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Electrolyte Abnormalities

Sodium/ANater Balance

Hyponatremia/iHypernatremia




Sodium and Water Homeostasis

Sedium
= TIght regulation
RAA system
Sympathetic. NS
AtraliNatruretic Peptide
Brain Natruretic Peptide

= Closely correlated ECV
Vascular volume
Serum water

Water
= ADH
Osm — 1-2% change
Baroreceptors

= Osmolarity and effective perfusion



Sodium/\Water Balance

Transition frem fetal physielogy.

= |late term fetus
_ ngh FXNa
= [ransition — to lew k.

Most species during 15t day.
Fetal feal - before birth

Sedium; consening moede

= Na reguirement for growih
Boene growith

1 ey mass
» Increase in interstitial space

= Milkediet

Fresh milk 1s sodium poor
= 9-15 mEqg/



Sodium/Water Balance
Sodium Overloaad

Seditim: centaining Intravenous fitids
x 6- 7 mEQ Na/kg/day

x Mare's milk— 1.8'mEqg Na/kg/day

x 3-4 X nermal Na

Seditm overioading
= ExXpansion of the extracellular fitid space
x Sodium fractional excretion will' remain low

Difficulty’ dealing with velume loading









Hyponatremia

SpUrieUs hypenatremia
Diitutienal hypoenatremia
Depletional hyponatremia

Redistribution hyjponatremia



Spurieus Hypoenatremia

Normal plasma seditim concentration

lLaleratery reports a low: concentration

x  Presence of interfering substances
LipIdsior large proteimns
Artificially dilutes sample
NOt wWithrmoedern assay. technigues

= Mistakes in sampling

Venipuncture site distal tora low: Na drip

Sample'is taken frem a catheter
= Infusion of a loew Na soelution
= Insufficient dead space clearing



Dilutional Hyponatremia

llack of halance
s FlUId intake/urine output

LLesS of Integrity of the urnary system
» Ruptured bladaer

= RUpPtUred/necrotic uracnus

» Fenestrated ureters

Renal failure
oW GER
= Na wasting




Dilutional Hyponatremia

Falled/delayed renal transition fetal to
neenatal physielogy
m Low GER

\Water overload

» Management mistakes
Diltite milk: replacer
EXcessive water enemas: (retained)
Flurd therapy. errers (Na wasting renal syndremes)

s Syndreome of Inappropriate antidiuresis (S1A)

= Appropriate antidiuresis
Decreased arterial volume



Dilutional Hyponatremia

Mest common formhyponatremialin neonates

Only:eccurs withiintake: of hyponatemic fitid

s Fresh milk

x Hyponatremic renyadration formulas

Dextrese Inwater or half strength saline

Not with'iIsetonic Na containing fitias
= Normisel-R; Lactated Ringers, Plasmalyte

x |.ess marked on milk replacer than fresh milk



Hyponatremia

Synarome. of Inappropriate Antaiuresis
(SIAD)

Synenym: SIADH

s Syndreme’ of Inappropriate Antidiuretic Hormone Secretion
Hyponatremia secondary: te

» Inappropriate reabserption of water frem urine
[D1agnesIs

= High urine esmolarity

x Hyposmolar hyponatremia - plasma

x Normal renal function

» Noermal adrenal function

x ELvelemia
Can have excessive renal seditm: excretion

s Often absent In the neonate
= LLow sodium intake



Hyponatremia

Synarome. of Inappropriate Antaiuresis
(SIAD)

Clinical syndrome
s SUdden decrease In urne output
= HiIgh urine specific gravity,
= \Weight gain
10-15% of body weight evernight
= No edema
s Decreasing plasma sedium concentration

ADH Increasead
= NO osmotic stimulus
= No hypovelemic stimulus



Hyponatremia

Synarome. of Inappropriate Antaiuresis
(SIAD)

SIADH

s |napprepriate vasopressin release
Erratic and unpredictable release vasepressin

Reset of the esmostat
m [hreshold for release Is lowered

V/asepressin release not fully suppressed at low esmolarity.
a BUt normalat higher esmeolarity.

= Receptor abnoermality (Vasepressini release normal)

Hypersensitive receptors

Receptors continue to respond
m After vasepressin levels decrease
= Hypovasepressinemic antidiuresis



Hyponatremia

Synarome. of Inappropriate Antaiuresis
(SIAD)

SIAD not SIADH

= HIgh Urine esmoelarity

= [Hyjposmoelar hypenatremia

= Hypovelemia

Appropriate Vasepressin release
Defense of: velemia




Hyponatremia

Synarome:. of Inappropriare Antaiuresis
(SIAD)

Nonesmotic ADH release

m Subclinical’velume: depletion
= Pain, Stress
» Hypoetoenic fluids exacerbates hyponatremia

Abnormal adrenal function

m Increased ACTH
Stimulate ADH release

m Cortisel deficiency.
Reduced CO and BP.
Non-osmotic. ADH release

n Aldesteroene deficiency.
Na wasting, reductions in ECV
Non-osmotic ADH' release

Abnormal renal function



Depletional Hyponatremia

=« Na less = water:
2¥2)

« Drarrh
m EXcessive sodium less in feces
s Reh /;Jra'cun With - Na  poor filids

« Fresh/frozen milk

¥ Eresh water

= Renal seditim\wasting

[upularadisease

2 of diuretics

Endocrne disturdances
5 Cerebral Salt Wasting Syndrome

s Rehydration with Na:poor fluids
= Eresh/frozen milk
» Eresh water:

s
‘-‘\';-




Cerebral Salt Wasting Syndrome
CSWS

Hypothalamic-Renal Axis disease

Characterized by

= Natriuresis

= Volume depletion

= Followed by water retention
ADH induced

Clincal findings

= Hypovolemia

= Hyponatremia

= Inappropriately high urine osmolality
Not Usg by refractive index

= Increased urine Na (> 40 mEg/l)



Cerebral Salt Wasting Syndrome
CSWS

Pathogenesis????
= Increased SNS outflow
= Increased atrial and brain natriuretic peptides

Traumatic intracranial injury

Differentiate from SIADH

= CSWS
Volume depletion
Increased urine sodium excretion
Before development of hyponatremia
= SIADH

Euvolemic or hypervolemic
Low/normal urine Na (in neonate)



Redistribution Hyponatremia

LowW. sediUm concentration
x Osmolarnty nermal

x ISesmoetic hyponatremia
Hyperesmeotic hyponatremia

Other esmotically’ active particles present

s Redistribute fitid from mtracellular space
Appropriate decrease Na concentration
Hyperglycemia (Na, Glu i mmel/L)

- Nacorrected > Nameasured -F [(G|U F 5)/3-5]
x 1.6 mEg/lI'Na decrease for 5.55 mmol/L glu increase

latregenic addition of 6Smoles

= Mannitol
Extreme hyperproteinemia
Secondary to sick cell syndrome



Hyjponatremia
Siek- Cell Synarome

Critically 1l patients
s Cellularinsult
= Less ofi cell wall integrity.

s Solutes leak
Fluid fellews

Dilution of extracellular
seditim




Hyjponatremia
Clinical Assessment

Classify hyponatremia

= Hypervolemic
= Euvolemic

= Hypovolemic




Hyjponatremia
Clinical Assessment

Hyperelemic hyponatemia

= |mpaired water excretion
Ruptured bladder
Renalifailure
m Decreased GER
= Failure to dilute urine
= Hypovelemia leading to fluid retention

Congestive heart failure
x Hypovoelemia — non-oesmotic ADH
x Poor renal perfusion
RAS
Increased sympathetic tone
Na retention and velume retention

ADH excess



Hyjponatremia
Clinical Assessment

Hyjpervelemic hyponatremia

x Splanchnic/systemic vasediatation
Decreased ECV.
Non-osmotic release of ADH

= lIncreased total boedy Water + Na
Water = Na
Edema, ascites

s Decreased arterial volume/BP
Stimulate ADH secretion



Hyjponatremia
Clinical Assessment

EUvelemic hyponatremia
= Most common in hespitalized patients
s ADH mediated water. retention

= latregenic
Rx-hypoetenic fluids in patients
When stimulus for increased” ADH} secretion

x [otallbedy Na nermal

» No edema
Defines euvolemic



Hyjponatremia
Clinical Assessment

Hyjpovelemic hyponatremia

x Deficit water & Na
Na deficit > water. deficit
Fluid less — renal water: retention (ADH)

= Eticlegy.
Diarrhea
Na wasting nephroepathy.
CSWS
Diuretics
Hemorrhage

s Apprepriate’ ADH secretion

Non-osmotic release

Retain water because of hypovoelemia
m Further decreasing esmolarity



Hypotonic Hyponatremia
Clinicall Findings

ASymptemaltic or symptomatic
SEVvere
s < 115 mEg/l — arbitrary definition

Acute
s < 36-48 hr

Progressive brain edema

s \Weakness, depressed reflexes
x Obtunded, abnoermal senserum
s Hypoethermia

x Cheyne-Stokes respiration

s Seizures, Coma

= Brainstem herniation

s Respiratory arrest



Hypotonic Hyponatremia
Brain Edema

AbrUpt hypPo-osmelanty
x Aguaperin-4:mediated
x \Water moves inte brain cells

Compensation
x Decreased cerebralivenous pooeling
s Decreased CSE velume
Pediatric — less relative CSE volume
Cell velume regulatery Iens
= Na, K; Cl
x Released withint5 min frem cells
x Can continue for 4, heurs
s Stretched cell'membranes epen 16n channels

» Hormone regulated cellular 1on differences
Predisposes females to more damage



Hyjpotonic Hyponatremia
Brain Edema

Reduction of celltlar esmolytes

x Polyalconols
Soritol

Inesitol
x AMING aci@s
= Methylamines
x Within 2-4 days

Up te 50% reduction esmolytes



Hyjpotonic Hyponatremia
Brain Edema

Early and late phase changes
s Limit cellular edema
x Limit damage

IHYPOXIC ISChEemIC encephalopatay
x Compounds hyponatremia damage
Interferes wWith compensation

x Cerebral edema
Interferes withi cerebrall perfusion
Impairs central respiratory. Centers



Hypotonic Hyponatremia
Chronic, severe

ASymptomartic

x Oligesymptomatic
x Not treat?

Only fer days

= Somnoelent

= Diseriented

= Often Rx

Causes

= DIuretics

= SIADH

= Malnourishment/liver disease
= Diarrhea



Hyjpotonic Hyponatremia
Chronic, severe - treated

Risk of cerebral myelinelysis

x Central pentine myelinulysis

x |nitial report 12 patients — weak: evidence
s Other reports extrapoentine

x May eccurin 25% cases
OVer rapid correction
Other risk factors
x Hypokalemia
x Alcehelism
x Experimental’studies — Na 118 te; 140 mEg/I
48 hrs — OK
8 hr = 90% myelinelysis
= RXx hypertonic saline
x Rx ADH antagonist



Hypotonic Hyponatremia
Myelinelysis - Pathogenesis

Osmotic reloading fails
» Rapid coerrection

s Brain cell Na, K
Normal
HIgh because of overshoot

= Amino acid content low

Osmotic releading

= Organic esmolytes take up to 5 days
Normal metaboelic moelecules
Parts ofi cellular pretems/lipids

External addition not speed

lransport depends en New: gene expression
RNA transcription — pretein preduction

Slowest where lesions occur
= Blood brain barrier has role



Hypotonic Hyponatremia
Myelinelysis - Pathogensis

Blood brain: barrer

s Major target of cellularedema
s \/ascular endothelial cell

s Astrocyte oot processes

s Cell'shrink opens cell'junctions

BBB disrupted

= Not protect
m Plasma constituents have access



Hypotonic Hyponatremia

Myelinoelysis - Pathogenesis

Factors associated

x Overshoeot hypernatremia

x Increasing Na'= 25 mEqQ/ILL 24-43 hr
x Concurrent hypoxic event

= LIver disease

Rate of Na rise
s |ess impertant than magnitude

Symptematic hyponatremia
= More important to treat
= [han threat of myelinolysis

Signs days after Na correction
MRI lesions best seen 2 weeks after



Hypotonic Hyponatremia
Treatment

Recegnize cause

= Don't treat spurious, redistribution
nypenatremia

Symptomatic — euvoelemia/hyper/olemia,
WIth concentrated urine
= Hypertonic saline
x FUresemide — limit Volume' expansion
x Step water intake
Symptematic — hypovelemia
= |setenic fiuids
Mild symptomatic — dilute urine
s Evaporative lesses only.



Hyponatremia/Hypernatremia

Osmotic Shifts

( H.,O Electrolytes Osmolytes

H,O () HO (’ H,0

Osmotic
—_— 0 Demyelination

HYPONATREMIA
Syndrome
Hypertonic
/ saline
Normal Rapid Slower
Brain electrolyte osmolyte Treatment Treatrflen.t
Cell shifts redistribution Complication

Hypotonic
saline

HYPERNATREMIA 0 — ‘ — —

‘Hzo ( H,O ( H,0

Electrolytes Osmolvtes

Cerebral
Edema

o




Hypotonic Hyponatremia
Treatment - Correction rate

AcuUte — rapid
Chrenic
s Increase Na < 0.5 mmol/LL/hr
a Stop once serum Na = 120-126

|f selzures
s lncrease Na 1 — 1.5 mmol/L/hr for 15t 3 hr

= Or until seizures stop
x Give 1-2 ml/kg/hr 3% saline

I selzures severe up te 4-6:mi/kg/hr
x Add furesemide

= Stop when Na = 118 mEqg/I
Goal 125 mEg/!



Estimate Effect of Infusate

For each liter given (Infusate Na + Infusate K) - serum Na

Change in serum [Na] =
Total body water + 1

Total body water
early neonate = 0.75 X body wt
pediatric = 0.6 X body wt
adult = 0.5-0.6 X body wt
geriatric = 0.45-0.5 X body wt

J Am Soc Nephrol 23: 1140-1148, 2012



Estimate Effect of Fluid-Loss

For each liter loss serum Na - (Fluid-loss Na + Fluid -loss K)
Change in serum [Na] =

Total body water - 1

Total body water

early neonate = 0.75 X body wt

pediatric = 0.6 X body wt

adult = 0.5-0.6 X body wt

geriatric = 0.45-0.5 X body wt

**Incorrect estimate of TBW will effect accuracy
Fluid-loss Na/K is Na/K of urine or GI fluid lost

J Am Soc Nephrol 23: 1140-1148, 2012



Hypotonic Hyponatremia
Treatment

V/asepressin Antagonists
x Better predictability.
s Better fine tuning

Hyponatremia and ADH
x Primarily disease of excess ADH
= IR face off continued hypotenic fluid intake

NGt Use Withrhyponatremia ecause: of
= Renal disease
= Volume contraction

Oral preducts being tested



Hypotonic Hyponatremia
\/asopressin Antagonists

Demeclocycline
» Blocks: at tubules

Aquaretics
—~ Vla & V2
Conivaptan
=V,
Lixivaptan
Satavaptan
Tolvaptan






Hypernatremia

Uncommon

Deficit off water relative to Na stores

s \Water loss > Na loss

Gl — esmotic diarrhea

Insensiblerloss

Renal less
» Hyperglycemic hyperesmeolar syndrome
s Diabetes insipidus

Nephregenic/Central

= Medullary “washout”
= [ubular concentration abnormality.



Hypernatremia

Deficit oft water relative to Na stores

» [ack off water intake ***
MUSt be present for hypernatremia

x Combined
Free water: |0SSes
Renal Na consen/ation
Limited water intake

Excess Na relative to water:
» Na Intake = water

Sedium; toxicity.
Lack of water intake must also be present



Hypernatremia

Clinical differentiation

= Na texICIty,
Low urinevoelume
HighiUsg
HIgh ExiNa

s Free water |0ss — not renal
Low urine voelume
High Usg
Low. ExNa

= Free water loss — renal
HIgh urine velume
Lew Usg
Low: FxXNa



Hypernatremia

HYpPEertonic hyperesmelality - always

Causes of hypernatremia
x SPUKRBUS

m Excessive free water loss

Pure water loss

Hypoetoenic fitid less
» Hyperesmotic intake

x latregenic



SpUrious hypernatremia

Sampling errors

= Bloed samples from the
Intravenous catheter

Noet large enough presample

Sample contamination

m With saline




Hypernatremia
Increased free water loss

s lncreased Insensible 1ess
Increased respiratory. rate
Low: RumIaIty:
High bedy temperature

Externaliwarming
= Radiant heat
m Hot alr heat

» Increased insensible 10ss
With limited intake

Hot weather:

Neonate unable to nurse
m Lack opportunity.
x NE




Hypernatremia
Increased free water loss

\Water loss

= Diabetes mnsipiaus
Unusual because ofineonate’s diet
UOSIT] = Posm

Water = Na loss

x Osmotic ditiresis

Hyperglycemic hyperesmolar syndreme
x Needinterruption nursing/wWater access
x Milk replacer with ne water access

Glucoesura
Mannitoel

FUresemide

Renal disease
Diarrhea

EXxcessive sweating



Hypernatremia
Hyperosmotic Intake

High sedium maternal milk
u Excessive sodium intake relative to free water:

latregenic mishaps
» Imprepery mixed electrolyte soelutions
Witheut the eppoertunity/ability to drink fresh water
x Impreperly mixed milk replacer
Allfpewdered milk replacers are seditm rich
x Use of hypernatremic intravenous fitids selutions
5% sedium bicarboenate
Hypertenic saline
Use of saline in exygen humidifiers
Hypertonic enemas (retained)



Hypernatremia
Noermal defense against

Concentrate urne

= Osmolar release ADH

Thirst

= Only develops If can't get to water



Hypernatremia
Treatment

Recegnize cause
= Eliminate/manage underlying preblem

lf"developed acutely (hours)
= Can be corrected ever hours (INa 1 mmel/hr)
x Usually acute sedium;leading

IT developed slowly: (ever days)

x Intracellularaccumulation organic 6smelyies

= Correct sloewly to avoid cerebral cellular edema
x [Na < 0.5 mmol/hr (target [Na 10 mmol/day)



Hypernatremia
Treatment

If Na > 170
s Don't decrease < 150 for 48-72 hr

Oral fitia therapy.
= AS SO0 as poessible
= Naand Kinimilk

Selzures during treatment
x Common

x From cerebral edema

= Slow correction



Hypernatremia
Estimate Effect of Infusate

For each liter given (Infusate Na + Infusate K) - serum Na

Change in serum [Na] =
Total body water + 1

Total body water
early neonate = 0.75 X body wt
pediatric = 0.6 X body wt
adult = 0.5-0.6 X body wt
geriatric = 0.45-0.5 X body wt



Hypokalemia




Hyjpokalemia

Hyjpokalemia common In neenates
Analbolic Increase in cell mass (growith)
x Potassitum: major intracellularion

Renal Ki\wasting
x DIUresis

x Renal pathology.



Hyjpokalemia
Stress/sepsis

Resting muscle
x Uses 10% of-availahle Nat:K* ATPase
ACHVILY,
Stimulated acutely by
= lRsulin
= EpInephrine
s Contractile activity.



Hypokalemia
Stress/sepsis

Stress/Sepsis — 1 epinephrine
x| NatzKe ATPaser activity.
x Significant Intracellular shifts of K*—
hypokalemia

x |AlPase demand
| glucese utilization/reguirement
7 glucose transport inte the cell resulting

— further shift K intracellular??



Hyjpokalemia
Pathogensis

Loss of 1% total body potassium
= Disturbs transcellular distribution
= Results In physiological changes

Blood Ievels

x Not correlate total boedy stores
= Rapid drep maere: likely clinical signs

Less 100 mEQ K

= Blood level decreases by 0.3 mEag/I
= T there are no confounders



Hyjpokalemia
SIgns - man

Muscle weakness
Paralytic ileus

Cardiac arrhythmias
= Atrial tachycardia
= Atrioventricular dissociation
= Ventricular tachycardia/fibrillation
= Flat or inverted T-waves
= ST-segment depression
= U-waves



Hyjpokalemia
SIgns - man

K<25

= Rhabdomyolysis with myoglobinuria

= Acute renal failure
K<2.0

= Ascending paralysis

= Impairment of respiratory function

Not recognize in neonatal foals



Hypokalemia

High! levels off petassium in milk
= Willlsuppoert growth reguirements

Stressed/Septic neonates
= Not telerate oral feeding

Neonates reguire significant Kistipplementation
x Prolonged intravenous glucese

x Parenteral nutrition

x Limited or ne milk feeding

Glucocorticold administration
» Mineralocoritcold receptor stimulation
= — Urine less of petassium



Hyjpokalemia
Treatment

Neonates

x Milkiadiet — not neead supplement

= Fluias only
I nermal plasmarlevels' — 3 mEg/kg/d

If hypokalemic — 6-12° mEQ/Kg/d or moere



Hyperkalemia

Differential diagnesis

» Ruptured bladder
= Urinary tract defect
x Sick cell'syndrome

s latroegenic




Hyperkalemia

LeSS of Integrity’ Iower urinary: tract

x [Kenly' when on a milk diet
Also true for [Na, [C

= Recelving parenteral nutrition
K enly eccur withoverzealous Kradministration

Sick: cell syndrome

x Suffer glebal cellfinsult
Perinatal hypoxic Ischemic asphyxial insults

» 1K =6-8 mEq/l
Hyperglycemia — no insulin: response
latrogenic In the face of renal insufficiency



Hyperkalemia
SIgns

Impaired neuromuscular transmission
= Cardiac

= Neuromuscular paresis/paralysis
General fatigue
Weakness

Paresthesia



Management of Hyperkalemia

Questions to be asked:

Is there an emergency related to hyperkalemia?
If so, what is the plan for therapy?

Is pseudohyperkalemia present?

Did this hyperkalemia develop acutely?

Toxicity more related to rate of increase than level
Toxicity associated with acid-base status
What role of
High K intake
Decreased renal K excretion
Transcellular K shift



Management of Hyperkalemia
ECG changes

Peaked 1 wave
False + depending on' lead placement

[Decrease/ansence Pwaves
False + depending on lead placement

Prelenged PR intenval
Widened QRS

Sine wave QRS
Asystole

ECG not sensitive indicater of hyperkalemia

K= 6.0 —46% abnoermmal ECG (In man)
K= 6.8 —55% abnoermal ECG (In man)

Not predicable progression



Management of Hyperkalemia

Pseudohyperkalemia

Sample hemolysis
Long, tight tourniquet (man)
Leukocytosis (>70,000; serum)

Thrombocytosis (>1,000,000; serum)

Measure plasma vs serum

If serum > 0.3 higher -
pseudohyperkalemia



Management of Hyperkalemia
Urgent Therapy

Oppose direct toxic effects
= Ca therapy

Promote cellular uptake K
= Insulin (glucose)

= [,-agonists (albuterol)
= NaHCO; - not

Remove from body
= Drain uroabdomen

= Diuretics
= Cation exchange resins



Management of Hyperkalemia
Urgent Therapy

Calcium
= Ca gluconate — less irritating
= CaCl — Ca more biologically available

= Slow IV push
ECG changes within 1-3 minutes

Lasts 30-60 minutes



Management of Hyperkalemia
Urgent Therapy

Insulin

= Increase Na/K pump — primarily muscle/liver
Increase Na/H exchanger as well — may be important

= Onset 20 min with peak 30-60 min
= Dose related
= Use glucose only to prevent hypoglycemia

= Dose — 10 units as a bolus
Lasts 4-6 hr

= CRI use in neonates
= Hypoglycemia risk — monitor



Management of Hyperkalemia
Urgent Therapy

Adrenergic Agents
= [3,-receptor in the muscle and liver

= Directly activate Na/K-ATPase
Increase cAMP

= Albuterol

By insufflation or IV
K drop within 30 min, peak 90-120 min
Drop 0.6-1 mEqg/I

= Has no effect 40% dialysis patients (man)
= Effect additive to insulin



Management of Hyperkalemia
Urgent Therapy

NaHCO,

= Poor response
= Requires 4 hrs for effect
= K decreased < 0.35 mEqg/l at 6 hr

Combined therapy

= Insulin + B,
Different mechanisms
In theory additive 60-100%
But not all respond to 3,
Combination — less frequent hypoglycemia

= Insulin + NaHCO,
Potentiate effect?



Management of Hyperkalemia
Direct Elimination from Body

= Gastrointestinal Route

Sodium polystyrene sulfonate
= Cation exchange resin

= 1 gmremoves 0.5-1 mEqg/I K

= 4-6 hr required for full effect

Oral, enema

= Constipates — give with laxative
Minimal short term effect

Depends on gut perfusion



Management of Hyperkalemia
Direct Elimination from Body

= Renal
Na diuresis
Deliver Na to distal K secreting sites

Renal disease often attenuates effect

= Abdomen

Draining uroabdomen

Peritoneal dialysis
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