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Spurious sodium results (1) - pseudohyponatremia
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Disturbance of sodium balance is a common occurrence among hospitalized patients that can, if not identified and
treated, cause significant morbidity; severe disturbance is potentially lethal. So estimation of plasma sodium
concentration is one of the most frequently requested blood tests. Historically, plasma sodium concentration was
measured by flame emission spectrophotometry but nowadays it is usually measured potentiometrically with an
ion-spedific electrode (ISE); using either an undiluted plasma sample (direct ISE) or diluted plasma sample
(indirect ISE). This is the first of two linked artides that highlight the spurious sodium values that can occur if an
indirect ISE technique is used to analyze plasma samples with abnormal protein or lipid concentration. The focus of
this first artide is spuriously reduced sodium (pseudohyponatremia) due to increased plasma protein or lipid
concentration, whilst the subject of the second [1] is spuriously increased sodium (pseudohypernatremia) due to
decreased plasma protein. By way of introduction to the topic this first artide will indude discussion of the
techniques used to measure plasma sodium and an explanation of the reason why abnormal lipid and protein
concentration can give rise to erroneous results. But first there follows a very brief overview of the epidemiology
and dinical significance of abnormal plasma sodium concentration.

EPIDEMIOLOGY OF HYPONATREMIA/HYPERNATREMIA

Plasma sodium concentration is normally maintained within the approximate reference range of 135-145 mmol/L so that
hyponatremia (reduced plasma sodium) is diagnosed if the result is <135 mmol/L, whilst hypernatremia (increased
plasma sodium) is diagnosed if the result is >145mmol/L. Approximate ranges for mild, moderate and severe
hyponatremia are respectively: 130-135 mmol/L; 125-130 mmol/L; and <125mmol/L. Hypernatremia can likewise be
usefully categorized as mild (145-150 mmol/L), moderate (151-155 mmol/L) or severe (>155 mmol/L).

Hyponatremia is the most common electrolyte disorder occurring in an estimated 15-30 % of in-hospital patients,
according to one review [2]. A recent study [3] found that 10 % of patients presenting at the emergency department of
a tertiary care hospital were hyponatremic. Another [4] found that a remarkable 40 % of 469 consecutive acute medical-
admission patients were hyponatremic; mild, moderate and severe hyponatremia being present in 25 %, 11 % and 3 %
of this study cohort, respectively.

Hypernatremia is less common, affecting around 1 % of the general hospital population and 10-26 % of those in
intensive care [5, 6]. Whilst most studies find hypernatremia to be less common than hyponatremia, that was not so for
a large study of more than 8000 critically ill patients examining ICU-acquired sodium disturbance [7]. This revealed that
the percentage of patients who developed hypernatremia after admission to intensive care (26 %) exceeded the
percentage that developed hyponatremia (11 %).

CLINICAL SIGNIFICANCE OF HYPONATREMIA/HYPERNATREMIA

Mild hyponatremia is usually asymptomatic and the principal clinical concern of hyponatremia is the encephalopathy
associated with acute-onset severe hyponatremia and consequent cerebral edema. This is a medical emergency that
initially causes non-specific symptoms such as headache, lethargy and nausea, but can, if left untreated, progress to
seizures, coma and ultimately death [8]. Chronic mild-to-moderate hyponatremia is associated with impaired attention
and increased risk of falls, osteoporosis and bone fracture [5]. Too rapid correction of hyponatremia can cause specific
brain damage (osmotic demyelination) that itself is potentially lethal.
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There is an ever-growing body of evidence that hyponatremia even without accompanying encephalopathy is associated
with long-term mortality for many patients groups (e.g. those in intensive care, those with heart failure, cirrhosis, and
pulmonary embolus, etc.) so that even mild asymptomatic hyponatremia might be clinically significant for many patient
groups. It remains unclear if the observed general association between hyponatremia and mortality means that
hyponatremia has a causative role in the eventual death of patients or is merely a surrogate marker of other lethal risk
factors associated with the underlying serious condition. This important unresolved aspect of hyponatremia is the
subject of a recent review [9].

Mild hypernatremia is usually asymptomatic but severe hypernatremia, like severe hyponatremia, has effect on the
central nervous system and results in non-specific symptoms of encephalopathy (e.qg. lethargy, nausea, weakness,
confusion, headache). Affected patients may, depending on the cause of the hypernatremia, complain of extreme thirst
and have clinical signs of dehydration. In the absence of treatment, severe hypernatremia may progress to seizures,
coma and ultimately death. Thus, severe hypernatremia, like severe hyponatremia, is a medical emergency.

MEASURING PLASMA SODIUM CONCENTRATION
For over 80 years plasma sodium concentration has been routinely measured using either one of two broad techniques:

« Flame emission spectrophotometry (FES)
« Potentiometrically by ion-specific electrode (ISE)

Prior to the 1970s when ion-specific electrodes were first developed for use in clinical laboratories, FES was the only
method available. The technique [10] depends on the very visible principle that when sodium is burnt in a flame, it
emits yellow light of a characteristic wavelength, the intensity of which is proportional to the number of sodium ions.
The method involves aspiration of diluted plasma as a fine spray into a controlled flame of stable form and temperature.
The intensity of light emitted by the flame at a particular wavelength (539 nm) characteristic of sodium emission, is
measured. By comparing this intensity measurement with that produced from standard sodium solutions of known
concentration, the concentration of sodium in the plasma sample can be computed.

Potentiometric measurement depends on the potential difference (measured in millivolts) that is generated between a
reference and measuring electrode when exposed to ions in solution. With the use of electrode membranes that allow
selective passage of a single ionic species, an ion-specific electrode measures the activity of a specific ion (e.g. sodium
(Na*), potassium (K*), calcium (Ca2*), chloride (Cl"), etc.) in solution (e.g. the aqueous phase of blood plasma). Since
the 1970s ISE methods have gradually replaced FES methods [11] and nowadays plasma sodium is measured almost
exclusively by ISE.

ISE methods are classified as either "indirect” or “direct” [11]. The essential difference between the two is in the sample
preparation. The "indirect” ISE method involves presentation of a prediluted plasma sample to the electrode for
measurement (analogous to the predilution step used in FES), whereas the “direct” ISE method avoid the necessity of a
predilution step; the sample (either whole blood, plasma or serum) is presented directly to the electrode. The "indirect”
ISE method was the first to be developed and shown in many studies to correlate well without bias with the FES method
it replaced [11]. It continues to be employed in modern high-throughput chemical analyzers sited in clinical laboratories,
principally because predilution allows very low sample volume, a major consideration if sodium is just one of many
analytes to be measured. A small minority of these chemical analyzers employs a "direct” ISE method, but the vast
majority of sodium reports generated in the central hospital laboratory are derived using "indirect” ISE methodologies.

By contrast, sodium reports generated at the point of care in intensive care units, emergency rooms, operating recovery
rooms, etc. using dedicated point-of-care analyzers (including blood gas analyzers) are derived almost exclusively using
"direct” ISE methodologies. A singular advantage of "direct” ISE methodology for point-of-care testing is that whole
blood can be used, so that the separation of plasma by centrifugation is not necessary. Another advantage, of greater
significance for this discussion, is that "direct” ISE methods are unaffected by the presence of abnormal amounts of lipid
or protein in the sample, whereas both "indirect” ISE and FES methods are affected [12].

SIGNIFICANCE OF ABNORMAL PROTEIN AND LIPIDS FOR SODIUM MEASUREMENT
An understanding of the effect that abnormal plasma protein and lipid concentration has on sodium measurement
depends on recognizing the following:
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+ Blood plasma/serum is composed of water (normally ~93 % of its volume) and non-aqueous “solids” (normally ~7
% of its volume) [13] (Fig. 1a).
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« Lipids and proteins account for most of the "solids” in blood plasma/serum and any change in their concentration
will affect % volume that solids occupy and thereby % volume that water occupies. The % water volume of
plasma/serum is related to lipid and protein concentration by the following equation:

% water volume = 99.1 - 0.73 protein (g/dL) - 1.03 lipid (g/dL) [13]
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+ All of the sodium in blood plasma/serum is present in the water rather than the “solid” phase (Fig. 1a).

« In health sodium concentration of plasma/serum water is ~150 mmol/L. When the volume of solids (normally ~7 %)
is taken into account, the sodium concentration of total plasma/serum is ~140 mmol/L (150 x 93 / 100).

« ISE measures sodium activity (which approximates to concentration) in plasma/serum water [11] and this measured
value is reported as total plasma concentration. The algorithm used to convert measured plasma water
concentration to reported total plasma concentration assumes that water constitutes 93 % of total plasma volume
(Fig. 1a).

« Although abnormal lipid and/or protein concentration alters the water content of plasma/serum, it does not alter
the physiologically important sodium plasma water concentration, which is the parameter measured by ISE. Thus
direct ISE sodium measurements, in which samples are presented undiluted to the electrode, are unaffected by
change in lipid or protein concentration (Figs. 1a and 1b).

« It is the process of sample predilution used in "indirect” ISE (and FES) methodology that is responsible for the
spurious sodium results associated with abnormal protein and lipid concentration [14, 15] (Figs. 2a and 2b).
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Consider two patients A and B with identical (normal) concentration of sodium in plasma water (150 mmol/L); patient A
has normal lipid and protein concentration and so has a plasma water volume of 93 %. Patient B has increased plasma
lipid concentration and therefore reduced plasma water volume, in this case 85 %. The plasma samples of both patients
are submitted for sodium estimation by "direct” ISE (Figs. 1a, 1b) and "indirect” ISE (Figs. 2a, 2b). As outlined above,
change in lipid and/or protein concentration does not affect direct ISE measurement so results are identical.

However, the predilution (1:10) process of indirect ISE measurement results in fewer sodium ions being presented to the
electrode in the case of patient B because in unit volume of plasma, less is occupied by water where the sodium resides
(85 % compared with 93 %). The sodium ions present in sample B are effectively diluted more (by the factor 93/85) than
those present in sample A. This so-called "water exclusion” or "water displacement” effect results in a theoretical
measured sodium concentration of 12.75 mmol/L (150 x 0.85) for diluted sample B, rather than 13.95 mmol/L (150 x
0.93) for diluted sample A. After taking into account the sample dilution (1:10), the indirect ISE reported values are
139.5 mmol/L for sample from patient A, but only 127.5 mmol/L for sample from patient B.

Despite having a normal concentration of sodium in plasma water, patient B is apparently hyponatremic due to raised
lipids. The term pseudohyponatremia is applied to this spuriously reduced sodium result.

Pseudohyponatremia is defined as spuriously low plasma sodium concentration (<135 mmol/L) due to the presence of
increased plasma lipid and/or increased plasma protein concentration. Patients with pseudohyponatremia are "truly”
normonatremic (plasma osmolality is normal). Since “direct” ISE methods are unaffected by change in protein or lipid
concentration, pseudohyponatremia can, by definition, only occur if "indirect” ISE (or FES) methods are used to measure
sodium.

The term pseudohyponatremia is sometimes inappropriately applied to the hypertonic hyponatremia that results most
frequently from severe hyperglycemia in diabetic ketoacidosis [16]. It is an inappropriate use of the term because the
hyponatremia in such cases is real (it results from the movement of water from cells to ECF due to the osmotic effect of
glucose; sodium is effectively diluted but plasma osmolality is normal or increased). In cases of hypertonic
hyponatremia, sodium values are reduced irrespective of the ISE measuring methodology. In common with
pseudohyponatremia, hypertonic hyponatremia should not be treated as if there were sodium loss, and it is this
commonality that perhaps explains the inappropriate use of the term.

CONDITIONS THAT CAN RESULT IN PSEUDOHYPONATREMIA

The conditions that are associated with a rise in plasma protein or lipid concentration of sufficient severity to cause
pseudohyponatremia are individually rare, and can be divided into those in which marked increase in plasma protein
concentration (usually > 100 g/L) is the problem:

« Multiple myeloma, Waldenstrom’s macroglobulinemia [17-19]
Hypergammaglobulinemia due to liver disease [20]
IV administration of gamma globulins [21]

(=]

o

And those in which marked increase in blood lipids (most commonly raised triglycerides, less commonly raised
cholesterol [15]) is the problem:

« Obstructive liver disease with associated lipoprotein X [22, 23]
« Diabetic ketoacidosis with associated severe hypertriglyceridemia [18, 24, 25]
« Acute pancreatitis with associated severe hypertriglyceridemia [26].

CONFIRMING PSEUDOHYPONATREMIA

The simplest way of confirming that plasma sodium concentration is spuriously low, is to reanalyze the sample using a
direct ISE method; pseudohyponatremia is confirmed if direct ISE value is normal, and excluded if it is similar to the
original reduced indirect ISE result. If direct ISE is not available, simultaneous calculation and measurement of plasma
osmolarity is very useful [27]. Measured osmolarity is normal in pseudohyponatremia but calculated osmolarity — based
as it is on erroneously low plasma sodium result - is reduced. An increased osmolar gap (i.e. the difference between
measured and calculated osmolarity) suggests pseudohyponatremia.
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FAILURE TO RECOGNIZE PSEUDOHYPONATREMIA CAN HAVE SERIOUS CONSEQUENCES - A CASE STUDY
Pseudohyponatremia is an artefact that should not be treated. The following case study [25] demonstrates the potential
danger of failing to recognize pseudochyponatremia and treating as if it were "true” hyponatremia. A 6-year-old, insulin-
dependent diabetic boy was admitted to hospital in a comatose and dehydrated state following 2 weeks of intermittent
vomiting and abdominal pain. Opthalmoscopic examination revealed an abnormality of the eyes (lipemia retinalis) that
is caused by severe hyperlipidemia. Blood testing revealed metabolic acidosis, severe hyperglycemia (blood glucose 37
mmol/L) and severe hyponatremia (serum sodium 89 mmol/L). The laboratory reported that the serum was "strikingly
lipemic”. Later analysis of this admission sample would reveal that serum triglyceride concentration was 223 mmol/L and
cholesterol concentration 41.4 mmol/L. No connection was made between the severe hyperlipidemia and hyponatremia.
Since pseudohyponatremia was not recognized, the apparent hyponatremia was treated inappropriately with 0.9 %
saline, beginning 2 hours after admission. As a result of the saline treatment serum sodium increased to 116 mmol/L at
7 hours after admission but there was clinical evidence (right hemiplegia and tonic convulsions) of evolving brain
damage. The child’s condition deteriorated and he died 33 hours after admission due to brain hemorrhage. The 7 hours
post admission serum sample with apparent sodium of 116 mmol/L was treated to remove the lipids and reanalyzed.
The true serum sodium was found to be 222 mmol/L. The inappropriate treatment had caused very severe hypernatremia
and associated encephalopathy that almost certainly contributed to the boy’s death.
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