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I solution increases j
gting 4 es its v

" golute 1t € : t
o [{:rl S . 1 contains, and This hﬁ]ut

g | 0y ; ation. F
109 soRaon (10 g/dl) contains 50 X Enlr cxample,
-1, Or 5 g Iﬂ

M ] a solution, init]
(he dilutio? of , n, mitial volume (v ) .
cnncentr?tmn (g) equals final voly 1) multiplied by
pcentration. This can be expressed mf?eumultip]jed by
i G G“r:_‘;: i

I-ﬂinal
V]C] —_— \J:C:

ion is sometimes referred to as the dilut;
onever three of the variables are known. the ;un equation.
calculatﬁd 15 in the following examples: = ourth can be

Js Dﬂuﬂﬂg 7o Gf?.l 2% (0.02) solution to a concentrat;
0.5% (O.DGS) _I'qutlll‘ﬂs finding the new volume (1;:;1 tration of
ranging the dilution equation as follows: ,) by rear-
‘Jj == \flci/cg
V, =10 ml x0.02/0.005
Vg =40 ml

This €412"

). 1f 50 ml of water 1s :aidded to 150 ml of a 3% (0.03) solutio
the new concentration is calculated by rearran_ging the dil 1
fion equation to find C, as follows: .

C_‘.'" ot V|C]/V1
C, =150 ml x0.02/(50 ml +150 ml)
C, =0.0225 or (2.25%)

3. To dilute 50 ml of a 0.33 normal (N) solution to a 0.1 N

conc-entration,

can be
can be calculated by rea

follows:
V, = ViC,/C;
V, =50 ml % (0.33/0.1
V, =165ml

- needed to produce a 0.

In the last example, the volum
(the original volume), Or

tion would be 165 ml — 50 ml
In other words, 115 ml of solvent would have 10

the original 50 ml of 0.33 N solution to produce
fﬂﬁﬁﬁﬁtratiﬂn, The added solvent is called the
1t¢‘m€$ the original concentration to 4 lo

ELECTROLYTIC ACTIVITY AND
ACID-BASE BALANCE

concentration is given as normality, but 1t

used similar to a percentage. The new volume (V)
rranging the dilution equation as

1 N solu-
115 ml.
be added to
the desired
diluent because
wer concentration.
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! al'[' -[ o oy
differ inpwhiiﬁt}fli d_“d)- Although these two theories of acids
1s being transferred, both theories attempt t‘
¢ it to

describ

ibe how 3

= reactive gro siq.s

solution’: groups perform within an aqueous 1

NH,Cl + NaOH — NH, + NaCl + HOH |

[n this :
: reactio Tt k3
e T n, Na" and Cl 10ns are not involved in the proton
- > equati - : : \
e ac'd'q ation can be rewritten 1onically as follows to
1dity of the ammonium 1on: ' g

NH,"+OH — NH,+HOH

T L
Tlli ?II?I:;;E?E :::r[i 310‘_[]1&1:615 a l*—V ?nn err{:Tt{‘nﬂ to the reaction,
verts the former int - 1}r§1n}:1de o st
i O aMMNONIA gas and the latter into water.
W oy ~hl Smglf:. ln.mz?‘.blg ﬂydruggn. Simple com-
such as hydrochloric acid (HCI) 1onize into one cation

and one anion:

HCl— H' +Cb

Ac:ids With Multiple Ionizable Hydrogens. The H' 1ons n
:;.111 acid may become available in stages. The degree of ionization
increases as an electrolyte solution becomes more dilute. Con
centrated sulfuric acid ionizes only one of its two H" atoms w -.

molecule, as follows:

H,SO, — H" + H5O0

With further dilution, second-stage ionization Occurs:

H.S0, > HT +H +50

L

-

—

A base is a compound that yields hydroxyl ions (OH) when

placed into aqueous solution. A substance capable of mnactivat-
ing acids is also considered a base. These compounds, catied
5. consist of a metal that is ionically bound o 2 OH
be bound fo an AMmMonium

i 2 5 k=
LIl o\

!

hydroxide
‘on or ions. The OH™ may also
cation (NH,"). An example of this type of base is sodium

hydmxide (NaOH). The Bronsted-Lowry definition of a base 18
any compound that accepts a proton; bases are paired with acids

that donate the proton, .nd these are called conjugare pairs. This
definition includes cubstances other than hydroxides, such as
ammonia, carbonates, and certain pmteins.
Hydm}:ide Bases. In aqueous solution,
typical dissociations of hydroxide bases:

the following are

Na"OH — Na’ +OH-
w*OH— K" +OH"
Catt (OH 2= Ca™ + 2(OH")

d is part of the definition of a base. This

ce depends on the concentration anc &=~ P .
& . dv. Clinical a lication of acid-base Inactfvat?on r':nf an acid : ‘ e
solutes in the body: &1 o 14 inactivation 18 accomplished by OH ™ reacting Wi
: ta1l 1 apter L3 |
s is discussed in detail 11 Chap atee:
steristics Of Acids, Bases: NaOH +HC _y NaCl+HOH
Nonhydroxide Bases. Ammonia and carbonates are exam-
; . - | 1114 rou S,
o . donate [H'] ples of honhydroxide bases. ?rﬂtelns:. with their amino grovy
: r ﬁf ers to eith'er COmPDundS T—h;t Elat b ptS an 3150 can gerve as ﬂDDhYdfﬂdee bases.

acid) or any com
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[ Methacholine Dilution

i

| The dilution equation (V,C, = V;C,) 18 commonly used to

| -alculate volumes or concentrations of medications when a
specific dosage nee ds to be administered to a patient. If three
/ of the variables are known, the fourth can be determined.

PROBLEM: Methacholine is a drug used to induce airway
constriction in patients suspected of having. In healthy sub-
iects, only higher doses of methacholine cause bronchospasm.
In asthmatics, very low doses can precipitate a 20% decrease in
the forced expiratory volume in 1 second (FEV,). The metha-
choline challenge test begins with a low dose and increases the
concentration (either doubling or quadrupling) until the
patient has a significant change in FEV, or the highest dose has
been given. Methacholine is supplied in vials that contain
100 mg of the active substance to which 6.25 ml of diluent
(saline) can be added to produce a concentration of 16 mg/ml.
This is the highest dosage administered to the patient. How can
vou make serial dilutions of the drug so that five different
dosages are available and each one is four times more concen-

trated than the previous dose?

SOLUTION: Starting with a 16 mg/ml stock solution of
methacholine, how much diluent needs to be added to 3 ml of
the stock to make a 4 mg/ml dose (one-fourth of the original

concentration)?
Using the dilution equation:
GV =GV,
(16)(3.0)=(4)V,
48/4 =V,
12=1V,

Because there was 3 ml of the stock solution to begin with,

the amount of diluent to add is the difference between 12 (V,)

and 3, or 9 ml. Adding 9 ml of diluent to the original 3 ml

of stock (16 mg/ml) provides 12 ml of methacholine with a

concentration of 4 mg/ml, exactly one-fourth of the highest

dose. Additional dilutions can be prepared using 3 ml of solu-
tion according to the following table:

Start With To Make
3 ml of 4 mg/ml 9 ml 1 mg/ml
3 ml of 1 mg/ml 9 ml 0.25 mg/ml
3 ml of 0.25 mg/ml 9 ml 0.0625 mg/ml

———

Each of these dilutions uses the same proportions
used in the first dilution as determined by the dilution
equation. Methacholine is administered by nebulizer to
the patient, starting with the lowest concentration
(0.0625 mg/ml) and increasing until a change in FEV, is
observed. (See Chapter 20 for additional information on
pulmonary function testing.)
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Ammonia. j"\lﬂl’l‘u'njm qualifies ag , base T
with water to yield OH™ AU,

|
[

NH, + HOH — NH,* 4 ¢y; .
_ F +0R &
D€
and neutralizes H' directly: oite §
7 dity
NH"+H"™ — NH, A€ o
f
1o
In both instances, NH; accepts a protop ¢, i ent!
€C >
Ammonia plays an important role in renal ey, i Omg a;ﬁg
L0y {J 1
Chapter 14). | O .
Carbonates. The carbonate ion (CO e | ’
: = . |
water in the following way to produce OH . "Cacy afj ”
(1) Na,CO; = 2Na' +CO; Sl
(2) CO,; +HOH—HCO, +081 HO
In this reaction, CO5*" accepts a proton from wat. et he W
the HCO; ion. It simultaneously produces a hy {mw o, H
CO,%* ion also can react directly with H* to inge Krites o, 7, "
s !lu.,
CO,” +H” =HCO, 5;;

Protein Bases. Proteins are composed of dMing .,
bound together by peptide links. Physiologic reaction. : ~_
body occur in a mildly alkaline environmeni. T hw envi
allows proteins to act as H' receptors, or bases, Ce‘nh“;;; "
blood proteins acting as bases are tramuﬂj-hi.. as prot,

The imidazole group of the amino acid histidiye S
example of an H' acceptor on a protein moleculs | Figure 13.4
The ability of proteins to accept H" ions limits H actiyiy, :
solution, which 1s called buffering. The buffering effect of1,
moglobin (Hb) is produced by imidazole gro U.pb 0 the protep
Each Hb molecule contains 38 histidine residues. Fach o.
carrying component (heme group) of Hb is attached to a4
tidine residue. The ability of Hb to accept (i.e., buffer) H igx
depends on its oxygenation state. Deoxygenated (reduced) H

s a stronger base (i.e., a better H" acceptor) than oxygenat! |
Hb. This difference partially accounts for the ability of reduced |

Hb to buffer more acid than oxygenated Hb can (see Chapt

14). Plasma proteins also act as buffers, although with less buff-

ering power than Hb, which contains more histidine.

H H
G &
I\ 7\
N N N NH
e et
HC=C HC=(C
|
CH, CH,
|
NH; ? COOH NH,— C —COOH
|
H H
Basic form of histidine Acidic form of histidine

FIGURE 13-4 Histidine portion of a protein molecule (at top)

serving as a proton acceptor (base).
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L{'i A solution that has a lower H concentrati
Al i £

3 EL_”.]EE“[I';]ﬁ{"II'] th_an wat‘:z?r iﬁ- alkaline, or
The H ‘-"4"'""_&",&3“{)“ B _f Of pure water has been adopted
the standard for comparing reactions of
Elef.tl‘:::q] solutions. Acidity or alkalinity is dete
UJI}JI[{ ‘he [H'] greater than or less than 1 x
olution with a [H] C'f. 692 X 107
i - and is acidic. A solution with a [H'] of 3.6 x 1
g ions than water and 1s by definition ga]k
ochniques are used ﬁ::ir EI}]FESS]‘IIS the acidity or
solutions using the [H'] of water (1.
) e [H'] in nanomoles per liter and (2)

pH SCEIE-

gfon ©

mﬂlﬂr e
of water is 1 X 10" mol/L, or 0.0000001 (one ten-millionth

of a 11’10]'3)
(nmol). The [ ]| of water can be expressed as 100 nmol/L. A
colution that has a [H'] of 100 nmol/L is neutral. A solution
with an [H'] greater than 100 nmol/L is acidic; one with an
(H'] less than 100 nmol/L is alkaline. This system is limited
hecause of the wide range of possible [H"| but is applicable in
cinical medicine because the physiologic range of [H'] is
narrow. [H'] 1n healthy individuals is usually 30 to 50 nmol/L.

ing the [H']

Solutions,

egig"‘atiﬂn of Acidity and Alkalinity
D ater can be used as a reference
ppteT
IL_:.{_H-I'&" ol 1

| point for determ
i ation of both 14
e 45107 mol/L. A solution that |

ion or lower OH concentr
a

1 be e ni

. .lkalinity. The concentr SH- in
: ’ and OH i
| as a greater H' con-
ation than water aCls as an

Ol Or a greater
basic.

. other solutions,
hemical techmiques are used to measyre thie' [HF] of
rmined by varia-
107", For example,
has a higher [H*] than
has fewer
aline. Two related
_ alkalinity of
€., 107) as a neutral factor:

the logarithmic

nomaolar Concentrations

The acidity Or alkalinity of solutions may be reported using the
concentration of H" compared with that of water. The

The unit for one-billionth of a mole is 2 nanomole

pH Scale | | 1
The pH scale is used to describe the concentration of Hi ([HED,
(ie., Bronsted-Lowry acid) in a solution. Rat_her than express-
in nanomoles, it 1s more convenient to describe it
in terms of the negative logarithm of the nanomolar [H']. The
equation for calculating pH 1s:

pH — -—llf]'g[l_l.+ ]

The pH of pure water is 7.0: The [H'] of water 1511 IQ'“ m{JUfL.
The logarithm of 1 x 107 is =7, 50 the negative logarithm of |
X107 is 7. i

Using this scheme, in a solution with a pH of 7.00, the [H"l

is the same as would be seen in pure water, SO by convention
this is called “neutral” As the pH decreases below 7.00, the 501{1-
tion is termed acidic. When the pH increases abov_e 7.00, the
ﬂ?iﬁﬁﬁnls considered to be basic. With a whole nunlaier Cl;;;ii
inpH (i.e., pH decreasing from 7.00 to 6.00), the [I; , [113;] g
1 less. With a pH increase from 7.00 to 8.00, the

' times greater (Figure 13-5). A pH of 7.0015 gauivaen: tﬁ;;ii
1 0£100 nmol. A pH of 8.00 is equivalent toa [H'] coneen = ©
f}l Similarl}’, a change in pH f 0.3 RIRIR 5

Nanomoles

Body Fluids, and Electrolytes «
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6.8 T f.2 7.4

pH Value

FIGURE 13-5 Relationship between pH scale and [H1
concentrations in nanomoles per liter (nmol/L). pH of 7.00 equals
100 nmol/L H", whereas the normal human pH (arterial blood) of
7.40 is equal to about 40 nmol/L.

Applying these concepts i an example pertinent f
medicine yields the following:

[H" ]in blood =4.0 X107 mol/L
F'H =32 ]d_u_.ﬁ[ AQOx210°

— oo [} 3 — 1|

L
P 1403 1'\._'-;.',.'\__ ]
' - l . W
= —]U:'i::; e U1 S ]' 1N

e e sl
= —U.6U.+ 5

=71

In this example, the [H™] in arterial blood of a healthy aduit
is approximately 4.0 x 10" mol/L, or 40 nmol/L.

RULE OF THUMB

The pH scale is logarithmic. pH Is a positive number

| | he hydrogen ion
epresenting the negative \og of { ydre |
[:opncentration [H] of a solution. To visualize chanig?si‘m
acidity or alkalinity, the following two rules are helpful.
1. A pH change of 0.3 unit equals a 2-fold change
in [H].
2 IA IE’)H]change of 1 unit equals a 10-fold change
i | ed from
| 's blood pH decreas
xample, It a patient S D |
4go(l;1§rmalgjto 7.10, the [H'} concentration wgk%ﬂi ntf:e
A ce as high. If & patient’s urine QH decrease 1r{j
t?w(lj%eto 6.00, the [H] would have increased DY

times.

AR\ -
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gody wate Q)0 of an ndividual's body mass

qoe of the individu:lL O bese

; i PRn db i [ 155
? aecontage of body watcl (<30% less)
ywer percellids ; | " N St
duals. Men have a slightly D18

en. Total percentage

hJ"I.'L‘ : I‘..

n viduals g8
o oht indivi

nal-wel

than nOT G |

rcentage of tui:ﬂ—[wu;h-' water than wol 3

e OO ; : e %5 ¢l ;

i;:l sdv water in infants and children 18 substantiall)
Ol MO < : . |

with water sccounting for 8

(Table 13-3).

r grealcl
0% of a newborn's total-body
H-‘:.‘!lghi

pistribution
Body water 18 divided into the fo : i
menfts: (1) intracellular (“within the cells”) and (2) extrac

(“outside the cells”). Intracellular water accounts for aljpﬁm:lu;
mately +wo-thirds of the total-body water, and extrace uit.
warer;acmunts for the remaining on e_third. Extracellular watu.
is found in three sub-compartments: (1) _intravascul.ar water
(plasma), (2) interstitial water, and (3) transcellular fluid. l?tf
vascular water constitutes approximately 5% of the body weight.
[nterstitial water 15 water in the tissues between the cells. It
constitutes approximately 15% of the body weight. The propor-
tion of transcellular fluid is quite small in proportion to plasma
and interstitial fluid. Interstitial fluid is a matrix—a2a collagen/
gel substance that Allows the interstitium to provide Stl‘llﬁ:tllfftll
support during times of extracellular volume depletion.
Examples of transcellular fluid include cerebrospinal fluid,
digestive juices, and mucus. Transcellular fluid can become an

important third space I some pathologic conditions, such as
ascites (excess fluid in the peritoneal cavity) or pleural effusion
(fluid collection in the pleural space).

[lowing two major compart-

Composition
The concentration of ionic solutes in intracellular and extracel-
lular fluids differs significantly. Sodium (Na®), chloride (Cl),
and bicarbonate (HCO,") are predominantly extracellular elec-
trolytes. Potassium (K*), magnesium (Mg""), phosphate (POL),
sulfate (SO,*), and protein constitute the main intracellular
electrolytes. Although protein does not dissociate ionically, it
can create H™ and other weak bonds and distribute net extra
charge within its molecule. Intravascular and interstitial fluids

Body Water Man (% Body ~ Woman (% Body Infant (% Body
b S Weight) Weight) Weight)
 Total body 60 + 15 +
e 50 £ 15 80
~ Intracellular 45 40
i Extracellular 15-20 16-20 .
~ Interstitial 1115 11-15 -
| inravasor 45 45 %
<1 <1 <1 .

and PhyS!

ology

ar elect roly

have simil :
PI’H[L‘I I

tially
Albumins
(')Hnml'ic |
tion betwee

more :
account fO1

yressure
1 vascular and

F?equlatiﬂﬂ
AS diacuas&:d, movement

body compartments

Control of tot
intake (thirst)

for water excretion. 11 -
olume. Solutes 1

urine v .
g the concentration

four time
‘htake is high,
urine.

fluids via two relate
. -
sorption of Na" a

in dietary intake. Second, water excre
located in the hypothalamus and modyjy,

receptors that are

te cOmMpOSItions. Plasma con
than nterstitial fluid, pe

interstitial compartment.

lding Sud
1 I

‘ _ ”I".-”H,_ 1:.-:'
the high osmotic pressure of

" X _;l
» 15 an il]]pt’ﬂ‘t;.-‘ll'lt determinant of fuid 4 ;
: o1 11«
""u]:'l-;.

.I'|

Gy

of certain ions and proteipg 1, .
is restricted yet water diffyga. H
al—h{}dy water OCCurs thmug}h rt:t%iu'n_ﬂ_nm 0
and water excretion (urine productign. [

RYEE

and stoo! water). The kidneys are mainly regp '

. 1f water intake is low, the kidney; .,

' I "-:'.'ih

n the urine can be concentrateq ..
i I.k

of solutes in the plasma, j¢.

the kidneys can eXcrete large volumes of 4

|_|¢1. i

: Illl!..f:

The kidneys maintain the volume and COMPOsition of b,
d mechanisms. First, filtration and 1o,
djust urinary Na® excretion to match chapg,
tion is regulated by o |

secretion of antidiuretic hormone (ADH, also known as ygy,

pressit).

61L12 Thege receplors arc exceptionally sensitive; in vy,

studies have shown that a single neuron can respond to eith,

an osmotic or a nonosmotl

¢ baroreceptor simulus.” The

Lt

nechanisms allow the kidneys to maintain the volume apg

concentration of body fluid

intake. Analysis of the urine (urinalysis) often pri

despite variations in salt

nostic clues in disorders of body fluid volume.
Water Losses. Water may be lost from the body through the
skin, lungs, kidneys, and gastrointestinal (GI) tract. Water los
can be insensible, such as evaporation of water from the sk
and lungs, or sensible, such as losses from urine and the Gl tradt
(Table 13-4)." Fluid losses from the body also may occur during |
vomiting, diarrhea, or suctioning from the stomach. Fever,in |
conjunction with sweating, also can cause significant losses. |
The GI tract manufactures 8 to 10 L of fluid per day. Mor
than 98% of this volume is reclaimed in the large intestine. I

TABLE 13-4

d d._ Wale 1

vides d
|,

Daily Water Exchange

Regulation
Water Losses
Insensible
Skin 700
Lung 200
sensible
Urine 1000-1200
Intestinal 200
Sweat 0
Water Gain
Ingestion
Fluids 1500-2000
Solids 500-600
Body metabolism 250

1500 m!

Average Daily Volume (ml) Maximum Daily VoluT®

~2000 mi/nf

8000 m

2000 mi/hr

1500 mi/nr
1500 mh’hr
1000 ml

__.-—-—""'-F--.




. ATEe YV 111 cr v ’
ats who are® omiting or have djay h,

i can be considerable, Individuals v ] sses througl,
; ol vll '1 5':..'," i

S of water
Dtherr i ek ;
iiiltzt;fgﬂ' quantities of urine l‘(:g:I:';{; o
;;asfeﬁ, patients with i.m:reaﬁed ventil
water i thrc}ugh_ mcrec-?l?ef] CvVaporation from :
o1y tract. Patzerlrt:i j-ﬂth_ artm.;_:lal ﬁil"if‘fa}rg are pan _“3 respira-
ive water 10SS it inspired air is not adequately }m s
[nfants e greater proportion of body wate?' l;l-”mdlhud
pal tjculaﬂ}?.m I.[he extracellular COmpartments (s&e ”1] 1lnl ndm,lH‘
water loss 11 infants may be twice the '***’tﬂef-mq,ﬂ-} e 13-2)
Infﬂ'ﬂtﬁ also have a greater bﬂd}r surface area (in ;:} 1N ‘a'duh‘_:-;,
hody yolume) tha_n adults, making their baga h;;. -E{?:j“{m, to
wice as high. Highelr metabolic rates in Infants F;“J u1c.t?r.m
reater urinary excretion. Infants turn over aphI_m‘{ir;’f—“itielas,;]tate
of their extracellular fluid volume daily versys ::;11&&3 16 '}?1 i
4dults. Fluid loss or lack of intake can rapi dly dﬁ?{)lﬁie enth for
of water.
Water Replacement. Water is replenished in two major

ways: ingestion and metabolism (see Table 13-4)

Ingestion. .Water i.S 1_?1313[:&‘:1 mainly by ingestion, through
the consumption of liquids. An average adult drinks 1500 ;:.;;
2000 ml of water per day. An additional 500 to 600 ml of water
is ingested from solid food.

Metabolism. Water also 1s gained from the oxidation of fats,
carbohydrates, and proteins in the body; the destruction of cells
also releases some water. During total starvation, 2000 ml of
water can be produced daily by the metabolism of 1 kg of fat.

Recovery after surgery or trauma may be similar to starvation;
under such conditions, approximately 500 mg of protein and a
similar amount of fat are metabolized. This metabolism yields

approximately 1 L of water per day.
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FIGURE 13-6 Tissue fluid is formed by a process of filration at the arterial end of a S}’Stemic capillary (feft), in whi[:::i:. lf1 pressure
exceeds colloid osmotic pressure. The fiuid is absorbed by the blood capillaries and lymphatic vessels. It retums to ihe venous end of e

capillary (right) when colloid osmotic pressure exceeds blood pressure. Fluid is absorbed into the lymphatic Gapi”arﬁ’ﬁ'?’ﬁt%f'? Whnen ntersfi
fluid pressure is greater than the pressure within the lymphatic capillary. Normally, little colloid escapes from the caplllary. Colloid that g

escape is retumned to the blood circulation by the lymphatic vessels. (Modified from Burke SR: The composition and function of body i

ed 3, St Louis, 1980, Mosby.)

fluid in the alveolar-capillary spaces would impede the diffusion
of gas. Colloid osmotic pressure in pulmonary blood vessels is
the same as it 1s in the systemic circulation. To minimize inter-
stitial fluid in the alveolar-capillary region, the hydrostatic pres-
sure difference must be kept low. The pulmonary circulation is
a low-pressure system. The mean pulmonary vascular pressures
are approximately one-sixth of those in the systemic circulation.
Colloid osmotic pressure exceeds hydrostatic forces across the
entire length of the pulmonary capillaries in healthy individu-
als. The alveoli are relatively free of excess interstitial water.

If hydrostatic pressure increases in the pulmonary circula-
tion, this balance can be upset. This causes fluid movement into
the alveolar-capillary spaces. Excess fluid in the interstitial space
is called edema. In the lungs, edema caused by increased hydro-
static pressure often is a result of backpressure from a failing
left ventricle (e.g., in congestive heart failure).

Edema can be caused by other factors. The Starling equilib-
rium equation given earlier shows that edema can be caused by
a decrease in colloid osmotic pressure or an increase in capillary
permeability. If albumin is depleted in the blood, the balance of
forces is upset, favoring increased movement of fluid into the
interstitium. Likewise, an increase in capillary permﬂabilif}f
results in more fluid leaving the capillaries, Increased capillary
permeability is a major factor in certain types of acute un

injuries (see Chapter 29).* o

Electrolytes

Electrolytes in the various body fluids are not passive soli
Electrolytes maintain the internal environment while mi
possible essential chemical and physiologic events. There
seven major electrolytes: sodium, chloride, bicarbonate, pi
sium, calcium, magnesium, and phosphorus (phosphate!

Sodium (Na')
Na® is the major circulating cation within the body.” Regt""
of Na* concentration in plasma and urine is related © reg_lt’-i'
Finn of total-body water. Of the total-body stores of N, ju:-
1s extracellular. The remaining Na" is found in bone H””’“f" ]
in cells (10%). The normal serum concentration of N& }
to 145 mEq/L, In cells, the Na* concentration is much
averaging only 4.5 mEq/L.
The average adult ingests and excretes Ell‘l"l"‘m.lﬂﬂ;t~;'-
100 mEq of Na* every 24 hours. Children require approX™
half this amount, and infants typically exchange 20 mEq tﬂ_;.:l- |
per day. Most Na* ig reabsorbed through the kidney: *'WIL:m
mately 80% of the Na® in the body is reclaimed passive’ ¢ 5
proximal tubules. The remainder is actively reabsorbed "

dista | + : : : . gove
I tubules, Na reabsorption in the kidneys 1 & g ¥

ma‘ ; - ~aafE "'.' .
inly by the level of aldosterone, which is secretc f
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Electrolyte Imbalance Cau
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ACE, Angictensin-converting enzyme; ECG, electrocardiogram.

kidney occurs in exchange for other cations. Na® balance 1s
involved in acid-base homeostasis (i.e., H" exchange) and the
regulation of K. Abnormal losses of Na” can lead to hyponatre-
mia (low Na* concentration in the plasma) and may occur for
numerous reasons, as shown in Table 13-5.

Hyponatremia, which is the most common electrolyte imbal-
ance found in hospitalized patients, is defined as having serum
Na" levels less than 135 mEq/L,ﬁ Previously considered to be
benign, mild hyponatremia has been shown in more re:::ﬁ:nt
studies to have a significant impact on a patient’s cu:gnlt-we
function and gait stability, and it 1s thought to be a cnntrlbut{ng
factor in falls.'° Hyponatremia can lead to cerebral edema owin g
to a change in osmotic pressurc; the two most COMmMmon Causes

for acute hyponatremia are postoperative jatrogenic and sel?
induced secondary to water intoxication.'® One type of no_l ma f
volume (euvglemi(j) hyp{)natremia is known as the syndrun‘m 0

) L 15:17
inappropriate antidiuretic hormone secrenor (SIADH).

Treatment of hypovolemic hyponatremia can h'ﬂ'\fff diire cffn:-]
sequences as well. If fluid 1s 2dministered too quickly, damage

to the central nervous system OCcurs. With significant fluid
d changes in cellular volume

] ﬁ L]
age and cell death (apoptosis).” Osmotic
en serum Na' concentration

ne occurs wh |
s ponatremia of

Eq/L 1n chronic hy

@s more than 10 M

Chloride (CI)
CI" is the most prominent anion in the body. Two-thirds of the
body’s store of CI” is extracellular; the remainder is intracellular.
Intracellular Cl” is present in significant amounts in red and
white blood cells. It also is present in cells that have excretory
functions, such as the GI mucosa.

Normal serum levels of CI™ are 98 to 106 mEg/L. The con-
centration of extracellular CI” is inversely proportional to the
concentration of the other major anion, HCO; . Cl is regulated
by the kidney in much the same manner as Na® (80% rr?ah‘
sorbed in the proximal tubules and 20% reabsorbed in Fhr: distal
tubules). Gl is usually excreted with K in the form of KCL An
:balance in one of these electrolytes usually affects both.
acement therapy usually includes both K' and CI°. The
1l bowel also affect the balance of Cl', and
s of Cl. ;\hnurmul Cl levels

able 13-5).

Repl
stomach and the sma
cweat contains hypotonic quantitie
may occur for various reasons (see

Bicarbonate ( HCO; )

After Cl', HCOy ™ is the most important body ﬂi:lid u“i‘.ﬂﬁn';_t
plays an important role 1n uci:;i—lw_.se‘ hmn'eusmmﬁ d.“d ﬁ lt.{ ;_
strong base in the HCOy=H,COy bufter pmrn L::::c.tt .haytu h
HCO, is the primary means for transporting CQ, from 1th‘:-
tissues to the lungs. The healthy

ratio of HCO4 to H,CO; in he |
ntal .1+ this results in @ pH of close
fdividuals is maintained near 50 1: this results ina f H ¢
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to 7.40. HCO; stores are evenly divided between intracellular
and extracellular compartments. Normal serum HCO, levels
in arterial blood range from 22 to 26 mEq/L. HCO;™ levels are
slightly higher i venous blood as CO, is being transported to
the lungs.

In acid-base disorders, the Kidneys regulate HCO; levels to
maintain a near-normal pH. In healthy individuals, more than
80% of blood HCO; is reabsorbed in the proximal tubules of
the kidneys. The remainder is reclaimed in the distal tubules. In
respiratory acidosis, the kidneys retain or produce HCO; to
buffer the additional acid caused by CO, retention. In respira-
tory alkalosis, the opposite occurs. A reciprocal relationship
exists between CI” and HCO, concentrations. HCO; retention
1s associated with Cl~ excretion, and vice versa (Chapter 14).

Water, Salt, and Congestive
Heart Failure

PROBLEM: Why do patients who have congestive heart
failure (CHF) need to adhere to a low-salt diet?

SOLUTION: CHF occurs when the left ventricle cannot pump
all of the blood presented to it. This situation leads to pooling
of blood in the lungs and venous circulation and an increase
in peripheral venous pressure. Normally, the ventricle pumps
most of the blood entering it. This volume is the “preload” of
the heart. The volume of extracellular water partially deter-

mines the preload of the ventricle.
The ventricle can fail as a pump either because of intrinsic

heart disease, such as infarction or ischemia, or because of
elevated distal pressures against which it must pump (hyper-
tension ). In addition to pooling of blood in the systemic venous
circulation, blood can back up in the lungs, resulting in conges-

tion and edema.
The most important determinant of the extracellular water

volume is its Na” content. Changes in extracellular water are
dictated by the net gain or loss of Na’, with an accompanying
gain or loss of water. To reduce the work of the heart, fluid
volume must be carefully regulated. By restricting Na* intake,
extracellular fluid volume can be reduced, allowing the heart
to function more effectively as a pump. Treatment of CHF must
address not only excess fluid volume but also the underlying
cause.

Diuretics are often used to help reduce fluid volume., Many
diuretics cause the kidney to excrete Na*, causin g water to
follow and reducing the extracellular fluid load. Because some
diuretics also cause K" to be excreted, care must be taken in the
| management of CHF not to cause electrolyte imbalances. K*
supplemen’fs may be used so that diuresis does not result in
bypﬂkalem%a* Eecause of *the central role of extracellular water
in CH;R weighing tl}e patient is a simple yet sensitive means of
detecting excess fluid volume.

potassium (K°)
K" is the Main cation of the intracellylar

_ compart :
of the K" (98%) in the body i fu FarEmenthion
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Kt concentration nnrmallly 'ranges from | 3.5 1 5 0 t:lurg .
Serum K' 1s an indirect md1zatsr only c;:_.f the lnta‘hhn:f{.]:; i Uﬂeﬂ;
eM’E]: average adult excretes 40 to 75 I_]'lEq of K' ip e ﬂﬂfm
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every 24 hours. An additional +ID mEq 1S excreted in tp . i
The average dietary intake of K' ranges from 50 to 85 M [: . b
Patients who have undergone surgery, h;-we sustained H;mf-:' is P
or have renal disease often have greater K™ losses. Ei{}nﬁetlktm;f' o
such patients may need K' replacement averaging 0 o
120 mEq/ day. ant

Serum K' concentration is determined primarily by g, .
of extracellular fluid and the size of the intracellular p;l_.]_; (st
In extracellular acidosis, excess H' ions are exchangeq ; of
atracellular K. Movement of K™ from intracellular to eXtracd, i
lular spaces may produce dangerous levels of ;;}-Pﬁr.k[ﬂ{m 1¢
(elevated K'). Alkalosis has the opposite efiect. Whey c
increases, Kt moves into cells. In the absence of acid-base .:1'[_3_ (

1

turbances, serum K' reflects total-body K". With excessive |
of K' from the GI tract, serum K™ decreases. A
total-body K* causes the serum K" level to decrease approy.

mately 1 mEq/L.

Renal excretion of K' is controlled by aldosterone levels”
Aldosterone inhibits the enzyme responsible for K transportin
the distal renal tubular cells of the kidney. Metabolic acidoss
also inhibits the transport system. Na" and H" 1ons enter cells |
at the expense of increased K" excretion. Alkalosis has the '
reverse effect. It stimulates cellular retention of K. Kidney |
failure results in K" retention and hyperkalemia. |

Hypokalemia (reduced serum K') disturbs cellular function |
in numerous organ systems, including the GI, neuromusculy: |
renal, and cardiovascular systems (see Table 13-5), and is on¢
of the most common electrolyte abnormalities within the hos
pital environment.® Management of hypokalemia involve
replacement of K* losses and treatment of the underlying di
order. To manage the associated Cl- deficit, K* is given with L
Caution is required in the administration of intravenous M
because cardiac muscle is very sensitive to extracellular concer
trations of this electrolyte.

Hyperkalemia (elevated serum K') is most common
patients with renal insufficiency (see Table 13-5). The primd!!
treatment of hyperkalemia is restriction of K* intake. The P
cesses that precipitated the hyperkalemia also must be O
‘Frolled. lemporary measures for reducing serum K’ Jevel
include administration of insulin, calcium gluconate, Na' salts

or large volumes of hypertonic glucose. Cation exchange res™

may be gi“s:ren ().rally or rectally. If these measures fail, peritonc®
or renal dialysis can aid in K* removal
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