidemia occurs in mixed disorders
l.e. acidosis + alkalosis at same time

STUDY SMARTER




Acidosis Effects

A- UT AAOAEAI AADOAOOEII

AV # ¢erebral vasodilation
CQO: major cerebral autoregulator
Increased cerebral blood flow
Increased intracranial pressureA headaches

[HCO;]
0.03*pCO,

PpH=6.1 + log

STUDY SMARTER
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Acidosis Effects

AHyperkalemia
High H* shifts into cells in exchange for K

A Shift in oxyhemoglobin dissociation curve

Bohr effect
8 pH leads to hemoglobin releasing more oxygen

100

75

50

Hb 9% Saturation

25

25 50 75 100

pO, (mmHg)

Boards&Beyond.
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Alkalosis Effects

A Cerebral vasoconstriction
Decrease in cerebral blood flow

AHypokalemia
A Shift in oxyhemoglobin dissociation curve

STUDY SMARTER




Acid-Base Disorders

AMetabolic Disorders

Excess or insufficient HCO

- AOAAT 1T EA AQNEAT OEO 8 (#/

- AOAAT T EA AILEAIT OEO " (#/
A Respiratory disorders

Excess or insufficient CQ

2AO0OPEOAOI OU, ) AAEAT OEO jw»w #/

2A0OPEOAOI OU Al EAT T OEO 8 #/

[HCOy]
0.03*pCO,

pPH=6.1 + log

STUDY SMARTER




Acid-Base Problems

AGiven pH, CQ HCQ
AWhat is the disorder?




Acid-Base Problems

1.Check thepH

A pH < 7.37 = acidosis

A pH > 7.42 = alkalosis
2.Check theHCQO,"and pCG,

A Increased or decreased?
AHCQ : normal 22-28 mEq/L
A pCQ from ABG; normal 3545mmHg
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Acid-Base Problems

3.Determine acid-base disorder
Al AEAT OE Q= @etabolic(a¢idosis
Al AEAT OE £ reGpirdtoBysadidosis
Al 1T EAIT T OF ©metabdliqakalosis
Al 1 EAI1 T ORE=Oea3pirdtoryeakkalosis

[HCO; ]
0.03*pCO,

pPH=6.1 + log
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Acid-Base Problems

4.Calculate anion gap (metabolic acidosis)

5.Use special formulas to check for mixed disorders
A Combined respiratory/metabolic
A Two metabolic disorders
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Compensatory Changes

AHCQ and CQ are not independent
AAbnormal HCQ A Abnormal CQ
AAbnormal CQ A Abnormal HCQ
AThis is calledcompensation

[HCO;]
0.03*pCO,

PH=6.1 + log
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Compensatory Changes

A Respiratory disordersA abnormal CQ
Compensation: HCQ (renal)

AMetabolic disordersA Abnormal HCQ
Compensation CQ(respiratory)

[HCO;]
0.03*pCO,

PH=6.1 + log
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Compensatory Changes

Metabolic Acidosis 8 (#/ 5  #/
Metabolic Alkalosis i (g# i #1/
Respiratory Acidosis i #/ i (# 1/
Respiratory Alkalosis 8 #/ 8 (g#/
HCO;
pH:6.1+Iog[ 2]
0.03*pCO,
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Compensatory Changes

AMost acid-base disorders: HCQ and CQ abnormal

Al'TA EO OAOI POEOO6 AAOOET C
A Other is compensatory change

[HCOy]
0.03*pCO,

pH=6.1+ log

STUDY SMARTER




Compensatory Changes

A Simple disorders
Culprit and compensatory change: same direction
HCQ and pCQ both increased or both decreased

Example 1
pH = 7.30 (acidosis)
HCQ = low
pPCQ = low
Metabolic acidosis with respiratory compensation

[HCG]

0.03*pCO,
Boards&Beyond .
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Compensatory Changes

ASimple disorders
Culprit and compensatory change: same direction
Both increased or both decreased

Example 2
pH = 7.30 (acidosis)
HCQ = high
PCQ = high
Respiratory acidosis with metabolic compensatior

STUDY SMARTER



Respiratory Compensation

AHyperventilation or hypoventilation
AAlters CO,
A Compensates for metabolic disorders (HCQ

A Hyperventilation
Physiologic response to metabolic acidosis
Kussmaul breathing = deep, labored breathing
Trying to blow off CQ




Respiratory Compensation

AHyperventilation
Blows off CQ
Plasma CQ level falls
Less H in blood
pH rises

AHypoventilation
Retains CQ
Plasma CQ level rises
More H"in blood
pH falls

STUDY SMARTER

[HCOy]
0.03*pCO,

pH=6.1+ log

€O, + H,0 < HCO," + H*




Renal Compensation

A Acidosis pH=6.1+ log

/A Excess H+ filtered/secreted
A Bicarbonate reabsorbed
A Bicarbonate generated

A Alkalosis
A Reverse of acidosis

CO, + H,0 < HCO," + H*

STUDY SMARTER

[HCOy]
0.03*pCO,
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Acid-Base Map

Arterial blood [H*] (nmoll.)
100 90 80 70 60 50 40 30 20

L } 1 L L A

. 12611010090 80 70 0
“ v Fa > il /
52 4 3
48 / 7
— Chronic 1 / /, 2
é REI respiratory —— alkalosis 7V
acidosis /
0 7
= 3 25
F y
8 32 2 /) >,
T 7 == /
I resp‘:at%fy /7
24 4 ac/ o Acute 15
Z > respiratory
g o e > alkalosis
1 wld Led Chronic
< -~ respiratory 10
12 4t alkalosis -
—
| Metabolic L1 a®
. acidosis +—1 | — Poo,(MmHg)
4
o ] L L | |
7.0 71 7.2 7.3 7.4 7.5 7.6 7.7 7.8
Arterial blood, pH
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Mixed Disorders

ATwo disorders at same time
Metabolic acidosis AND respiratory acidosis
Metabolic acidosis AND metabolic alkalosis
Two metabolic acidoses
Occurs in many pathologic states
Example: vomiting and diarrhea
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Mixed Disorder Recognition

ADetermineO A @D A AepAnse

Expected HCQ for respiratory disorder
Expected CO for metabolic disorder

7z ~ el ~ 7z N [

Ay £ AAOOAIA 2ddigo@er Ardséni A
A Compensation back to normal pHery rare
Normal pH usually implies a mixed disorder
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Mixed Disorder Recognition

7z ~ N ~ 7z N

A £# AAOOAT E AgobAAOAAh AAO

Example: CQ higher than expected
Example: HCQ lower than expected

AUsual rules then apply for determining 2 disorders:
#=/respiratory acidosis

#=/respiratory alkalosis

( s#=/metabolic acidosis

( s#=/ metabolic alkalosis

S oo x X
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Compensation Formulas

A 7ET OAO60O &1 Oi O1 A
A Metabolic Alkalosis Formula

A Acute/Chronic Respiratory Equations
A Delta-Delta
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Metabolic Acidosis

A#1 1 BAT OAOT OU OAOBEPAOIT OU
A Hyperventilation
A7ET OAOG6 O &l OI Ol Aq

Calculates expected CO

Ifactual CQE A@DPAAOAAh [ E@GAA AEOI O

pCO,=1.5 (HCO,) +8 +/-2
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Metabolic Acidosis

A#1 1 BAT OAOI OU OAOBB®PAOI OU
A Hyperventilation
A7ET OAOB O &1 Of Opch d15HCO)+8+-2
Calculates expected CO
Ifactual CQE A@DPAAOAAh [ E@GAA AEOI O

Example 1
pH = 7.23 (acidosis)
HCQ =9 mEg/L (nl = 24)
pCQ = 22mmHg (nl=40)
Expected pCO=15(9) + 8 =22 +/2
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Metabolic Acidosis

A#1 1 BAT OAOI OU OAOBB®PAOI OU
A Hyperventilation
A7ET OAOB O &1 Of Opch d15HCO)+8+-2
Calculates expected CO
Ifactual CQE A@DPAAOAAh [ E@GAA AEOI O

Example 2
pH = 7.10 (acidosis)
HCQ =12 mEqg/L (nl = 24)
pCQ = 40mmHg (nl=40)
Expected pCO=1.5(12) + 8 =26 +{2
pCO>expected
Concomitant Respiratory Acidosis
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Metabolic Alkalosis

A#1 1 DPAT OAOI OU OAO®LBOAOI OU
A Hypoventilation

A P#/ ¢ m8x 11 (C PAO p8m |
Alfactual pPCQE A@GPAAOAANh | EGAA A

3pCO, = 0.7 * (3[HCO,])
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Metabolic Alkalosis

A#1 1 DAT OAOT OU OAOmBYOAOI OU
A Hypoventilation

A P#/ ¢ m8x 11 (C PAO p8m |
Alfactual pPCQE A@GPAAOAANh | EGAA A

3pCO, = 0.7 * (3[HCO,])

Example 1
pH = 7.48 (alkalosis)
HCQ = 34 mEg/L (nl = 24)
pCQ = 47mmHg (nl=40)
3HCO] = (34-24) = 10
Expected3pCQ =0.7 (10) =7
Actual3pCQ =47-40=7
No Secondary Disorder
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Respiratory Acidosis

A Acute compensation
Minutes
Intracellular buffers raise [HCQ]
Hemoglobin and other proteins

31 AT WP
A Chronic compensation
Days
2AT Al CAT AOAIETT T £ vy (#]

, AOCAO v P(
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Respiratory Acidosis

A Acute compensation
p T ANT, ™M Al (O#/AOAOU ,pmm 11 (C ¥
3[HCGO] =3pCQ/10

A Chronic compensation
c8uv | ANT, ¥ vEl O( ADAOU ,pm 11 (C ¥
3[HCGO] = 3.5*3pCQ/10

Example 1
pH = 7.10 (acidosis)
pCQ = 80mmHg (nl=40)
Acute3{HCGO,; ] =40/10 =4
[HCO] = 28; pH = 7.17
Chronic3[HCQO;] = 3.5* 40/10 = 14
[HCO] = 38; pH = 7.30
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Respiratory Alkalosis

A Acute compensation
¢l ANY, v #& ©/ AOAOU ,pm 11 (C 8
3[HCO,] = 2%3pCQ/10

A Chronic compensation
ti ANT, ¥+ EHO AOAOU ,pm 11 (C 8
3HCO] =4 *3pCQ/10

Example 1
pH = 7.7 (alkalosis)
pCQ = 20mmHg (1=40)
Acute3[HCGO ] = 2*20/10 =4
[HCO] = 20; pH = 7.62
Chronic3[HCQO;] = 4* 20/10 = 8
[HCO] = 16; pH = 7.53
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Compensation Timeframe

A Respiratory compensation to metabolic disorders
Occurs inminutes
Rapid change In respiratory rate

A Metabolic compensation to respiratory disorders

Acute, mild compensation in minutes from buffers
Chronic, significant compensation irdays from kidneys

Public Domain
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Summary

Acidosis Alkalosis
Respiratory Metabolic Respiratory Metabolic
Compensation Compensation Compensation Compensation

(] 5 5 (g# N

l l l l

Acute/Chronic 7 ET OAOG8 O Acute/Chronic Expected CQ
Formulas Formula Formulas Formula
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Respiratory
Aclid-Base Disorders

Jason Ryan, MD, MPH
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Acid-Base Disorders

Respiratory alkalosis
Respiratory acidosis
Metabolic alkalosis
Metabolic acidosis

e\
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Respiratory Alkalosis

pH>7.42
B# /

[HCOy] s & Aii AT 0AO

increased PH = 6.1 + log

0.03*pCO, © E DOEI AOU

BoardssaBeyond .



Respiratory Alkalosis

ACaused byhyperventilation
Pain
Anxiety
Early high-altitude exposure
Early aspirin overdose
Mechanical ventilation

ANormal respiratory rate < 25/min

STUDY SMARTER




High Altitude

A Lower atmospheric pressure
Sea level: 760 mmHg
Machu Picchu = 560 mmHg
AlLower pO,

P.o,Sea level = 100 mmHg
P.o,Machu Picchu = 75mmHg

Boards&Beyond ) Wikipedia/PuIic Domain
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High Altitude

AHypoxiaA hyperventilation
A P #Alrespiratory alkalosis (pH rises)

Py, (alveoli, artery) Decrease
Respiratory rate Increase
Carbon dioxide Decrease

pH Increase
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High Altitude

Acclimatization

A Renal response
After 24-48 hours: kidneysexcrete HCO;
pH will fall back toward normal
Acetazolamide increases HCQ excretion

ARed cell response to hypoxemia
Synthesis of2,3-Bisphosphoglycerate
Unloading of oxygen from hemoglobin

A" \}’"

Boards& Beyc)nd | Wikipedia/Public Domain
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Aspirin Overdose

- ){_
———

ATwo acid-base disorders

A Shortly after ingestion:respiratory alkalosis
Salicylates stimulate medulla
Hyperventilation

AHours after ingestion:AG metabolic acidosis
3ATl EAUI AOGAO 8 1 EPI 1T UOEON
Inhibits citric acid cycle
Accumulation of pyruvate, lactate, ketoacids

SSSSSSSSSSSS
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Aspirin Overdose

ApH
Variable due to mixed disorder
Acidotic, alkalotic, normal

ApCQ

Low due to hyperventilation
AHCQO

Low due to acidosis
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Aspirin Overdose

ASample case: pH 7.36, pG@0, HCQ 11

A Metabolic acidosis

A7EIT OAO6 O £ Oi Ol A
pCO =1.5(HCQ) + 8 +/-2
pCO=15(11)+8 +t2=25

ApCO2 < expected

A Concomitant respiratory alkalosis

STUDY SMARTER




Respiratory Acidosis

PH<7.37
B# /

[HCOy] v & Aii AT 60AO

DecreasedpH = 6.1 + log

0.03*pCO, * E DOEI AOU
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Respiratory Acidosis

ACaused byhypoventilation

A Decreased CNS respiratory drive
Opiates
Barbiturates
CNS disease

A Respiratory muscle diseases
Guillain-Barre
Polio
Multiple sclerosis
Amyotrophic lateral sclerosis

STUDY SMARTER




Respiratory Acidosis

Almpaired gas exchange
A Pneumonia
A Pulmonary edema
A Acute respiratory distress syndrome
A COPD

A Airway obstruction
A Aspiration
A Obstructive sleep apnea

STUDY SMARTER
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Respiratory Acidosis

Renal Compensation

AExcess H+ filtered/secreted
A Bicarbonate reabsorbed oH = 6.1 + log

[HCG ]

A Bicarbonate generated

A Classic example: COPD
Chronic increase pC®
Chronic respiratory acidosis
Compensationincreased HCO;

0.03*pCO,

Public Domain
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Acute hypercapnia

AHypercapnia can affecCNS system
AMild to moderate: anxiety, headaches
ASevere: delirium, eventually coma

Temporal lobe

RobinH/Wikipedia
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Metabolic Alkalosis

Jason Ryan, MD, MPH
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Acid-Base Disorders

Respiratory alkalosis
Respiratory acidosis
Metabolic alkalosis
Metabolic acidosis

e\
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Metabolic Alkalosis

PH>7.42
( H#|/

[HCO;] »« & poOEi AOU A
increased PH = 6.1 + log

0.03*pCO, " E OAODEOA

compensation

BoardssaBeyond .



Metabolic Alkalosis

Gastrointestinal acid loss
Hypokalemia

Contraction alkalosis
Hyperaldosteronism

Milk -alkali syndrome
Rare renal syndromes

o 0k W E
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Gastrointestinal Acid Loss

AVomiting

A Gastric suction

A Parietal cells secreteHCl
A Loss of stomach content#\ alkalosis @
AHypochloremia (Clloss)

AHypokalemia (K*loss; RAAS activation)
AHypochloremic, hypokalemic metabolic alkalosis

Stomach

STUDY SMARTER




Hypokalemia

AK* exchanges with H

A Shifts in and out of cells

AB  + A shift K+ out of cellsA H* into cells
AHypokalemiaA alkalosis (vice versa)

H+

K+
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Contraction Alkalosis

A Loss of fluid with Na and Cl

A w/ELAAAOEOA #EOAOI AOET C 6
ARenin-Angiotensin-Aldosterone (RAAS) activation

A Sympathetic nervous system (SNS) activation

AVWHCQ resorption proximal tubule

AW ¢ secretion collecting duct
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Proximal Tubule

Lumen (Urine) .. Interstitium/Blood

\Na

Na C
HCQ + H+ C H* +HCQ HCOy

l T

"R H,C ___ _%#6
l 2 nw . ACc OA
- TCA - ( #dsorption
CG+HO CQ+H,0

CA = Carbonic Anhydras
Boards&Beyond



Collecting Duct

Lumen (Urine) / Principal Cell \ Nar Interstitium/Blood

Aldosterone T k
K+

Aldosterone

H20

E Intercalated Cel< Net Effect

Na+ Reabsorption
Aldosterone
Ct

K+ Excretion

H+ EXxcretion




Contraction Alkalosis

AVomiting (contraction plus gastric losses)
ASEOOAOEAO | Al 1T OOAAOQOEI I
AHeart failure (treated with diuretics)

A Cirrhosis (treated with diuretics)

ANew data suggesthloride depletion is true cause
Low volume A low NacCl
Chloride repletion resolves alkalosis

SSSSSSSSSSSS
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Diuretics

AMetabolic alkalosis:loop and thiazide diuretics

Alncreased Na delivery to distal tubule
Increased K excretiomrA hypokalemia
Increased H+ excretion

AVolume contractionA contraction alkalosis

L

C
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OH

Hyperaldosteronism
Primary Aldosteronism 0 Oe ﬁ

A Adrenal overproduction of aldosterone Aldosterone
A Adrenal hyperplasia

At AOAT AT AAATT T A j#1 1160 O
Alncreased secretion H+
AMetabolic alkalosis
AHypokalemia

AHypertension

Public Domain
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Milk -alkali Syndrome

AHypercalcemia, metabolic alkalosis, renal failure

A Excessive intake:
Calcium
Alkali (base)

AUsually calcium carbonate and/or milk

Alkaline CaCQ
A Often taken for dyspepsia

SSSSSSSSSSSS

Midnightcomm




Milk -alkali Syndrome

Alncreased Ca intakey hypercalcemia

A Hypercalcemiainterferes with kidney function
Inhibition Na-K-2Cl in TAL
Blockade (ADH}dependent water reabsorption collecting duct

A Results in volume contraction
A Contraction + alkali =metabolic alkalosis

A &2 AEOT T O1T1 O A AT 1T OOAA
m "5. . h #O0O
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Bartter and Gitelman

ACongenital disorders
AOccur in children
Almpaired sodium resorption in nephron
A Polyuria

AHypokalemia (muscle cramps)
A Metabolic alkalosis

STUDY SMARTER
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Bartter Syndrome

A Defective sodium resorption thick ascending limb
A Similar to administration of loop diuretic
APresents in childhood

A Polyuria, polydipsia or nocturia
AActivation RAASA metabolic alkalosis
AHypokalemia J

AHigh urinary calcium zZ
TAL cannot absorb Ca

C
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Gitelman Syndrome

A Defective sodium resorption distal tubule

A Similar to administration of thiazide diuretic
APresents in childhood

A Polyuria, polydipsia or nocturia
AActivation RAASA metabolic alkalosis

A Hypokalemia (cramps) J INa
ALow urinary calcium
Distal tubule cannot secrete Ca i\

(S
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Liddle Syndrome

AGenetic disorder ofincreased activity of ENaC

Epithelial sodium channel
Activity increased by aldosterone

APresents in juveniles

A Similar clinical syndrome to hyperaldosteronism

Hypertension
Hypokalemia
Metabolic alkalosis

STUDY SMARTER
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Liddle Syndrome

AYoung patient with hypertension, hypokalemia
A Aldosterone levels low

ATreatment: amiloride
Potassiumsparing diuretic
Inhibits ENaC activity

STUDY SMARTER




SAME

Syndrome of Apparent Mineralocorticoid Excess

A Renal aldosterone receptors bind cortisol

ACortisol A cortisone by renal cells

AEnzyme:11-r -hydroxysteroid dehydrogenase
ASAME: deficiency 1 -hydroxysteroid dehydrogenase
A Cortisol producesaldosterone effects

11- 1 -hydroxysteroid
dehydrogenase Cortisone




SAME

Syndrome of Apparent Mineralocorticoid Excess

APresents in children/adolescents

A Similar clinical syndrome to hyperaldosteronism
Hypertension
Hypokalemia
Metabolic alkalosis

A Aldosterone levels low

ATreatment:
Potassiumsparing diuretics (amiloride, spironolactone)
Dexamethasone

SSSSSSSSSSS




Licorice

A Containsglycyrrhetinic acid (a steroid)
Weak mineralocorticoid effect
Inhibits renal 11-beta-hydroxysteroid dehydrogenase

ALarge amountsmay cause disease
A Hypertension, hypokalemia, metabolic alkalosis
A Plasma aldosterone level low

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

Metabolic Alkalosis Causes

Hypertension

Aldosterone Bartter
_ Gitelman
LOV wgh
Liddle Hyperaldosteronism
SAME
Licorice

STUDY SMARTER
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Urinary Chloride

ARarely used test in metabolic alkalosis

ALow (<20 mEqg/L) with gastric acid loss (HCI)
Vomiting
Nasogastric suction

AVariable findings with other causes

AHigh immediately after diuretic administration

]
k]
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NaCl Fluid Administration

A Contains sodium, chloride and water

A Resolves many forms of metabolic alkalosis
O#EI1 1 OEAA OAOPI T OEOAAG

Diuretics | 7 |
Vomiting \'_ ¢ty
- = 0'3:313-:"
A Some exceptions Z B
Hyperaldosteronism oo
Bartter, Gitelman s |
Heart failure, cirrhosis = -J
.
K
!
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Hypoventilation

ARespiratory compensation in metabolic alkalosis
Alncreased pCQ
ALowers pH

[HCOy]
0.03*pCO,

pPH=6.1 + log

Patrick J. Lynch, medical illustrator
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Renal Tubular
Acldosis

Jason Ryan, MD, MPH
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Non-AG Metabolic Acidosis

A Diarrhea

A Acetazolamide
ABPDEOITT T AAOITAT! AAEOI 160
A Saline infusion

A Hyperalimentation

ARenal tubular acidosis

STUDY SMARTER




Renal Tubular Acidosis

ARare disorders of nephron ion channels
AAll causenon -anion -gap metabolic acidosis
A Often present withlow [HCO,] or abnormal K *

PH<7.37
(1
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Renal Acid Handling

HCQS Y ?

H+

o

Aldosterone
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Type Il (proximal) RTA

A Defect inproximal tubule HCO , resorption
ANon-anion gap metabolic acidosis

A Often asymptomatic

%@v

Boards&Beyond N/

STUDY SMARTER
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Type Il (proximal) RTA

AHypokalemia
Loss of HCQ resorption A diuresis
Volume contraction

n AT AT QOAST TARA typokeeini

AUrine pH < 5.5
Distal tubule excretes H+ as acidosis becomes established
Urine becomes acidic

Negative urine anion gap J
3 (\ ?
A
|©®
Aldosterone

N\
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Type Il (proximal) RTA

AMilder than type I: [HCQ,] 12-20

A Distal intercalated cells function normally
A Secrete acid to compensate

Normal Proximal (11) Distal (I)

HCOy

mg/dL 24 12-20 <10

>17
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Type Il (proximal) RTA

ASample Case
No symptoms : routine blood work
Mild weakness (low K)
Mildly reduced HCQ (12 z 20)
Hypokalemia
Urine pH is low (<5.3)

ATreatment: Sodium bicarbonate

STUDY SMARTER




Type Il (proximal) RTA

ACan be seen witlFanconi syndrome
Generalized failure of proximal tubule
Urine loss of phosphate, glucose, amino acidgate, protein

A Can be seen imultiple myeloma
Some forms of light chains toxic to proximal tubule
Causes Fanconi syndrome

o p
Proximal

Tubule
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Acetazolamide

A Carbonic anhydrase inhibitor

AWeak diuretic effect
Block some Na resorption

A Causes aon-anion gap metabolic acidosis
Increased elimination of HCQ

0 |\I|—-|\{>\§,3
)I\N/]\S ﬁhNHZ
H O

Acetazolamide
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Type | (distal) RTA

Almpaired acidification of urine by distal nephron
ANon-anion gap metabolic acidosis

As A @A ORaQideinid) (

A OAOT OBypokdlemia)+

HCO;’ )
?\?
H+

Aldosterone
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Type | (distal) RTA

AVery low HCO3- (often <10meq/L)

AUrine pH is high
$EOOAT OOAOI A AATTT O OAAEAEE
Urine is alkaline

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

SSSSSSSSSSS
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Type | (distal) RTA

AKey symptoms: chronic kidney stones
Alkaline urine precipitates stones (sometimes bilateral)
AcidosisA W # A AOT 1T AT TAO
| AEAT OEO OOPPOAOOAO AAI AEOI
ARickets
A Growth failure in children
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Type | (distal) RTA

AMany etiologies

AAssociated withautoimmune diseases
Sjogren's syndrome
Rheumatoid arthritis

A Medications
Amphotericin B

A Rare genetic forms

STUDY SMARTER




Urine Anion Gap

AUsed for diagnosis of metabolic acidosis

A Evaluation ofrenal acid excretion

Aln acidosis, excess NHexcreted (removes H)
ANH, not measured directly

A Surrogate:urinary anion gap

ANH, leaves with Cl

ANegative UAG when acid (H) being excreted
AUAG should be negative in acidosis

UAG = Na + Kz Cl

SSSSSSSSSSSS




Urine Anion Gap

Aln GI metabolic acidosis (diarrhea):
UAG becomesegative
Excretion of NH, with Cl increases
Urine CI concentration goes up

A Also negative in proximal (type 1) RTA
Intact distal H+ secretion intact

UAG = Na + Kz Cl
neGUTtive In Gl
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Urine Anion Gap |- - na+ K Cl

Aln distal RTA and type IV RTA UAG p®sitive
+EAT AUO AAT 60 AGAOAOA (C
NH4andCIAT 1 6O EIT AOAAOA
UAG (Na + K Cl) does not become negative

HCO,’ ) <;\\

|

Aldosterone
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Ammonium ChlorideChallenge

AUsed for diagnosis of metabolic acidosis

AO#EAIT T AT CAo mAOEAT O xEOE
A Gives an acid load

A Should lower urine pH

Aln distal RTA,urine pH remains >5.3

m Boards&Beyond



Type | (distal) RTA

AClassic case
Patient with 3 E 1 C Gigehasd O
Recurrent bilateral kidney stones
Very low bicarb on blood work (<10)
Hypokalemia
Urine pH is high (>5.5)
UAG Is positive
If given NH,Cl urine remains with high pH
ATreatment: Sodium bicarbonate

STUDY SMARTER




Type IV RTA

Hypoaldosteronism

A Distal tubule failure to respond toaldosterone
Aldosterone deficiency/resistance

A Decreased excretion K
AMajor feature: hyperkalemia

AMild non-anion gap metabolic acidosis
HCQ > 17 (normal = 24)

HCO; J §\ ?
H+
;dosirone
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Type IV RTA

AMajor pathologic defect:decreased NH,* excretion
Loss of urinary bufferingA low urinary pH (<5.3)

AHyperkalemia A% Al 1 11T EOI

ot

\ lNH4+£ T+
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Type IV RTA

AHyporeninemic hypoaldosteronism
Low renin activity
Decreased aldosterone production
Diabetes (associated with low renin production)
NSAIDs (impair renin release)
Other drugs

STUDY SMARTER




Type IV RTA

ARAAS drugsj 8 Al AT OOAOI T AQ
Angiotensin-converting enzyme (ACE) inhibitors
Angiotensin Il receptor blockers (ARBS)

Direct renin inhibitors (Aliskiren)

STUDY SMARTER




Type IV RTA

A Aldosterone resistance
A Usually caused by drugs that inhibit tubular function
A Potassium sparing diuretics
A TMP/SMX

Public Domain
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Type IV RTA

AClassic case:
Diabetic with renal insufficiency
Unexplained hyperkalemia

ATreatment: fludrocortisone
Mineralocorticoid

Fludrocortisone Aldosterone

BoardssaBeyond .



Renal Tubular Acidosis

Distal; High urine pH; kidney stones; very low HCQ3

IV

Aldosterone; hyperkalemia; ammonium

I Low (<3.5) High (>5.4)

1 Low (<3.5) Low (<5.4)

IV High (>5.0) Low (<5.4)

SSSSSSSSSSSS
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Metabolic Acidosis

Jason Ryan, MD, MPH
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Acid-Base Disorders

Respiratory alkalosis
Respiratory acidosis
Metabolic alkalosis
Metabolic acidosis

e\
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Metabolic Acidosis

AMost complex set of aciebase disorders

AReduced pH (acidosis)

A Reduced HCQ (metabolic acidosis)
A Causes categorized bgnion gap

pPH<7.37
(S

/

[HCOy] v & poEi AOU A

DecreasedPH = 6.1 + log

s = Arane i
O-OS*DCOZ E OAOPEOAOI OU

SSSSSSSSSSS
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The Anion Gap

ASodium (Na): major serum cation
A Balanced by anions like Cland HCQ

AMTETT OCAPogqg OT 1 AAOOOAA A
Proteins (albumin)
Phosphates
Sulfates
Gap
HCO; Proteins
Phosphates
Nat Sulfates

CI

SSSSSSSSSSSS



The Anion Gap

AAnion Gap = N& (CI + HCQ)
ANormal: 8 to 12

A Metabolic acidoses subtypes:
Normal anion gap
Increased anion gap

Sodium (N&) 140 mEg/L
Chloride (CI) 103 mEg/L
Bicarbonate (HCQ) 26 mEQ/L

Anion Gap = 14 (103 + 26) = 11
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Why the Anion Gap Matters

A Acidosis fromprimary loss of HCO
/A Body compensates with retention of chloride (C)
A AG =Naz (CF + HCQ)
A Normal anion gap

- Normal Non-AG acidosis
UL} Boards&Beyond.
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Why the Anion Gap Matters

A Acidosis fromprimary retention of acid
A Examples: ketoacids, lactic acid
A HCQ falls
A A to compensate for fall in HCQ
/A No change in ClI
A AG = Naz (CF + HCQ)
A Increased anion gap

Normal High AG

UL Boards&Beyond.
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Hyperchloremia

Alncreased serum chloride

ASeen in allnon-anion gap metabolic acidoses

A Negatively-charged HCQ decreases

ANo increase in acidrelated anions

A Ct rises to compensate for lost negative charge

# |
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Two Cases

pH 7.31 7.37-7.42
Sodium (Na) 134 mEQ/L 135-145
Chloride (Cl) 108 mEg/L 96-106
Bicarbonate (HCQ) 16 mEqg/L 22-26
Anion gap 10 8-16
pH 71.27 7.37-7.42
Sodium (Na) 132 mEq/L 135-145
Chloride (Cl) 93 mEqg/L 96-106
Bicarbonate (HCQ) 11 mEqg/L 22-26
Anion gap 28 8-16
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Non-Anion Gap
Metabolic Acidosis

ADiarrhea
Most common (S 7|
Loss of HCQ In stool \ e
A Saline infusion ~ assesn
NaCl: lots of CI i ?:':m'
O#E1 1T OEAA O1 gEAEOD ==
Ct drives HCO3from plasma =1
ARenal tubular acidosis il ‘\
“
H




Non-Anion Gap
Metabolic Acidosis

AHyperalimentation
Acid
Lowers pH
A Acetazolamide
Blocks formation and resorption HCQ
ABPDEOITT T AAOTTAT!
Loss of aldosterone effects

Cannot excrete H effectively
Body retains H




Anion Gap Metabolic Acidosis

AMethanol

AUremia

A Diabetic ketoacidosis

A Propylene glycol MUD PILES
Alron tablets or INH

A Lactic acidosis

A Ethylene glycol

A Salicylates
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Methanol

A Antifreeze, industrial cleaners, windshield wiper fluid
A Metabolized toformic acid

A Central nervous system poison
AVisual loss, coma

2 PREDILU s
ANTIFREEZE & COOLANT
5855 P S NTESAGALINTY  ACRELIANTY

= ey e 3
4

! T 9
H—C—OH > > ]

| Alcohol H/C\ H Aldehyde H/C\ H

H Dehydrogenase Dehydrogenase O
Methanol Formaldehyde Formic Acid

Boards&Beyond.
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Methanol

A Classic scenario:

Suspected ingestion (accidental, suicide, alcoholic)
Confusion (may appear inebriated)

Visual symptoms

High AG metabolic acidosis

ATreatment:

Inhibit alcohol dehydrogenase
Fomepizole (Antizol)
Ethanol

LN s ;——‘é:‘_\  F
Petr Novak, Wikipedi
Ll BoardsaBeyond etr Novak, Wikipedia
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Ethylene Glycol

A Antifreeze, industrial cleaners, windshield wiper fluid
A Metabolized to glycolate and oxalate

AKidney toxins

A Glycolate: toxic to renal tubules

A Oxalate: precipitates calcium oxalate crystals

Alcohol
Dehydrogenase
l H OH OH
HO HO\_/L \‘)\
~oH — 0 —:n---H{:i HU/ T DYKD
Ethylene glycol Glycoaldehyde Glycolic acid OH
Oxalic acid
UL} Boards&Beyond




Ethylene Glycol

A Classic scenario:
/A Suspected ingestion (accidental, suicide, alcoholic)
A Flank pain, oliguria, anorexia (acute renal failure)
A High AG metabolic acidosis

ATreatment:
A Inhibit alcohol dehydrogenase

/A Fomepizole (Antizol)
A Ethanol

Public Domain
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Propylene Glycol

A Antifreeze (lowers freezing point of water)

A Solvent forlV benzodiazepines

A Metabolized to pyruvic acid, acetic acidactic acid
o

>
OH
i o
HO
/\O? YLOH Pyruvate
>
Alcohol OH
Propylene _
Glycol Dehydrogenase L:;téc

N,

>

Boards&Beyond Acetate
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Propylene Glycol

AMain clinical feature of overdose i<CNS depression
AHigh AG metabolic acidosis from lactate & other acids

AMany other adverse effects:
Hemolysis
Seizure, coma, and multisystem organ failure

ANo visual symptoms or nephrotoxicity

Boards&Beyond.
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Isopropyl Alcohol

A Also found in many industrial products

A Effects similar to ethanol
Key scenario: ingestion by alcoholic

A Less toxic than methanol or ethylene glycol

ADoes NOT cause anion gap metabolic acidosis
Absence of high AG acidosis suggest |IA ingestion

ANo role for fomepizoleor ethanol
AMain symptom of ingestion is coma

SSSSSSSSSSSS




Uremia

A Advanced kidney disease
Early kidney disease can have neAG acidosis
Reduction in H excretion (loss of tubule function)

AKidneys cannot excreteorganic acids
A Retention of phosphates, sulfates, urate, others
Alncreased anion gap acidosis
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Diabetic Ketoacidosis

DKA

AUsually occurs intype | diabetics

Alnsulin requirements rise A cannot be met
Often triggered by infection

A Fatty acid metabolismA ketone bodies
[ -hydroxybutyrate
Acetoacetate

O O OH O
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Diabetic Ketoacidosis (DKA)

AOT 1 UOOEAh DI 1 BAESOEA | W CI
AAbdominal pain, nausea, vomiting

AKussmaul respirations
Deep, rapid breathing
From acidosis

AHigh AG metabolic acidosis from ketones

STUDY SMARTER




O

Lactic Acidosis I
Y ToH

A Low tissue oxygen delivery OH

A Pyruvate converted to lactate Lactic Acid

(lactate)

AHigh levels (>4.0mmol/L) A lactic acidosis
A Anion gap metabolic acidosis
A Clinical scenarios:

SEIl AE j38 OEOOOA PAOAOOEIT Q
Ischemic bowel
Metformin therapy (especially with renal failure)

Seizures

SSSSSSSSSSSS




lron

A Acute iron poisoning

Alnitial gastrointestinal phase (0 to 6 hours)
Iron toxic to Gl mucosal cells
Abdominal pain

AWeeks later: bowel obstruction (scarring)

Boards&Beyond Wikipedia/Public Domain
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lron

ALater (24 hours)
Cardiovascular toxicity:shock
Coagulopathy: iron inhibits thrombin formation/action
Hepatic dysfunction: worsening coagulopathy
Acute lung injury

A Anion-gap metabolic acidosis
From ferric irons (Fe3 *)
Also lactate (hypoperfusion)

Tomihahndorf

Fe3*+ 3H207? > Fe(OH)3 + 3H"*
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Isoniazid
INH

ATuberculosis antibiotic

A Overdose causeseizures
Often severe, refractory (status epilepticus)

A Seizures causdactic acidosis
A Anion gap metabolic acidosis M. tuberculosis

Flikr/Public Domain

Ll BoardsaBeyond
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Aspirin Overdose
.

ATwo acid-base disorders

A Shortly after ingestion:respiratory alkalosis
Salicylates stimulate medulla
Hyperventilation

AHours after ingestion:AG metabolic acidosis
Salicylates uncouple oxidative phosphorylation
Accumulation of pyruvate, lactate, ketoacids

Os. _OH Os©OH
OH OY
O

Salicylic Acid Acetylsalicylic Acid

(salicylate) (aspirin)
L) BoardsaBeyond




Aspirin Overdose

ApH
Variable due to mixed disorder
Acidotic, alkalotic, normal

ApCQ

Low due to hyperventilation
AHCQO

Low due to acidosis
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Aspirin Overdose

ASample case: pH 7.36, pG@0, HCQ 11

A Metabolic acidosis

A7EIT OAO6 O £ Oi Ol A
pCO =1.5(HCQ) + 8 +/-2
pCO=15(11)+8 +t2=25

ApCO2 < expected

A Concomitant respiratory alkalosis

STUDY SMARTER




Hyperventilation

ARespiratory compensation to metabolic acidosis
ALowers pCQ
Alncreases pH

[HCOy]
0.03*pCO,

PpH=6.1 + log

STUDY SMARTER




Vd N\ Ve N\ v ~

7ElT OAOB6 0O &I Ol O

A Acidosis: compensatoryrespiratory alkalosis

> pCG
Hyperventilation

A7TET OAOG O &I Oi OPpCQCEOAO AQ
Alfactual CQE A @ DA Aikedl disorder
A#EAAE 7EI OAO6O £ Ol Ol A £

pCO, = 1.5 (HCQ,) + 8 +/- 2
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The DeltaDelta

Delta Ratio
AVTEITT CAD v OEIT OfJsA AA OEI
A Ratio 3AG/ 3 HCQ assesses for 2acid-base disorder
Only used in AG metabolic acidosis

33:3AG
3FHCQ
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The DeltaDelta

Delta Ratio

A3z 31-2 = normal

Az 3<1

HCQ too low

2° non-AG metabolic acidosis
Az 32

HCQ too high

2° metabolic alkalosis

Or pre-existing chronic respiratory acidosis

STUDY SMARTER

3 3=

3AG
3HCQ;




The DeltaDelta

Example

ApH=7.21 (acidosis)

AHCQ =12

ANat+ =150, Cl= 96

AAnion gap: 42

ADelta AG = 4212 = 30

ADelta HCQ =24712 =12

ADelta-Delta = 30/12 = 2.5

AHCQ is too high

A Concurrent metabolic alkalosis

AOr prior compensated respiratory acidosis

Boards&Beyond .




Low Anion Gap

AHypoalbuminemia

AMultiple myeloma
A'1gG is cationic (+)
A Will lower measured (+) ions

..

Hypoalbuminemia Normal Multiple Myeloma
L) BoardsaBeyond.
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Acid Base
Problems

Jason Ryan, MD, MPH
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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, pCO33mMmHg.
Electrolytes are:

Na 134, K 2.9, Cl 108, HGQ6

What is the acidbase disorder?
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134 | 108

Case 1

2.9 16

ADiarrhead non-AG metabolic acidosis
ANo other clues to suggest a"@ disorder
ApH = 7.30A acidosis
AHCQ = 16 (low) A metabolic acidosis
ApCQ = 33 (low) A respiratory compensation
AAbnormal same directionA mixed disorder less likely
AAnion gap = 1347 108 7 16 = 10 (normal)
A7TET OAOG6O £ Oi Ol A
pCO=1.5HCQ) +8 +/-2
=15 (16) + 8
=32 +/-2
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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, pCO62mmHg
Electrolytes show:

HCQ 27

What is the acidbase disorder?
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Case 2

ACHF exacerbatiord, acute respiratory acidosis

ApH = 7.25 (acidosis)

ApCQ = 62 (high) A respiratory acidosis

AHCQ = 27 (high) A metabolic compensation
AAbnormal same directionA mixed disorder less likely
A Acute respiratory acidosisity HCQ™ 1/10 n,CO2

A ExpectedrobHCO3 = 2KICQ  of 26)

ANo concurrent disorder

Acute respiratory acidosis

SSSSSSSSSSSS




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, HGQ6
Because of the low HCO3, an ABG is done:
pH 7.25, pCO32mmHg

What is the acidbase disorder?

SSSSSSSSSSSS




Case 3 140 | 110

34 | 16
ApH 7.25 (acidosis) PCQ = ii—‘é ETEC;)%)E; 8 +/- 2
AHCQ 16 (low) A metabolic acidosis =32 4/-2

ApCO2 32 (low)A respiratory compensation
A Expected £Q = 32

AAG =140z 1107 16 = 14

ANon-AG metabolic acidosis

Non-AG metabolic acidosis

Boards&Beyond .



Case 3

AMust consider RTA given RA history/kidney stones

AUAG should be checked
Urine Na + Kz ClI
Should be negative due to acidosis
If positive, suggests RTA

AAcid challenge with NHCI should be done
Urine pH will remain >5.3 after NHCI
Type | RTA cannot acidify urine

SSSSSSSSSSSS




Case 4

7/5-year-old man has a longstanding history of severe
COPD for which he requires chronic oxygen therapy.
Serum electrolytes show:

Na 140, K 4.0, Cl 94, HG(34
An ABG is done:

pH 7.32, pCO69MmMHg

What is the acidbase disorder?

SSSSSSSSSSSS




Case 4 madl B

4.0 34

ApH = 7.32 (acidosis)

APCQ = 69A respiratory acidosis
AHCQ = 34A metabolic compensation
AThis is chronic

A Expected3{HCQO,] = 3.5*3pCQ/10
A3pCQ =697 40 =29

A Expected3{HCQ,] = 3.5* 29/10 = 10
AActual 3[HCO,] =34724 =10

Chronic respiratory acidosis
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Case 5

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

An arterial blood gas is drawn showing:
pH 7.52, pCO47/mmHg
Electrolytes show:

Na 140, CG196; HCQ 34

What is the acidbase disorder?

SSSSSSSSSSS




Case 5

ApH = 7.52 (alkalosis)

AHCQ = 34 (high) A metabolic alkalosis
APCQ = 47 (high) A respiratory compensation
A3pCQ = 0.7 * B[HCO])
A3PCQ=47-40=7

A3[HCO;]=34724 =10

AExpecteds PCQ = 0.7 * (10) = 7

Pure metabolic alkalosis
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Case 5

ACause?

Contraction alkalosis, hypokalemia, diuretics, vomiting,
hyperaldosteronism, antacid use

ANeed to knowvolume status
Reduced in contraction, diuretics, vomiting

ANeed to knowurinary chloride
Low with Gl losses (vomiting)

AThis disorder oftenfluid (saline) responsive
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Case 6

A 59vyear-old man with a history of alcoholism and
depression presents with altered mental status. He was

found by his exwife sleeping in his tool shed. He reports
blurry vision and black spots.
An arterial blood gas is drawn showing:
pH 7.30, pCH28mmHg
Electrolytes show:
Na 141, G102; HCQ 14

What is the acidbase disorder?

SSSSSSSSSSSS




141 | 102
Case 6
14
ApH = 7.30 (acidosis) PCQ= 15 (HOQ) 5 42
AHCQ = 14 A metabolic acidosis =29 +/-2

ApCQ = 28mmHgA respiratory compensation
AExpected PCO2 = 29 +2

ANo secondary respiratory disorder

AAG = 1417 102 7 14 = 25 (high)

Az!l' EpcgULUE HE@¥P4314 =10
A3 E poXpm E p8o

ANo secondary metabolic disorder

AG metabolic acidosis
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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, pCO40mmHg.
Electrolytes are:

Na 134, K 3.5, Cl 94, HGQ2

What is the acidbase disorder?

SSSSSSSSSSSS




134 | 94

Case 7/

3.5 12

A Diabetic, polyuria, polydipsia,abd pain A DKA
A Expect AG metabolic acidosis

ANarcotic use
Possible respiratory depression
Respiratory acidosis

ApH = 7.28A acidosis

AHCQ =12 (low) A metabolic acidosis

ApCQ = 40 (normal) A NO respiratory compensation
AAnion gap = 134z 94 7 12 = 28 (high)

L) BoardsaBeyond .




134 | 94

Case 7/

3.5 12
A7TET OAOG OC@EE 21 Ol A b
ApCQ higher than expected at 40
A Concomitant respiratory acidosis

pCO=1.5HCQ) +8 +/-2
=15(12) +8
=26 +/-2

AG metabolic acidosis with respiratory acidosis
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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. Skiturgor is
diminished.
An arterial blood gas is drawn showing:

pH7.24, pCQ24mmHg.
Electrolytes are:

Na 140, K 3.2, CI 79, HGQO0

What is the acidbase disorder?
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Case 8 140 | 79

3.2 10

AVomiting A metabolic alkalosis

ADehydration A Possible lactic acidosis

ApH = 7.24A acidosis

AHCQ = 10 (low) A metabolic acidosis

ApCQ = 24 (low) A respiratory compensation
AAbnormal same directionA mixed disorder less likely
AAnion gap = 140z 79 7 10 = 51 (high)
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C aS e 8 140 | 79

3.2 10

A7TET OAOGO &EPBI+OGRA D#/

AActual pCO2 = 24

ANormal respiratory compensation PCQ= 12 ETS)%)J 8 +/-2
A3AG =517 12 =39 =23 +/-2
A3HCQ =24710=14

A3 3=39/14=2.8

A Concurrent metabolic alkalosis

AG Metabolic Acidosis with metabolic alkalosis .
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Summary

A Diarrhea non-AG metabolic acidosis

A Acute respiratory acidosis

ARenal tubular acidosis- Urine anion gap

A Chronic respiratory acidosis

A Metabolic alkalosis-Volume status/urine chloride

A Methanol toxicity

AAG metabolic acidosis with respiratory acidosis
7ET OAOG G\TAIGIco A AOAE AT I PAT O

AAG Metabolic acidosis with metabolic alkalosis
Delta-delta abnormal
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Electrolytes

Jason Ryan, MD, MPH
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Potassium

ANeeded forHEART and SKELETAL MUSCLES

AHypo/hyper effects:
/A EKG changes
A Arrhythmias
/A Weakness

STUDY SMARTER




Hyperkalemia
Signs/Symptoms

A Arrhythmias
Sinus arrest
AV Dblock
AMuscle weakness A paralysis
Lower extremities A trunk A upper extremities

AEKG changes

Peaked T waves
QRS widening




Peak T waves

N e

BoardssBeyond.
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i,

QRS Widening

U U0 11, U VB OB i O
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Hyperkalemia

Causes

A-T OO0 AAOAOd v + AGAOAOEIT I
Acute and chronic kidney disease

ANeedaldosterone A renal secretion K+
Type IV RTA (aldosterone resistance)




Hyperkalemia

Causes

Alncreased K release from cells
Acidosis
Insulin deficiency
Beta blockers
Digoxin
Lysis of cells (tumor lysis syndrome)
Hyperosmolarity

STUDY SMARTER




Hypokalemia
Signs/Symptoms

AArrhythmias
PACs, PVCs
Bradycardia

AMuscle weakness A paralysis
Lower extremities A trunk A upper extremities

AEKG changes

U waves
Flattened T waves

STUDY SMARTER




U Waves/Flat T waves

Y Y FRELEEE FEE! EEEH! FETH FEE RN FE

May represent
repolarization of
Purkinje fibers

U Wave: Origin unclear

Can be normal

STUDY SMARTER
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Hypokalemia

Selected Causes

Alncreased renal losses
Diuretics
Type | and Il RTAs

Alncreased Gl losses
Vomiting/diarrhea

STUDY SMARTER
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Hypokalemia

Selected Causes

Alncreased K entry into cells
Hyperinsulinemic states
Beta agonists: albuterol, terbutaline, dobutamine
Alkalosis

AHypomagnesemia
Promotes urinary K loss
Cannot correct K until Mg is corrected!!

Boards&Beyond.
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Hypercalcemia

Symptoms

A Often asymptomatic
AMay causerecurrent kidney stones

A Acute hypercalcemiad polyuria
Nephrogenic diabetes insipidus
Loss of ability to concentrate urine
Downregulation of aquaporin channels
Excessive free water excretion
8 ' A& &cute renal failure

SSSSSSSSSSSS
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Hypercalcemia

Symptoms
A Stones (kidney)

Polyuria

Kidney stones

Renal failure
ABones (bone pain)

A Groans (abdominal pain)
Constipation, anorexia, nausea

A Psychiatric overtones
Anxiety, altered mental status

STUDY SMARTER




Hypercalcemia

Selected Causes

AHyperparathyroidism
AMalignancy

Thyroid gland

Parathyroid gland

Wikipedia/Public Domain
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Hypercalcemia

Selected Causes

AHypervitaminosis D
Massive consumption calcitriol supplements
Sarcoidosis:' OAT O1 T 1 AOT OO0 +hyairdxglds® E A C
AMilk alkali syndrome
Largely historical (milk/bicarb)
High intake calcium carbonate (ulcers
Excess calcium and alkali intake
Hypercalcemia
Metabolic alkalosis
Renal failure

Wikimediacommons

SSSSSSSSSSSS




Hypocalcemia
Signs/Symptoms #

ATetany
Muscle twitches
Calcium blocks Na channels in neurons
Low CaA easy depolarizationA spontaneous contractions
High CaA difficult depolarization A weakness
Hyper-excitability of neurons and motor endplates
Trousseau's sign: Hand spasm with BP cuff inflation
Chvostek's sign: Facial contraction with tapping on nerve

ASeizures
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Hypocalcemia

Selected Causes

ACUPT PAOAOEUOIT EAEOI 8 04(
A2 AT Al EAEI OOA j8 AAOEOA O
A Pancreatitis (saponification of Mg/Ca in necrotic fat)
ADrugs (Foscarne)

AMagnesium: Hypo/Hypermagnesemia

12
Mg
20
Ca
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Hyperphosphatemia

Selected Causes

A Acute and chronic kidney disease
A Hypoparathyroidism
AHuge phosphate load

Tumor lysis syndrome
Rhabdomyolysis
, AOCA AT 1010 1 &£ DPEI

STUDY SMARTER
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CalciumPhosphate In
Renal Failure

Sick Kidneys

VAN

O0ET OPEA®A h@HVitamin D

| |

s # A AEOI 1T B AMOA ABOT I COO

N/

Hypocalcemia

!

0 4|(
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Hyperphosphatemia

Hypoparathyroidism

Lumen (Urine)

Interstitium/Blood

Na

Na

PTI

e
\X PO4

0/-1
excretion

STUDY SMARTER
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Hyperphosphatemia

Symptoms

AMost patients asymptomatic
A Signs and symptoms usually fronfmypocalcemia
A Phosphate precipitates serum calcium

STUDY SMARTER




Hyperphosphatemia

Symptoms

A Metastatic calcifications
(TCalciphylaxi
Seen in chronic hyperphosphatemia in CKD
Excess phosphate taken up by vascular smooth muscle
Smooth muscle osteogenesis
Vascular wall calcification
Increased systolic blood pressure
Small vessel thrombosis
Painful nodules, skin necrosis

Niels Olsen/Wikipedia
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Hypophosphatemia

Symptoms

AMain acute symptom isveakness
ATP depletion
Often presents araespiratory muscle weakness

Alf chronic: bone loss, osteomalacia

STUDY SMARTER




Hypophosphatemia

Selected Causes

APrimary hyperparathyroidism
A Diabetic ketoacidosis (DKA)
Glucose induced diuresigy 1 0/ 1

ARefeeding syndrome in alcoholics
Low POA4 from poor nutrition

ABGAOAOET 1

Food intakeA metabolismA £AOOOEAO 8 0/ 1

A Antacids
Ammonium hydroxide

AUrinary wasting
Fanconi Syndrome
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Hypermagnesemia
Signs/Symptoms

AMg blocks Ca and K channels

ANeuromuscular toxicity
s OAZElI AgAO
Paralysis
A Bradycardia, hypotension, cardiac arrest

A Hypocalcemia (inhibits PTH secretion)

1 AQ 04N # A
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Hypermagnesemia

Selected Causes

ARenal insufficiency

Renal cortex

Hilum
Renal medulla

Renal papilla

Major calyx v Fibrous
capsule

Kidney Anatomy

BoardS&Beyond- Image courtesy dBruceBlaus
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Hypomagnesemia

Symptoms

ANeuromuscular excitability
Tetany, tremor

A Cardiac arrhythmias
AHypocalcemia
AHypokalemia

STUDY SMARTER




Hypomagnesemia

Parathyroid Gland
ALow Mg
m 04( OAI AAOA

)

AT A OAT Al

i OAT A AEEAAO AC
| ACAT OEOI Al T1

AVery low MgA inhibits PTH release

Some Mg required for normal CaSR function
Abnormal function A suppression of PTH release
Hypocalcemia often seen in severe hypomagenesemia

STUDY SMARTER




Hypomagnesemia

Potassium

AMagnesium inhibits potassium excretion
AROMK

Renal outer medullary potassium channel
Found in cortical collecting duct

A+C x1 160 Al OOAAO Ol OEI

/ \ Interstitium/Blood

Lumen (Urine)

Mg2+
D
/

ROMK

K+
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Hypomagnesemia

Selected Causes

AGI losses (secretions contain Mg)
Diarrhea

A Pancreatitis
Saponification of Mg/Ca in necrotic fat

ARenal losses
Loop and thiazide diuretics
Alcohol abuse (alcohol-induced tubular dysfunction)

ADrugs

Omeprazole (impaired absorption)
Foscarnet
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Foscarnet

A Antiviral pyrophosphate analog
A Binds/inhibits viral DNA polymerase

A Adverse effects
Nephrotoxicity (limiting side effect)
Seizures (often related to electrolytes)
Hypocalcemia (chelates calcium)
Hypomagnesemia (induces renal wasting of magnesium)
Hypokalemia

Foscarnet
Hypophosphatemia 0
Hypercalcemia HO
Hyperphosphatemia H O*«}: OH
|
O
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Sodium and Water
Balance

Jason Ryan, MD, MPH
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Balance

AWater in = water outA Ox AOAO AAI AT AAG
ASodium in = sodium outA OOT AEOI A
AMajor regulators:

Antidiuretic hormone (ADH)

Sympathetic nervous system (SNS)
Renin-angiotensin-aldosterone system (RAAS)
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Effective Circulating Volume

A Portion of extracellular fluid

A Contained in arterial system

AMaintains tissue perfusion

ANot necessarily correlated with total body water
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Effective Circulating Volume

AModified by:
Volume
Cardiac output
Vascular resistance

AMajor determinant: sodium
Excess sodiumA 1 %# 6
Restricted sodiumA 8  %# 6
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Effective Circulating Volume

ALow ECV can lead ttow blood pressure
AMay causeorthostatic hypotension
A Dizziness/fainting on standing
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Effective Circulating Volume

ALow ECV activates:

Sympathetic nervous system
Renin-angiotensin -aldosterone system

A Retention of sodium/water

STUDY SMARTER




Effective Circulating Volume

AT 1T A AEOAAOA OOAOAO EAOA
A Chronic activation of SNS and RAAS

A Chronic retention of sodium/water by kidneys

AMay or may not lead to increased total body water

Condition ECV TBW
Volume
Depletion l l
Heart Failure L "
(low CO)
Cirrhosis L 7
(low SVR)
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Antidiuretic Hormone

ADH; Vasopressin

A Retention of free water

AMajor physiologic trigger isplasma osmolality
Sensed by hypothalamus
ADH released by posterior pituitary gland
ADHA free water resorption by kidneys
Water retention adjusted to maintain normal osmolality
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Antidiuretic Hormone

ADH; Vasopressin

AAlso released withlow ECV

O. Hioi 1T OEA OAI AAGAG 1 E
Second trigger in addition to serum osmolality
Only activated with very low ECV

STUDY SMARTER

1 $ (




Water Balance

APlasma sodium maintained at ~ 140meq/L
AWater intake A water excretion A normal sodium
AWater balance maintained by ADH

AADHA retention of excess free water

AWater balance reflected byplasma sodium
Normal sodium: In = QOut (in balance)
Hyponatremia: In>Out
Hypernatremia: In<Out
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Water Balance

Excess Water

|
s 10111 Al EOU
|

1 $ (

s 7AOAO
Resorption

|

1 7A0A0 %PBAOAOET I
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Restricted Water

|

1 uéiTiAiEéU
l 1 $ (
m 7AO0AO
Resorption
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Water Balance

1 $ (
> In > Out Out > In, )
0 5 01 Ok MOT OI
g In = Out /\ In = Out
E ADH = Baseline ADH = Baseline
3 Posm = Normal Posm = Normal
M
[c
S

T Time
Water Consumption
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Sodium Balance

APlasma sodium maintained at ~ 140meaq/L
AExcesssodiumA v T Ol T 1 Al EQU
An T Ol TAl waterEefetion A normal sodium
AWater retention A 1 %# 6

A Sodium intake expands ECV
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Sodium Balance

Restricted Sodium

|
s 10111 Al EOU
|

13 (

s 7AOAO
Resorption

|
" 7AOAO %BAOAOET i
|

%# 6
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Excess Sodium

|

1/ Ol T1 Al EOU

|

I $ (

|

1 7A0AO

Resorption

|
s 7AOAO
|

%# 6
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Sodium Balance

I3 (
Na In > Na Out [Na] = Normal
mol Of .
ADH = Baseline
In = Out Na In > Na Out

ADH = Baseline

Total Body Water/ECV

T Time

Sodium Consumption

Boards&Beyond.
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Sodium Balance

AECV controlled by SNS and RAAS

Sympathetic nervous system
Renin-angiotensin-aldosterone system

A Activated when ECV is low
AlInhibited when ECV is high
ASodium alters EC\A alters SNS/RAAS
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Sodium Balance

ASodium intakeA Expanded ECV
AExpandedEC\W 8 3. 3 ATl A
AResult: Increased sodium excretion
AOut = InA balance restored

STUDY SMARTER
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Sodium Balance

Restricted Sodium

5 . A %BAOAOEIT I

|

In = Out
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Excess Sodium

|

%# 6

|

3.371T2!113

31 AEOI 2AO0AT OEI
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In = Out




Sodium Balance

1% (
5 Na In > Na Out 3.372!13
g LY
o B In = Out
g In = out [Na] = Normal
S SNS = Baseline SNS = Decreased
» RAAS = Baseline RAAS = Decreased
2
T Time

Sodium Consumption

Boards&Beyond.
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Sodium Balance

Key Points

AHigh sodium intake expands ECV
Weight gain
May cause hypertension

A Low sodium intake contracts ECV

Weight loss
May improve hypertension

STUDY SMARTER




Out of Balance

ALack of water balance
Alters plasma sodium level
Hypo or hypernatremia

ALack of sodium balance
Alters total body volume/ECV
Hypo or hypervolemia
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Gl Losses

ANausea, vomiting, diarrhea

A Activation of SNS/RAAS

AVolume loss A 1 $( OAI AAOA
Non osmotic release of ADH

Driven by volume sensors
No longer controlled by plasma sodium level

AWater balance control by ADH lost
A Free water always retained by kidneys
APlasma sodium determined by relative intake/losses
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Gl Losses

AHyponatremia often occur
Drinking free water
Not eating (no sodium)

A Hypernatremia can occur
Not taking enough free water
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Heart Failure

A#EOIT T EAAI T U 8 %#6 |
A Chronic activation of SNS and RAAS

A Sodium chronically retained

A Free water also retained to balance sodium

STUDY SMARTER
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Heart Failure

ASodium balance disrupted

A Sodium excretion always reduced
AHigh sodium intakeA intake > excretion
AHypervolemia often occurs
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Heart Failure

A#6 Al AO 110 (]
Failing heart unable to increase CO
Heart failure patients always have low ECV

AResult: Congestion
Pulmonary edema
Elevated jugular venous pressure
Pitting edema
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Heart Failure

AWater balance disrupted
A o6 ! $( OAI AAOA
ADH always high

$OEOAT AU O1T1 61 A ODAEAHBQO j O1 1

No longer controlled by plasma sodium level
AWater balance control by ADH lost
A Free water always retained by kidneys
APlasma sodium determined by relative intake/losses
AHyponatremia often occurs
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SIADH

Syndrome of Inappropriate ADH Secretion

A Excessive ADH release
AExcess water retentiond hyponatremia

ANormal volume status
Water retentionA VM %% ® 3. 372! 1 3
Sodium excretionA 8 %#6 j AAAE Ol
AKey findings
Hyponatremia
Normal volume status
Concentrated urine

SSSSSSSSSSS
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Sodium Disorders

Jason Ryan, MD, MPH
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Sodium Disorders

Aln general, these are disorders ofVATER not sodium

A Hyponatremia
Too much water

AHypernatremia
Too little water
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Sodium Symptoms

AHypo and hypernatremia effecibrain

ALow sodium = low plasma osmotic pressure
A Fluid into tissues
A Brain swells

AHigh sodium = high plasma osmotic pressure

A Fluid out of tissues Lobes of the brain
A Brain shrinks

Central sulcus

' \, Occipital lobe

Sylvian fissure

Temporal lobe

BoardS&BeyOnd. Image courtesy of RobinH
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Hyponatremia

Symptoms

AMalaise, stupor, coma
ANausea
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Hyponatremia

Key Diagnostic Tests

APlasma osmolality
AUrinary sodium
AUrinary osmolality
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Plasma Osmolality

AAmount of solutes present in plasma

A Key solute:Sodium

A Osmolality should beLOW in HYPOnatremia
A1tOOAD EIT EUDPIT AOOAI EA EO
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Plasma Osmolality

Serum Osmolality = 2 * [Na] + Glucose + BUN
18 2.8

Normal = 285 (275 to 295)
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Plasma Osmolality

AHyponatremia with HIGH osmolality
Hyperglycemia or mannitol
Glucose or mannitol = osmoles
Raise plasma osmolality
Water out of cellsA hyponatremia

STUDY SMARTER




Plasma Osmolality

AHyponatremia with NORMALosmolality
Artifact in serum Na measurement
Hyperlipidemia
Hyperproteinemia (multiple myeloma)
dPseudohyponatremia
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Plasma Osmolality

A1ststep in evaluation of hyponatremia unknown cause

Plasma Osmolality

|

Low Normal High
Lipids Glucose
Protein Mannitol
v
Further Workup
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Urinary Osmolality

A Concentrations of all osmoles in urine (Na, Cl, K, Urea)
AVaries with water ingestion and urinary concentration
ALow Uosm = dilute urine (lots of free water in urine)
AHigh Uosm= concentrated urine (little free water)

SSSSSSSSSSS




Urinary Sodium

AUsually > 20meq/L
AVaries with dietary sodium and free water in urine
AUsually high when urine osmolarity is high

A Key exception:
Sympathetic nervous system (SNS)
Renin-angiotensin -aldosterone system (RAAS)
ActivationA 1 T x OOET AOU UBMAEOI xEOE
Hemorrhage, heart failure, cirrhosis
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Antidiuretic Hormone

ADH; Vasopressin

AOsmolality sensed by hypothalamus
AADH released by posterior pituitary gland
AADHA free water resorption by kidneys
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Antidiuretic Hormone

ADH; Vasopressin

AResponds to water intake to maintain sodium levels

Excess Water Restricted Water
v, Ve EN Ve ~ r ~ ~ v, Ve an AN Ve AN r ~ ~
8 /Ol T1 Al EOU w [ Ol 1l 1l Al EOQU
A 4 v
I3 ( I3 (
v o R v o .
5 7A0AOD nm 7A0AO
Resorption Resorption
m 7A0A0 wBAOAOEI T 87A0A0 %BAOAOQOEI
Uosm Uosm
BoardssaBeyond




Antidiuretic Hormone

ADH; Vasopressin

AAny cause of high ADH can cause hyponatremia
A Sodium no longer controlled by ADH (always high)
APlasma free water varies with intake

Alncreased intakeA hyponatremia
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Hyponatremia

General Points

AUrine should be diluted

More free water than solutes
Low urine osmolality (<100mosm/kg)
Low urinary sodium (<30meqg/L)
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Hyponatremia

General Points

Alf urine is diluted
Kidneys responding appropriately
ADH level is low (as it should be)
Problem is outside the kidneys
Alf urine is not diluted
Kidneys are NOT responding appropriately
Too much ADH
Or drugs/pathology interfering with kidney function
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Hyponatremia

Causes

Heart failure and Cirrhosis
Kidneys ineffective

High ADH

Psychogenic polydipsia/Dietary

e\
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Heart fallure and Cirrhosis

APerceived hypovolemiad ADH levels high
AUrine not diluted (Uosm > 100)
A Clinical signs of hypervolemia

Wellcome Images
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Kidneys ineffective

A Advancedrenal failure

Kidneys cannot excrete free water normally

Urine cannotbe diluted

Minimum Uosm rises even with low ADH

Normal <100

Greater than200 to 250mosmol/kg with renal failure

Key point: S5ITEQIAEAAOAO AATT Of A1 O
AMay occur with euvolemia or hypervolemia

Boards&Beyond .



Kidneys ineffective

ADiuretics
Cause sodium and water loss
Most commonlythiazides
Can occur with loop diuretics

AHighly variable urinary findings
nw O AEOI AT A xAOAO AGAOAOEI I
DehydrationA 1 | $ (
Water/Na in urine vary by dose, dietary intake
Key test:Response to discontinuation of drugs
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Diuretics

Cortex

Outer Medulla

STUDY SMARTER
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Diuretics

A Loop diuretics
Medullary gradientsdiminished
Difficult to reabsorb free water (loops = powerful diuretic)
Low likelihood of excess wate hyponatremia

AThiazide diuretics
Medullary gradientsintact
Intact ability to absorb free water
More sodium out in urine (diuretic effect)
Higher likelihood of excess wateA hyponatremia
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High ADH

AAny cause of dehydratiol® V¥ | $ (

Vomiting, diarrhea
Sweat

ASodium level varies with water intake
A Free water intakeA hyponatremia
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High ADH

A Adrenal insufficiency
Cortisol normally suppresses ADH release

Loss of cortisol (primary/secondary) A M 1 $ (
Loss of aldosterone (primary)A loss of salt/water A ¥
A Hypothyroidism
ASIADH

STUDY SMARTER
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SIADH

Syndrome of Inappropriate Antidiuretic Hormone Secretion

AToo much ADH released (inappropriate)
A Causes hyponatremia

AHigh urinary Na (>40meq/L)

AHigh urinary osmolality (>100 mOsnkg)

ANo other cause for high ADH
Heart failure
Cirrhosis
Dehydration
Thyroid/adrenal disease
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SIADH

Causes

ADrug induced (carbamazepine, cyclophosphamide)
A Paraneoplastic (small cell lung cancer)
ACNS

APulmonary disease
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Volume Status SIADH

AFluid retention due to ADH
ABody responds with 2! | 3
As Al ATl @A AT IEA OOET A

i x10OC¢

A Al AT HOAQIAIOAO OAOI OPOEI 1

AResult: normal volume status
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SIADH

A Diagnostic Criteria
(UDI OTT EA EUm]SI .AODAI EA |8
Normal liver, renal, cardiac function
Clinical euvolemia
Normal thyroid, adrenal function
Urine osmolality > 100mOsmkg

Boards&Beyond.
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SIADH

A Common treatment: fluid restriction

A Special treatment option:
Demeclocycline
Tetracycline antibiotic
ADH antagonist

Demeclocycline

Boards&Beyond.
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Psychogenic Polydipsia

ANeed to drink >18L/day to get hyponatremia
A Occurs inpsychiatric patients (compulsive)
A Hyponatremia

ALow urine osmolality (<100mosm/kg)
Indicates kidneys working
Kidneys trying to eliminate free water

A Water restriction resolves hyponatremia
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Special Diets

ATea and toast

A"AAO AOET pofoadiag @AAAO

AVery little sodium ingestion

AMinimum urine osmolality ~60 mosmol/kg

AMinimal sodium intake may limit free water excretion
AFree water intake > output

AResult: hyponatremia
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Special Diets

A Salt consumed must equal salt excreted
Almagine highest water to salt ratio is 10:1

Q‘Q‘
‘.QQ
®
®
o

Normal Diet Restricted Diet

3 salt@ 1 salt @

30 water @ 10 water @
Ll BoardsaBeyond
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Special Diets

ANormal diet

1000mOsm/day solute

Most dilute urine = 50mOsm/L

Max free water output = 1000/50 = 20L/day
A Special diet

250mOsm/day solute

Most dilute urine = 50mOsm/L

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

Water intake >5L/day A hyponatremia
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Special Diets

ALow urine osmolality (<100mosm/kg)
Indicates kidneys working
Kidneys trying to eliminate free water

A Free water excretion limited by solute availability
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Hyponatremia

Hypervolemic Euvolemic Hypovolemic
Cirrhosis SIADH Dehydration
CHF Hypothyroid Diuretics
Renalfailure 2° Adrenal Disease 1°Adrenal Disease
Renal failure
Polydipsia
Dietary
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Euvolemic Hyponatremia

Measure
Uosm
Uosm <100 Uosm > 100
Psychogenic Polydipsia SIADI_—I_
Diet (tea, beer) Hypothyroidism

Renal Failure
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Hypovolemic Hyponatremia

Hypovolemic
Measure Dehydration
UNa Diuretics
1°Adrenal Disease
UNa <30 mEqg/L UNa > 30
Extra-renal cause Renal Cause
Vomiting Diuretics
Diarrhea 1°Adrenal Disease

Sweati ng (aldosterone)
BoardssaBeyond .
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Hypervolemic Euvolemic Hypovolemic
Cirrhosis SIADH Dehydration
CHF Hypothyroid Diuretics
Renalfailure 2° Adrenal Disease 1°Adrenal Disease
Renal failure
Polydipsia
Dietary
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Hypervolemic Euvolemic Hypovolemic
Cirrhosis SIADH Dehydration
CHF Hypothyroid Diuretics
Renalfailure  2° Adrenal Disease 1°Adrenal Disease
Renal failure
Polydipsia
Dietary

SSSSSSSSSSS




5 1 $( Al A W 5]

Hypervolemic Euvolemic Hypovolemic
Cirrhosis SIADH Dehydration
CHF Hypothyroid Diuretics
Renal faillure  2° Adrenal Disease 1°Adrenal Disease
Renal failure
Polydipsia
Dietary
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Hyponatremia

Treatment

AFluid restriction
A 3% saline

AVaptan drugs (tolvaptan, lixivaptan, andconivaptan)
Block ADH
Main use is in severe hyponatremia of heart failure
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Central Pontine Myelinolysis

O/ Oi T OEA AAT UAT ET AOGEIT OUT AOT |1 Ad

Al OOT AEAOAA xEOE 1 OAOI U OA
Usually >10meq per 24 hours

A Demyelination of central pontine axons

ALesion at base of pons

A Loss of corticospinal and corticobulbar tracts

A Quadriplegia

A Can be similar to lockedin syndrome
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Hypernatremia

Symptoms

Alrritability, stupor, coma
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Hypernatremia

Causes

1. Water loss
A Skin and lungs (more H20 than Na)
A ADH will be high
A Uosmwill high

2. Diabetes insipidus

Loss of ADH activity

Central: trauma, tumors

Congenital nephrogenic (rare)
Acquired (nephrogenic): Many causes

To To To o
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Acquired Diabetes Insipidus

AHypercalcemia
AHypokalemia

ADrugs
Lithium
Amphotericin B
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Diabetes Insipidus

Symptoms

A Polyuria and polydipsia
A Similar to diabetes mellitus via different mechanism
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Diagnosis Diabetes Insipidus

ASuspected with polyuria and polydipsia

A Often normal [Na]
Water loss stimulates thirst
Hypernatremia occurs if not enough water
Central lesion (central DI) can impair thirst

AUrine osmolality low (50-200mOsm/kg)
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Diagnosis Diabetes Insipidus

Diagnosis

AFluid restriction
After 8 hours of no fluid, urine should be concentrated
If urine is dilute A absent/ineffective ADH

A Administration of vasopressin or desmopressin
Should concentrate urine if kidneys work
If no concentrationA nephrogenic DI
If concentration A central DI
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Hypernatremia

Treatment

AWater (ideally PO)
AV Fluids (D5W)
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Diabetes Insipidus Treatments

A Central DI:Desmopressin
ADH analog
No vasopressor effect (contrast with vasopressin)
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Diabetes Insipidus Treatments

ANephrogenic DI:Thiazides and NSAIDs

AThiazides

Increase in proximal Na/H20 reabsorption
Less H20 delivery to collecting tubules
Paradoxical antidiuretic effect

ANSAIDs
Inhibit renal synthesis of prostaglandins (ADH antagonists)
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Glomerular Disease
Principles

Jason Ryan, MD, MPH
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Glomerulus Functions

Al 1 1 Uiafittted ET OT "1 x1 AT 80O
A Water, electrolytes, glucose, amino acids

APrevent filtration of most proteins

APrevent filtration of red blood cells

AGlomerular pathology
A Proteinuria
A Hematuria

SSSSSSSSSSS
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Glomerular Filtration Barrier

Capillary
Endothelium

i } Capillary ! ’

Basement I

Membrane ) ) )\
Podocytes

(epithelium)

"I x{ AT65O 3DAAA
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Caplillary Endothelium

Fenestrated (i.e. has openings)

Only small (~40nm) molecules pass through
Repels red cells, white cells, platelets

First barrier to filtration

Capillary damageA RBC in urineA hematuria
Capillary damageA inflammation A nephritis

Do To Io Po To I
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Basement Membrane

A Negatively charged molecules
A Type IV collagen
A Heparansulfate

A Repels ) molecules like albumin
A Alsosize barrier
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Podocytes

AAlso calledepithelial cells

A, TTC OPOTl AAOOGAOGe AAIT T AA
AWrap capillaries

A Slits between foot processes filter blood

AFurther size barrier small molecules

ADamageA loss of protein barrier

SSSSSSSSSSS
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Albumin

ASmall (~3.6nm)

A Can fit through all size barriers
ANegatively charged

ARepelled by GBM charge barrier
APodocyte/GBM disease&y albumin in urine
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Glomerular Diseases

A Breakdown of components of filtration barrier

AMEET CO EI OOET A OEAO OEI O
Red blood cells
Protein (especially albumin)
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Hematuria

AUrinalysis

A Dipstick: tests for the presence of heme
/A Heme has peroxidase activityy reacts with strip
/A Heme positive: hemoglobin or myoglobin

AMicroscopy: red cells visualized

Imagecourtsy of Bobjgalindo
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Hematuria

AMany, many causes

AGross: abnormal color to urine from blood
AMicroscopic: Incidental finding on urinalysis
A Can occur after exercise

A Common causes:
UTI
Kidney stones

A Feared cause: bladder cancer
A Glomerular disease is rare cause
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Glomerular Bleeding

ARed cell casts

A Dysmorphic red blood cells
A Acanthocytes

A Proteinuria

A2AAh OITEU AOI xT 1T 0 OOAT A

A Clots generally not seen
b O
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Proteinuria

AUrine dipstick
Color change indicates amount of protein

Primarily detects albumin (good for glomerular disease!)
1+, 2+, 3+, 4+
Affected by urine concentration
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Proteinuria

AUrine protein-to-creatinine ratio
O03bi O OOET Ao
1st or 2"d morning urine sample after avoiding exercise
Normal ratio less than 0.2 mg/mg

STUDY SMARTER




Proteinuria

A24-hour urine collection
Gold standard for protein evaluation
Gives you grams/day or protein excretion
Normal is less than 150mg/day
Cumbersome for patients
Errors in collection common

Boards&Beyond.
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Glomerular Diseases

Spectrum
Nephritic Syndrome Nephrotic Syndrome
RBC casts Massive proteinuria
Mild proteinuria Hyperlipidemia

Renal Failure
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Nephrotic Syndrome

AFiltration barrier to protein is lost
ARBC filtration barrier remains intact

AMassive proteinuria
4+ on dipstick
>3.5g/day

ATriggers cascade of pathology
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Nephrotic Syndrome

\%

s EI T O1T CkHrAOP POODOAEL Proteinuria
l l \ Frothy urine

NP S
Infection 5 Al AOI EI 14) ) )

O %#6 v pj AOI A

° &2 gncotic pressure u T EORAO AAOD ET%%mrB?j'S
\'4
RAAS
\4 \
Na/H2_O . : S Fatty casts
Retention—> | Edema Hyperlipidemia Oval fat bodies

Boards&Beyond.
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Urine in Nephrotic Syndrome

AUrinary lipid may be present
ATrapped in casts (fatty casts)

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

AUnder polarized lightfat droplets have appearance of
Maltese cross
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Nephrotic Syndrome

A Classic presentation
Frothy urine
Swelling of ankles
Swelling around eyes periorbital )
Often mistaken for allergic reaction
Serum total cholesterol >300mg/dI
Proteinuria (>3.5g/day)
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Nephritic Syndrome

AlInflammatory process damages entire glomeruli
A Filtration barrier to RBCsand protein lost

AT T1TAOOI AO AAI ACAq B
ARBC in urine

Dysmorphic

RBC Casts

AProtein in urine
Less thannephrotic syndrome due to lower GFR
<3.5¢g/day

SSSSSSSSSSS
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Nephritic Syndrome

Dysmorphic RBCs

S E— barrier

STUDY SMARTER
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Nephritic Syndrome

A Classic presentation
Dark urine (RBCs)
Swelling
Fatigue (uremia)
Proteinuria (<3.5g/day)
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Microscopy

Light Electron
Microscopy Immunofluorescence Microscopy

Up to 2000x Immunostaining Up to 10,000,000x

BoardS&Beyond _ Images courtesy obilalbanday
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Microscopy
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Nephritic Syndrome

Jason Ryan, MD, MPH
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Nephritic Syndrome

Dysmorphic RBCs

S E— barrier

STUDY SMARTER

/

s FEE1 OOAOEI

—

RBC Casts
6 ' &2
R & Xe
pressure

" (UAOT 00AOE figigia

N\

Hypertension

Edema

~

Proteinuria




Nephritic Syndrome

A Classic presentation
Dark urine (RBCs)
Swelling/edema
Fatigue (uremia)
Proteinuria (<3.5g/day)
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Nephritic/Nephrotic

Sites of Glomerular Injury

AMajor determinant of whether a disease process leads
to nephritic or nephrotic syndrome is thesite of
glomerular injury
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Nephritic/Nephrotic

Sites of Glomerular Injury

APodocyte injury A protein loss only A nephrotic

A Endothelial and mesangial cells
Exposed to blood elements
Injury lead to inflammation (nephritis)
Loss of red blood cells and protein in urine

AMost causes of nephritic syndrome related to
endothelial/mesangial injury  with influx of
Inflammatory cells
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Nephritic Syndrome

Major Causes

. Poststreptococcal

. " A O C Ao mephrgpathy

Diffuse proliferative glomerulonephritis

Rapidly progressive glomerulonephritis (RPGN)
Alport syndrome

Membranoproliferative glomerulonephritis

o v A wN R
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Poststreptococcal GN

AFollows group A 1 -hemolytic strep infection
Impetigo (skin)
Pharyngitis

A Nephritogenic strains
Carry specific subtypes of M protein virulence factor
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Poststreptococcal GN

Almmune complexes deposit in kidney
Circulating antigenantibodies complexes
In situ formation in kidney

AFix complement
A Attract PMNs
AHypocomplementemia (also lupus, MPGN)
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Poststreptococcal GN

ACommon in children (can also occur in adults)

A Classic case
Child
2-3 weeks following strep throat infection
Nephritic syndrome
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Poststreptococcal GN

AGlomeruli: Enlarged, hypercellular

L] Boards&Beyond.
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Poststreptococcal GN

A Subendothelial antibodies/complexes
AGranular IF (IgG, C3)




Poststreptococcal GN

O~

A Electron microscopy:Subepithelial OE O B O
Immune complexes

Boards&Bengg. Images courtesy obilalbanday .



Poststreptococcal GN

AGood prognosis in children
95% recover completely

A Adults have worse prognosis
About 60% recover
Many develop renal insufficiency
Can be late: 10 to 40 years after initial illness
Can develop RPGN

STUDY SMARTER




Poststreptococcal GN

ANo specific therapy (supportive)
A Spontaneous resolution
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IgA Nephropathy
"AOCAOGO $EOAAOA
AMost common form glomerulonephritis worldwide

A Repeated episodes of hematuria (nephritic)
A Over time leads to ESRD and HD (50% patients)
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IgA Nephropathy
"AOCAOGO $EOCAAOA
A Overactive immune system
Ay ¢! OUTl OEAOEO EI
Respiratory infection
Gl infection
AlgA immune complexesh mesangium

A Activate complement
Alternative and lectin pathways
No hypocomplementemia

AGlomerular injury occurs

SSSSSSSSSSS
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IgA Nephropathy

Ve pd

"AOCAOG6O $E
Granular IF
Stained for IgA

m BoardS&Beyond Images courtesy obilalbanday



IgA Nephropathy
"AOCAOG6 O $EOAAOQA
AClassic case

Recurrent episodes hematuria since childhood
Episodes follow URI or diarrheal iliness

Slowly worsening renal function (BUN/Cr) over time

Possible progression to ESRD and HD (20yrs+)
A$T 160 Ai 1T ZAOOA xEOE
Poststrep GN:weeksafter infection

IgA GNdaysafter infection
Minimal change:nephrotic syndrome after URI
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Henoch:Schonlein Purpura

AlgA nephropathy with extra-renal involvement
AMost commonchildhood systemic vasculitis
A Skin: palpable purpura on buttocks/legs
AGIl: abdominal pain, melena

AJoint pains

A Diffuse IgA deposition

ATissue biopsy: demonstrates IgA
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DPGN

Diffuse proliferative glomerulonephritis

A Systemic lupus erythematosus (SLE)
Most common subtype of SLE renal disease

~ N Ve ~ Ve yd -

O4UPA )6 ,Obp0OO . APEOEOEOO
Often presents with other SLE features: fever, rash, arthritis

Almmune complex deposition in glomeruli
ICA inflammatory response
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Lupus Nephritis

T ]

Typel  Typell Type lil TypelV pet
Focal Diffuse ‘
_ _ Nephrotic
Proliferative Membranous
Nephritic Urine Nephropathy
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DPGN

Diffuse proliferative glomerulonephritis

A Diffuse: More than 50% glomeruli affected

A Proliferative:
Increase in cellularity of glomeruli
Mesangial cells
Endothelial cells
Monocyte/neutrophil infiltration
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DPGN

Diffuse proliferative glomerulonephritis

ASubendothelial deposits drive immune response
Anti-dsDNA
Hypocomplementemia (also poststrep, MPGN)

A Classic finding:capillary loops thickened
O7TEOA 1 11T D

Boards&Beyond Image courtesy obilalbanday
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DPGN

Diffuse proliferative glomerulonephritis

AGranular IF

AO&OI T ET OOCAo6 EI I

1gG, IgA, IgM, C3, Clq
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DPGN

Diffuse proliferative glomerulonephritis

AMixed clinical presentation
Proteinuria (sometimes nephrotic)
Hematuria
Reduced GFR

ASevere, often leads to ESRD and HD
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RPGN

Rapidly progressive glomerulonephtritis
AT O1T AAT T AA OAOAOAAT OEAG
A Pathologic description: Many causes

A Many diseases lead to this condition

- 7ol é

‘I‘.‘ ol ’.
Images courtesy obllalbanday
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RPGN

Rapidly progressive glomerulonephtritis

A Crescents formed bynflammation

/A Monocytes/macrophages
A Fibrin
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RPGN

Rapidly progressive glomerulonephtritis

A Severe form of glomerulonephritis

A Progressive loss of renal function

A Rapid onset

A Often presents as acute renal failure

A Generalized symptoms: fatigue, anorexia
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RPGN

Rapidly progressive glomerulonephtritis

Fatigue/Anorexia
Acute renal failure
Nephritic urine

Renal Biopsy

Light Microscopy:
Crescents

Multiple
Causes
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RPGN

Rapidly progressive glomerulonephtritis

ACauses distinguished based on immunofluorescence
AType I: Linear IF

AType II: Granular IF

AType lll: Negative IF
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RPGN Type |

A Anti-glomerular basement membrane antibodies
O! "OE AT OEAT AEAOO
A Antibodies against GBM antigens

Unknown stimulus
Type Il hypersensitivity

AlLinear IF

IgG antibodies
Linear pattern
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A Antibody to collagen

A Antibodies to alpha-3 chain of type IV collagen
Found in GBM and alveol

AHemoptysis and nephritic syndrome

A Classic case
Young adult
Male
Hemoptysis
Hematuria
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RPGN Type I

Almmune complex deposition
Type Il hypersensitivity

AGranular IF
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RPGN Type I

A Post-streptococcal glomerulonephritis
Can progress to RPGN
Most common cause RPGN

A Systemic lupus erythematosus (SLE)
Diffuse proliferative glomerulonephritis
Can progress to RPGN
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RPGN Type Il

ANegative IF
No staining for IgG, IgA, etc.
AOO0O ABAEOT Ao TN el R
AMost patients ANCA positive images cortesy obiabanday
c-ANCA or pANCA
AMost patients have avasculitis syndrome
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ANCA Diseases

Anti-neutrophil cytoplasmic antibodies

AWegener's Granulomatosis (ANCA)
AMicroscopic Polyangiitis (BANCA)

A Churg-Strauss syndrome (BANCA)
AAll can lead topauci-immune nephritis
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RPGN

Rapidly progressive glomerulonephtritis

Fatigue/Anorexia
Acute renal failure
Nephritic urine

Renal Biopsy

Light Microscopy:

Crescents
| | 1 | I !
Anti-GBM |C Deposition Vasculitis
Linear IF Granular IF PaucrHimmune

ANCA
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Alport Syndrome

Hereditary Nephritis

AGenetictype 1V collagen defect
Mutations in alpha-3, alpha-4, or alpha-5 chains
Chains found in basement membranes kidney, eye, ear

Alnherited: X-linked

A Classic triad:
Hematuria
Hearing loss
Ocular disturbances

A Look for child with triad and family history
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Nephrotic Syndrome

Jason Ryan, MD, MPH
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Nephrotic Syndrome

\%
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l l \ Frothy urine
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Nephrotic Syndrome

A Classic presentation
Frothy urine
Swelling of ankles
Swelling around eyes (periorbital)
Serum total cholesterol >300mg/dlI
Proteinuria (>3.5g/day)
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Nephritic/Nephrotic

Sites of Glomerular Injury

AMajor determinant of whether a disease process leads
to nephritic or nephrotic syndrome is thesite of
glomerular injury

A Podocytes
Separated from blood by GBM
Injury does not lead to inflammation
DamageA loss of filtration barrier to protein only

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

SSSSSSSSSSSS




Glomerular Filtration Barrier

Capillary
Endothelium

i } Capillary ! ’

Basement I

Membrane ) ) )\
Podocytes

(epithelium)
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Nephrotic Syndrome Causes

Minimal change disease

Focal segmental glomerulosclerosis (FSGS)
Membranousnephropathy

Diabetic

Amyloidosis

Membranoproliferative glomerulonephritis
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Minimal Change Disease

‘ ’ Capillary ! ’
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Effacement
(flattening)

Foot Processes 7777777z

‘ ’ Capillary ! ’
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Minimal Change Disease

Pathology

ACaused byeffacement of foot processes

A Loss of anion €) charge barrier GBM
ATriggered bycytokines A damage to podocytes
AUsually idiopathic

A Associated with Hodgkin Lymphoma
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Minimal Change Disease

Renal Biopsy

ANormal light microscopy
ANo important findings IF
AOnly finding is effacement foot processes EM
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Minimal Change Disease

Other Features

ASometimes has immunological trigger (days before)
Viral infection (URI)
Allergic reaction (bee sting)
Recent immunization

AO3 Al A AradinGria o
Only albumin in urine (not immunoglobulin)
#1 1 OOAOO xEOE 1| OEAO-OQI IAIADEOIAA
AMost common cause nephrotic syndrome in children
Classic presentation is a child with recent URI
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Minimal Change Disease

Prognosis and Treatment

A Favorable prognosis

A Responds very well tosteroids
Unique among nephrotic syndrome causes
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FSGS

Focal segmental glomerulosclerosis

AGlomerulosclerosis
A Pink/dense deposition of collagen in glomerulus

ASegmental
/A Only potion of glomerulus involved

A Focal
A Only some glomeruli involved

Boards&Beyond_ Image courtesy otilalbanday
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FSGS

Pathology

A Sclerotic segments

Collapse of basement membranes

( UAT ET A A RAyaihoSige @E T 1
A Effacement of foot processes

Seen on electron microscopy
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FSGS

Renal Biopsy

A Light microscopy: focal, segmental lesions
A Electron microscopy: effacement of foot processes

Almmunofluorescence
Usually negative (no immune complexes)
Sometimes IgM, C3, C1 (nonspecific finding)
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FSGS

Focal segmental glomerulosclerosis

ACaused bypodocyte injury
AUnknown cause

A Often progresses to chronic renal failure
40-60% within 10 to 20 years
Does not respond to steroids
Severe version of minimal change disease
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FSGS

Epidemiology

A African Americans
/A Most common cause nephrotic syndrome

Nephrotic Syndrome Causes

African-American Caucasian

FSGS 57% 23%
Membranous 17% 36%
Minimal Change 14% 20%

BoardssBeyond.

STUDY SMARTER



FSGS

Focal segmental glomerulosclerosis

AUsually idiopathic (primary)
AMany secondary causes
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FSGS

Focal segmental glomerulosclerosis

AHIV
A Sickle cell patients
AHeroin users

PsychonaughtWikipedia
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FSGS

Other Associations

AMassive obesity

Alnterferon treatment
Used to treat HCV and HBV
Some leukemias and lymphomas, melanoma
A Loss of nephrons
Single kidney (congenital)
Surgical kidney removal

Tibor Végh
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Membranous Nephropathy

AThick glomerular basement membrane
AO- AT AOAT T 000

Membranous
Images courtesy obilalbanday



Membranous Nephropathy

AMembrane thick fromimmune complex deposition

IF microscopy very useful
O' OAT Ol AOoIg@ahdd3Gteitng | /£




Membranous Nephropathy

Pathophysiology

Subepithelial
Immune Capillary
Complex

Deposition 2 Y Y Y YL, Y Y |
OCOAT Ol A¢ =

Basement ( ) Capillary ! ’
Membrane

Deposition WW%@W%/W‘Z//W :
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Spike and Dome

Boards&Beyond_ Nephron/Wikipedia
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