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Summary: The determination of sodium and potassium in serum will be performed in the near future mainly
by ion-selective electrodes. When the samples are highly diluted before measurement, a demonstrably accurate
value of the electrolyte concentration in serum can be obtained. Accuracy control by using the pertinent
reference methods of the National Institute of Standards and Technology (NIST) is well established for this
purpose.

In undiluted samples a potential is measured by ion-selective electrodes, which is dependent on the relative
molal activity of the electrolyte, from which free molal concentration can be estimated. Usually, the total
molal concentration of e. g. sodium is about 1.5% higher than that of free sodium, äs it includes portions
bound to e. g. carbonate and proteins. Accuracy control is hampered, because reference methods for either
relative molal acitivity or free molal concentration are not yet available. Reference method values for total
molal concentration will differ systematically from an accurate value for free molal concentration. When ion-
selective electrodes are calibrated by using "normal" sera, accuracy control can be based on the reference
method of the NIST; but this is valid only for a very narrow, at best "normal", concentration ränge of
proteins and lipids, assuming, of course, that binding is normal. The greater the Variation of the concentration
of macromolecules from normal (lower or higher), the greater the difference between the values obtained by
the two methods. Calibration of ion-selective electrodes by using sera (this is the least desirable approach for
calibration) requires the introduction of a new unit of measurement, which is not compatible with the rational
System of quantities and units.

Reference methods for pH and tonometry are available. A detailed protocol for their unequivocal use,
guaranteeing repeatability of the stated precision and accuracy, is still lacking.

1. Sodium and Potassium * though the electrodes determine the properties of an-
._ . . . . , , alytes in serum water> it is then valid to assume that1.1 Determinations with -selective elec- J

 n . u. .. 4„ ^ «.. , , «. - -, ." . .- - , so-called mdirect" potentiometry determmes the mo-
trodes after dilution of the sample i * <.· r ,+ * i\ j- · /+ + nlar concentration of e. g. (total) sodium in (total)

When serum is highly diluted prior to measurement serum, just äs a flarne atomic emission spectrometer
with ion-selective electrodes, the macromolecule-con- does. This means that the accuracy öf these measure-
taining compartment is dramatically reduced. AI- ment procedures can be controlled by reference

method values for sodium in serum, which are deter-
') Basedon a lecture given at the Symposium "Reference Meth- mined by the pertinent reference method of the Na-

tt^vS^J£S33S££3£i «»-l I-*«, of Su,odards and Technology (NIST.
1990 formerly NBS) (1).
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1.2 Determinations in undi lu ted samples, us-
ing ion-selective electrodes

The Situation is quite different, when the serum is not
diluted before measurement with ion-selective elec-
trodes. (In the following, measurement with "ion-
selective electrode(s)" refers to the measurement of
sodium). Since a variety of quantities may be reported,
depending on calibration and calculation of results,
the quantity involved in any measurement and cal-
culation of result must be carefully defined.

1.2.1 Relative molal activity and active molality

When a sodium-selective electrode measurement sys-
tem is placed in serum, a potential is observed. Its
size is dependent on the amount of active sodium
ions, äs described by the Nernst equation (equation 1):

- log aNa = pNa

E = Eo ± In a (Bq 1)

E: Jon-selective membrane potential measured
E0: Constant potential dependent on electrode System
R: Gas constant
T: Temperature (K)
n: Charge of the ion being measured
F: Faraday^ constant
a: Relative molal activity of the ion being measured

Only about three fourth of total sodium ions are
active (fig. 1).

&

120

100

80

60

40

20

0

\ Albumin; Globulin / . Protein
\ /
\ \ NaCOg"; NaHCO3 / / -- Comple
\X\

\\\

_

-

-

-

+ Na+ + -
+

<^l//-
^|\^

//

Electrostatically
"bound Na+

r "Active" Na+

— JL

bound (%1%?)
bound or ion pair

>FreeNa+

s

luitrafiltrable
^sodium

Fig. 1. Sodium fractions of blood plasma (modified from I.e.

When a sufficiently specific electrode is available and
interference can be neglected, the potentiai is only
proportional to pNa, the negative decadic logarithm
of the relative molal activity of sodium, aNa (Equation
2&3).

mol · kg"

(Eq2)

(Eq3)

aNa: Relative molal activity of sodium in serum water (S(W))
ANa: Active molality of sodium in seif um water (S(W))

Reference intervals:

S(W) - pNa: 0.973 - 0.942

S(W) - aNa: 0.106 - 0.114

Calibration can be performed with primary Standard
Solutions inade from Standard Reference Materials
(2201 and 2202) of the National Institute of Standards
and Technology (NIST) intended for use in the cali-
bration of ion-selective electrodes. Certified values of
activity, activity coefficients, pNa, pK and pCl are
given.

Unfortunately, a reference method for the determi-
nation of the relative molal activity or active molality
of sodium in serum is not yet available, but could be
developed in the futüre, based ön the experience of
the pH reference method (3). This seems to be the
only approach that requires nö assümptions coticerri-
ing the activity coefficient, sodium binding and water
content of the sample. It could improve interlaborar
tory comparability, but its accuracy could not be
proven conclusively, äs a definitive method for this
purpose is not available and can scarcely be imagimed.

From a biochemical point of view it is generally
accepted that active molality in serum water is prob-
ably the best parameter of sodium for describing
ongoing biochemical processes. It is, however, also
almost universally assumed that physicians will not
accept this quantity.

Therefore, in the futüre, one could envisage accuracy
assessment of ion-selective electrodes with a reference
method (to be developed) for the determination of
active molality that requires no assümptions. Patient
results would then be reported in a form more familiär
to the physician. This, however, implies assümptions
concerning certain variables.

1.2.2 Free molal concentration

Free molal concentration can be calculated from ac-
tive molality (equation 4):

(Eq4)
YNa

mNa: Free molal concentration of sodium in serum water
yNa: Molal activity coeffieient of sojiium (0.747)
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Reference interval:

S(W) - mNa: 142.5 - 153.1 mmol/kg

For this purpose one supposes that the sodium activ-
ity coefficient of a serum sample is identical to the
activity coefficient of the corresponding calibration
solution. A deviation of the actual activity coefficient
of the individual serum from the activity coefficient
of the calibration solution means an erroneous cal-
culation of free molal concentration. Many factors
influence the activity coefficient (equation 5):

In yNa =
- In 10 · A

l + a · B · j/I
. ,
r nNa+ · MH2o * m

- In {l + MH2o - [(l - hO · mj) (Eq 5)
z: Charge number
h: Hydration number of sodium (Na) or other ions (i)

j m: Osmolality
a: Ion size parameter

l MH2o: Molar mass of water (18 g/mol)
, A: Temperature-dependent constant

B: Temperature-dependent constant
I: lonic strength

Nevertheless it is said to vary only within narrow
limits in serum. If efforts to establish a reference
method for ionized calcium (4) should be successful,
one could imagine that a reference method for the
determination of the free molal concentration of so-
dium could also be developed.

1.2.3 Total molal concentration

The total molal concentration of sodium is defined
by equation 6:

mNa
· mNaProt "T

(Eq 6)
Total molal concentration of sodium in serum water

: Molal concentration of sodium bound to protein
: Molal concentration of sodium bound to carbonate

Molal concentration of sodium bound to hydrogen
carbonate
Molal cpncentration of sodium bound to other an-
ions

Reference interval:

S(W) - mtNa: 144.7 - 155.4 mmol/kg

The free molal concentration of sodium is a quantity
difficult to sübstantiate, äs sodium binds to e. g. pro-
teins and carbonate. Usually, the total amount of
bound sodium is, however, only about 1.5% of total.
That is why methods that determine total molal con-
centration may nevertheless be useful tools for the
accuracy assessment of measurements of free molal
concentration by ion-selective electrodes.

Two different approaches can be envisaged for this
purpose:

Firstly, by neglecting sodium binding completely, the
sodium concentration in serum water can be calcu-
lated from the concentration of sodium in (total)
serum (determined by the established reference
method (1)) and the water content of the serum, which
can be measured according to 1. c. (5).

As a second approach, it is proposed (6) that proteins
and lipids are removed by ultracentrifugation. The
concentrations of sodium in the supernatant, äs de-
termined by the NIST reference method (1) and by
ion-selective electrodes, should agree closely, even if
the value from ion-selective electrodes is slightly
lower, äs it does not comprise sodium bound to car-
bonate or to other anions not separated by ultracen-
trifugation. It must, however, be remembered that the
electrolyte composition of the supernatant differs
from the electrolyte composition of the serum water
of the pertinent serum. Therefore this approach can
be proposed only for the accuracy control of ion-
selective electrodes, but not for the accuracy control
of measurements of the total molal concentration of
sodium in native serum water. A possible influence of
proteins on the electrode is not monitored.

The sodium concentration in serum water will perhaps
be more easily accepted by physicians than the active
molality of sodium. Sodium concentration in serum
water is, nevertheless, an independent quantity with
a reference interval of its own, and it must be distin-
guished clearly from sodium concentration in (total)
serum.

1.2.4. Adjusted active substance concentration

To remove all these difficulties, a new quantity has
been proposed for use in the measurement of sodium
by ion-selective electrodes: "Adjusted active substance
concentration'* (7). By calibration of the ion-selective
electrode with so-called "normal" sera, one can
achieve a Situation, in which the values obtained by
ion-selective electrodes for sodium agree with results
obtained by flame atomic emission spectrometry, i. e.
the sodium concentration of "normal" sera. In this
meaiiing, a "normal" serum is characterised by a mass
coneentration of water of 0.933 kg/l, serum hydrogen
carbonate concentration of 24 mmol/1, pH 7.40 and
concentration of albumin, total protein, cholesterol
and triacylglycerols within the reference ränge for
healthy subjects. It is evident that this calibration
procedure is rather tedious and time-consuming. Sera
are needed, which are all "normal" äs defined, but
cover a wide ränge of sodium concentrations. This
type of calibration material, i. e. secondary Standard
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specimens instead of primary Standard Solutions, is
the least desirable. Which such calibration material,
accuracy control on the basis of reference method
values is hampered; it can only be performed with
sera that match all the characteristics previously de-
scribed, i. e. "normal" activity coefficient, "normal"
binding and, most important, "normal" water con-
centration (equation 7):

QH2o (Bq 7)

Na-- h mNaProt -r mNaco3-
YNa

mNaHco3

clNa : Total molar concentration of sodium in serum
QH,O ·' Mass concentration of water in serum (0.933 kg/l)

Reference interval:

S - ctNa: 135-145 mmol/1

The NIST tries to produce calibration sera for this
purpose (8).. The sodium concentration of these sera
is determined by the reference method (1). One main
target is, however, not attained. Thus, the concentra-
tion of (total) sodium in serum will often unpredict-
ably differ to a considerable extent from the "adjusted
active substance concentration", because the concen-
tration of serum water shows wide variations, e. g.
due to hyperlipidaemia and hypo- or hyperproteinae-
mia. Such variations influence the sodium concentra-
tion in serum, but not its "adjusted active substance
concentration" (fig. 2). These two values must there-
fore be reported separately. Identical reference inter-
vals for both quantities are not advantageous, but
may be deceiving. Indeed they agree only when the
sera contain at least a "normal" amount of macrom-
olecules. In hypoproteinaemia, the reference interval
of sodium concentration in serum is higher, in hyper-
proteinaemia lower, whereas the reference interval of
the "adjusted active substance concentration" is un-
affected. Furthermore one is used to thinking of an
active substance concentration äs a fraction of the
total, i. e. a value always lower than the total.

In addition to sodium, these considerations concern-
ing macromolecules are also fully applicable to chlo-
ride. Even though macromolecules have a similar
analytical influence in the determination of potas-
sium, the clinical importance is less, äs the reference
interval is relatively large.

1.2.5 Condusions

Summing up, one can say that depending on the
calibration and calculation of results, different quan-
tities are reported for measurements by so-called "di-
rect" potentiometry, be it sodium or potassium. None

160 r
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S HO

130-

Protein [g/l]
120 "160

Fig. 2. Sodium determination with ion-selective electrodes and
flame atomic emission spectrömetry in serum.
Dependency of the sodium concentration in serum water
at various protein concentrations äs determined by IS E
on the calibration of the ISE:
1) Calibration of the ISE by normoproteinaemic sera:

"adjusted active substance concentration".
2) Calibration of the ISE with primary Standard solu-

tions free of protein adjusted to concentration in
serum water: total molal concentration in serum
water.

Dependency of the sodium concentration in serum äs
determined by FAES on the protein concentration:
total molar concentration in serum.
ISE: lon-selective electrode.
FAES: Flame atomic emission spectrometry.
From 1. c. (6).

of the available reference methods is fully satisfactory
for the assessment of accuracy, äs they require as-
sumptions, and assumptions are incompatible with
stringent accuracy controlv Now,· äs ion-selective elec-
trode measurements for other analytes become more
and more populär, a deliberate decision concerning
what is measured and what should be reported is
necessary. Any protocol should not impede the appli-
cability of accuracy control with reference methods,
and it should be applicable for all other analytes that
may be measured with ion-selective electrodes in the
near future, conforming to the rational system of
quantities and units (9).

2. pH and Blood Gases

The assessment of accuracy of pH, pCO2 and pO2
measurements according to the new concept of quälity
assessment based on reference method vates could
be realized soon, because reference methods for pH
and tonometry are available (3, 10). However, a de-
tailed protocol, which is of utmost importance for
attaining and guaranteeing precision, aceuracy and
transferability of the reference method aceording to
the basic experiments of Cali et al. (11),, is still lacking
for these methods. > ;
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