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Background and Objective: The following article is part of a special series to aid the reader in
diagnosing the cause of various electrolyte imbalances. By the end of the article, the reader will be able
to order and interpret appropriate investigations when faced with a patient with hyponatraemia or
hypernatraemia.

Methods: A narrative, focused literature review was performed using PubMed, OMIM and Google during
September 2021 to January 2022 to identify references published from database inception to January 2022;
reference lists from these articles were also used. Language was restricted to English.

Key Content and Findings: Sodium is an important electrolyte, and its blood concentration is tightly
controlled by the renin angiotensin aldosterone system (RAAS) and the regulation of antidiuretic hormone
(ADH) secretion. However, sodium imbalance can occur in many disease states and can lead to significant
morbidity and mortality, therefore finding the primary abnormality is important. A laboratory approach to
investigate the cause of hyponatraemia and hypernatraemia is presented. It should be noted that sodium
results are particularly susceptible to being falsely low or high in many circumstances, and the validity of
sodium results should always be questioned before clinical investigation.

Conclusions: Diagnostic flow charts are presented and the limitations of the laboratory tests discussed.
The algorithms, by focusing on the approach to the investigation of hyponatraemia and hypernatraemia,
should support healthcare professionals to efficiently and rapidly diagnose most causes of abnormal sodium

states.
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Introduction

Sodium is the major extracellular cation in humans
and is the largest contributor to plasma osmolality (1).
Sodium is essential for two major processes in the body;
fluid balance (and therefore blood pressure) and nervous

excitation. Although only approximately 5% of total body
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sodium resides intracellularly at a concentration between
10-20 mmol/L, only 10% of total body sodium is located in
the plasma at a concentration between 135-145 mmol/L (1).
Approximately 45% of total body sodium is located in bone,
skin and muscle, 10% is located in connective tissue, and
30% is located in the interstitial fluid (Figure I) (1).

Plasma sodium analysis can be a useful tool for assessing
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Figure 1 Summary of sodium intake, excretion and distribution around the body. Only 10% of total body sodium resides in the plasma

(135-145 mmol/L), and the remaining 90% is located in the intracellular fluid (10-20 mmol/L), bone, skin, muscle, connective tissue, and

interstitial fluid. RDA, recommended daily allowance.

patients who are hyponatraemic or hypernatraemic.
However, sodium analysis is prone to providing results that
are not an accurate reflection of the true iz vivo status, and
being aware of this is imperative for appropriate patient
management. The following algorithms aim to provide a
rough guide on using laboratory diagnostics to evaluate the
causes of sodium disturbances; particularly for those with
less experience of patient assessment where a recommended
sequence of steps can help to ensure good quality care and
use of diagnostic resources.

An in depth review of sodium homeostasis is beyond
the scope of this algorithm; many detailed reviews have
been published elsewhere (1-6). However, for context,
Figure 2 demonstrates a summary of renal sodium handling.
Sodium is freely filtered at the glomerulus, and 50-60%
is reabsorbed in the proximal convoluted tubule (PCT),
30-40% is reabsorbed in the thick ascending limb (TAL)
and 5-10% is reabsorbed in the distal convoluted tubule
(DCT) 4.

In the DCT and collecting duct, the hormone
aldosterone acts on sodium chloride cotransporters (NCC),
epithelial sodium channels (ENaC) and proton uniporter
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channels on the apical (filtrate) membrane, and sodium-
potassium pumps on the basolateral (blood) membrane, to
increase sodium (and therefore water) reabsorption from
the filtrate (Figure 2) (7). Aldosterone release is primarily
controlled via the renin angiotensin aldosterone system
(RAAS). Firstly, decreased plasma volume is detected by
the juxtaglomerular cells in the kidney, which release renin.
Renin converts angiotensinogen to angiotensin I, which is
then converted to angiotensin II in the lungs by angiotensin
converting enzyme (ACE) (8). Angiotensin II has multiple
actions, but its primary action is to stimulate aldosterone
secretion from the adrenal glands (Figure 3) (8). The
RAAS is a significant mechanism of plasma volume control
through its direct influence on sodium reabsorption, which
in turn influences water reabsorption.

Anti-diuretic hormone (ADH), also commonly referred
to as arginine vasopressin, is released from the posterior
pituitary gland when an increase in plasma tonicity is
detected by osmoreceptors in the hypothalamus (6). ADH
is also released in response to decreased plasma volume via
direct stimulation from angiotensin II (8). ADH acts on the
renal collecting ducts to increase expression of aquaporin
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Figure 2 Simplified diagram of the major ion channels and transporters in the kidney involved in renal Na" handling. Na” is freely filtered
at the glomerulus. The majority of Na" is reabsorbed in the PCT, 30-40% of Na" is reabsorbed in the TAL and 5-10% is reabsorbed in
the DCT. The channels that aldosterone act on are labelled with a black ‘Ald+’ symbol. PCT, proximal convoluted tubule; DCT, distal
convoluted tubule; CTD, collecting duct; TAL, thick ascending limb; ADP, adenosine diphosphate; ATP, adenosine triphosphate; Ald,

aldosterone; ENaC, epithelial sodium channel; NHE3, sodium proton exchanger III; NKCC2, sodium potassium chloride cotransporter;

NCC, sodium chloride cotransporter; Pi, inorganic phosphate; ROMK, renal outer medullary potassium channel.

II channels, leading to increased passive free water
reabsorption and more concentrated urine (5,9). Although
these mechanisms are complex in reality, a useful way to
view aldosterone is it primarily acts to increase sodium
reabsorption from the renal filtrate (which then causes water
reabsorption), whereas ADH primarily acts to increase
free water reabsorption. Figure 3 shows a basic overview of
the RAAS and ADH secretion and action. We present the
following article in accordance with the Narrative Review
reporting checklist (available at https://jlpm.amegroups.
com/article/view/10.21037/jlpm-22-11/rc).

Methods

The narrative literature review was created by searching
Medline, Google Scholar, OMIM and seminal texts.
The diagnostic algorithms were then created using the
information gathered for the literature review. The
literature was searched over the period September 2021
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to January 2021. The language was restricted to English.
For further information please see Supplementary file

(Table S1).

Hyponatraemia

Hyponatraemia is defined as a serum sodium of
<135 mmol/L, and it is the most commonly encountered
electrolyte disorder in clinical practice with a reported
incidence of 15-30% (10). Hyponatraemia is often
categorised as mild (130-134 mmol/L), moderate
(126-130 mmol/L) or severe (<125 mmol/L) (10).
It can be symptomatic or asymptomatic, and this
largely depends on the level to which the sodium
has fallen and the rate of the decrease. Unless serum
sodium has fallen rapidly, concentrations in the range
125-135 mmol/L are often asymptomatic. There are a
number of causes of hyponatraemia and, especially in
older patients, it is likely to be multi-factorial. Here, we
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Figure 3 Overview of the renin angiotensin aldosterone system and ADH secretion. ACE, angiotensin converting enzyme; NHE3, sodium

proton exchanger III; ADH, antidiuretic hormone; AQ2, aquaporin II; ENaC, epithelial sodium channel; NKCC, sodium potassium

chloride cotransporter.

present an algorithm for the laboratory investigation of
hyponatraemia (Figure 4).

Plasma osmolality

A very useful test in the assessment of hyponatraemia
is plasma osmolality. Osmolality is a measure of the
osmotically active solute particles dissolved per kg of
solvent (e.g., water when measuring plasma), as opposed to
osmolarity which is a measure of osmotically active solute
particles dissolved per litre of solvent. Although technically
different, distinguishing osmolality from osmolarity makes
very little difference clinically, so the terms are often used
interchangeably.

Two of the most common methods for measuring
plasma osmolality include freezing point depression and
vapour pressure. However, freezing point depression is
the recommended method as vapour pressure can fail to
detect some osmotically active volatile substances (11).
Multiple equations to calculate the expected osmolality
have been proposed, but a simple and easy to implement
equation is displayed below. All units are in mmol/L, and
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the sodium concentration is multiplied by two to account
for the accompanying anions that maintain electroneutrality
(e.g., CI and HCOy'). As calculated osmolality equations
use concentrations of analytes per litre of solution (e.g.,
sodium 145 mmol/L) and not per kg of solution, calculated
osmolality is technically calculated osmolarity. However, for
simplicity, this will be referred to as calculated osmolality.

Calculated Osmolality = 2 [Na* ] +[Glucose]+[urea] [1]

Comparison of the calculated and measured osmolality
is a useful first step when investigating hyponatraemia.
As sodium is the major component of plasma osmolality,
a low plasma sodium (and therefore a low calculated
osmolality) should be accompanied by a proportionately
low measured osmolality (<275 mOsm/kg), which is termed
hypotonic hyponatraemia. A normal measured osmolality
(275-295 mOsm/kg) during hyponatraemia, which is
termed isotonic hyponatraemia, suggests that the sodium
result may not be correct. A high measured plasma
osmolality (>295 mOsm/kg) during hyponatraemia is
termed hypertonic hyponatraemia, and this means that
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¢ Diuretics (particularly thiazide)

¢ Antiepileptics (e.g., carbamazepine)

* Non-steroidal anti-imflammatory drugs
¢ Antidepressants (e.g., venlafaxine)

* Selective seretonin reuptake inhibitors
¢ Anti-cancer (e.g., cylcophosphamide)
* Proton pump inhibitors

Box 3-Hypertonic hypernatraemia

Box 4-Low urine osmolality

Usually due to hyperglycaemia causing
dilutional low Na’. This is a true
hyponatraemia, but often resolves after
treatment without Na* replacement as
total body stores can be normal. Plasma
sodium is diluted by ~2.4 mmol/L per
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a combination of excessive fluid intake
from beer and low solute intake
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Hypothyroidism can cause low Na*

via multiple mechanisms, but mainly

via decreased cardiac output leading

to increased ADH secretion. Measure
plasma TSH and free T4 to screen for
primary and secondary thyroid disease.
Measure plasma creatinine and urea,
and monitor urine output, to assess renal
function

Cirrhosis can be identified via liver
scans, biopsies and LFTs (including
INR). Heart failure can be diagnosed by
echocardiogram, X-ray and elevated
plasma NT-proBNP. Proteinuria,
hypoalbuminaemia and hyperlipidaemia
are consistent with, but not specific to,
nephrotic syndrome. These conditions
cause excess secretion of ADH, causing
water retention and sodium dilution
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_ ; - Nephrotic syndrome

Sweating See Box 8
See Box 6

Adrenal insufficiency (Addison di

Box 8-High urine Na* & euvolaemic

can lead to excessive Na* (and therefore
water) excretion in urine. Although a
low 09:00am cortisol is consistent with
adrenal insufficiency, a short synacthen
dynamic function test should be
performed as a gold standard. Take a
baseline blood cortisol and ACTH, and
then administer 250 pg of synacthen
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cortisol 60 minutes later. Check local
guidelines for diagnostic cut-offs

SIAD results in dilutional low Na* due
to chronic solute free water retention.
SIAD is a diagnosis of exclusion, where
diuretic use, and poor renal, cardiac,
adrenal, hepatic and thyroid function,
should be ruled out first. The urine is
usually inappropriately concentrated.
SIAD can be caused by ADH secreting
tumours, major surgery, pulmonary
disease, HIV infection, genetics, many
drugs, or can be idiopathic

Figure 4 Algorithm and supporting information for the laboratory investigation of hyponatraemia. (A) Algorithm for the laboratory

investigation of hyponatraemia. (B) Boxes of information which provide more detail for the algorithm of the laboratory investigation of

hyponatraemia in Figure 44. ISE, ion selective electrode; ADH, antidiuretic hormone; TSH, thyroid stimulating hormone; LFTs, liver

function tests; INR, international normalised ratio; BNP, brain natriuretic peptide; ACTH, adrenocorticotropic hormone; SIAD, syndrome

of inappropriate antidiuresis.

another major osmotically active substance is present.

Isotonic hyponatraemia (including pseudohyponatraemia)
A normal osmolality during hyponatraemia is most likely
due to pseudohyponatraemia caused by a significantly
elevated total protein (>120 g/L) or triglyceride
(>17 mmol/L) concentration (12). Grossly elevated
cholesterol concentrations (>35 mmol/L) in the context of
cholestasis (e.g., primary biliary cholangitis) can also be the
cause due to accumulation of lipoprotein X (13,14).

Only indirect ion selective electrode (ISE) sodium
methods used in central laboratories produce
pseudohyponatraemia due to these causes; direct ISE
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sodium methods used in blood gas analysers are not
affected. Understanding this important difference requires
appreciating that on average, total plasma is composed
of 93% water and 7% solid phase (e.g., proteins and
lipids) (12). Sodium cannot reside in the solid phase, so
the concentration of sodium in the water phase is the
physiologically important value. Indirect ISE methods are
indirect because they dilute a fixed volume of total plasma
before analysis (in order to use less plasma and to increase
the top end of the reportable range). As sodium can only
reside in the water phase of the total plasma volume, sodium
cannot exist in 100% of the total plasma volume that is
aliquoted for the test. In order to take this into account, it
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Figure 5 Summary of the mechanism of how pseudohyponatraemia and pseudohypernatraemia can occur in states of protein and lipid

imbalance, depending on the sodium measurement method. In reality, total plasma is homogenous and the solid-liquid phase layers are not

separate. However, the layers have been shown here for visualisation and description purposes.

is assumed that the water phase occupies 93% of the total
plasma volume in all patients. To do this, the total plasma
volume aliquoted for the test is essentially multiplied by
0.93 before the measured sodium result is multiplied by the
dilution factor (approximately x30). When the solid phase of
plasma is increased—which is the case in hyperproteinaemia
>120 g/L (e.g., multiple myeloma or intravenous
immunoglobulin administration), hypertriglyceridaemia
>17 mmol/L (12) or severe hypercholesterolaemia (14)—this
assumption is no longer accurate. In these cases, although
the sodium concentration in the water phase remains the
same, the same volume of total plasma that is aliquoted
for the test actually contains less water (e.g., 84%), and by
extension, less sodium, leading to underestimation of the
final sodium concentration (Figure 5). This also occurs with
other ions measured by indirect ISE (e.g., potassium and
chloride), but is usually less obvious as they are present in
smaller concentrations than sodium.

Direct ISE methods in blood gas analysers directly
measure the sodium activity in the clinically relevant
water phase without dilution, therefore the sodium result
is much more reliable (when the plasma water phase

© Journal of Laboratory and Precision Medicine. All rights reserved.

is not 93%) than indirect methods (15). If osmolality
measurement is not available, a higher sodium result using
a direct ISE blood gas analyser than a sodium result using
an indirect ISE laboratory method strongly suggests that
pseudohyponatraemia is occurring.
Pseudohyponatraemia also occurs if the sample is
contaminated with fluids which contain less sodium than
normal plasma (e.g., dextrose). This should be considered if
many analytes (including sodium) are low or have decreased
rapidly since the previous result. Albumin is particularly
useful in this context (if a recent previous result is available)
as it has a half-life of approximately 21 days (16), therefore a
significant decrease in a shorter timeframe may be suspicious.
Dextrose contamination can be avoided by always taking
blood samples from the opposite arm from the infusion, or
stopping infusions at least five minutes prior to venesection.
It is important to note that isotonic hyponatraemia
does not always mean pseudohyponatraemia, and can also
be a result of the timing of plasma osmolality analysis in
situations where a true hypertonic hyponatraemia is usually
expected. For example, it is possible that there is the just the
right amount of ethanol in plasma [as ethanol is metabolised
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rapidly (17)], that in conjunction with hyponatraemia, can
make the measured osmolality normal instead of high. This
should be suspected if the total protein and triglyceride
concentrations are normal, or the direct ISE sodium result
is similarly low to the indirect ISE sodium result, during
isotonic hyponatraemia.

Hypertonic hyponatraemia

This is most commonly caused by hyperglycaemia (5),
but can also be caused by mannitol, ethanol, methanol or
ethylene glycol (before the toxic alcohols are metabolised).
Glucose and mannitol are ‘effective solutes’ because they
remain in the extracellular compartment. Therefore,
they contribute to plasma tonicity, attract water from the
intracellular compartment and can directly cause dilutional
hyponatraemia. Importantly however, although ethanol
and methanol contribute to measured osmolality, they are
‘ineffective solutes’ because they freely cross cell membranes
into the intracellular compartment. Therefore, they do not
contribute to plasma tonicity, do not attract water from
the intracellular compartment and do not directly cause
hyponatraemia (11).

Hyponatraemia from hyperglycaemia is often incorrectly
referred to as pseudohyponatraemia. Importantly, this is
actually a true dilutional hyponatraemia (5), and incorrectly
referring to this as spurious may not highlight the risk of
cerebral oedema if the glucose concentration is reduced
too quickly (10). This confusion may arise because the total
body sodium is often normal in these cases (before osmotic
diuresis occurs), and simply treating the hyperglycaemia
frequently corrects the hyponatraemia without any sodium
replacement. For every 5.6 mmol/L increase in glucose
concentration, plasma sodium is truly diluted and decreases
by approximately 2.4 mmol/L (18).

More formally, the osmolar gap can be calculated by
simply taking the calculated osmolality away from the
measured osmolality. An osmolar gap >10 mOsm/kg
suggests that there is another osmotically active substance
present in the plasma that is not accounted for during the
calculation. Calculating the osmolar gap can be useful to
help in determining what substance is contributing to a
high osmolar gap and the extent of the effect. For example,
alcohol can be included as below (all units in mmol/L) (19).

Calculated Osmolality =2 [Na+ } + [Glu cos e]
+ [urea] +1.25 [ethanla]

2]

© Journal of Laboratory and Precision Medicine. All rights reserved.
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Hypotonic hyponatraemia

Hypotonicity is the most common tonicity finding in
hyponatraemia, and reflects a true hyponatraemia in the
absence of other osmotically active substances. A quick
next step is to review the medications (20) that the patient
is taking to see if any are known to cause hyponatraemia
(Figure 4B). If the patient is taking any medications known
to cause hyponatraemia, it may be appropriate to stop them
or to reduce the dose, and then periodically monitor plasma
sodium.

Random urine osmolality

The next most useful step is to test osmolality on a
random urine sample. A urine osmolality <100 mOsm/kg
demonstrates that the urine is maximally dilute. Normally,
hypotonic fluid intake is balanced by decreasing ADH
secretion in order to increase free water excretion, leading
to dilution of the urine and maintenance of the plasma
sodium concentration. However, excessive free water intake
can exceed the kidney’s maximum capability to excrete
it, leading to dilution of sodium in the plasma (5). Less
commonly, maximally dilute urine could also be due to low
sodium intake. In people who misuse alcohol, particularly
people who drink excessive amounts of relatively high
water to alcohol ratio beverages (e.g., beer and cider),
hyponatraemia can be caused by a combination of excess
water ingestion and insufficient sodium intake (termed beer
potomania) (21). A similar manifestation can also occur
in marathon runners after a race (22), where they drink
excessive volumes of hypotonic fluids [either pure water or
sports drinks that only contain ~18 mmol/L of sodium (23)]
in a short period of time, and lose sodium via sweat.

Random urine sodium

During hyponatraemia, a random urine sodium
<20 mmol/L suggests that the kidneys are appropriately
reabsorbing sodium from the renal filtrate, and that
extrarenal sodium loss or dilution is occurring. A random
urine sodium >20 mmol/L suggests that the kidneys are
failing to appropriately reabsorb sodium from the filtrate,
and sodium is being inappropriately excreted in the urine.
Following the algorithm in Figure 44, the urine sodium
concentration can be used in conjunction with a clinical
assessment of the volume status to further narrow down the
likely cause of hyponatraemia.
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Fluid status

Hyponatraemia can be caused by loss of total body sodium,
or more commonly, total body sodium dilution from water
retention (impaired water excretion). Determining the
fluid status of the patient is important to help determine
which one of these mechanisms is occurring, which will
significantly narrow down the likely diagnoses. However,
determining the fluid status can often be difficult in reality
and can lead to misclassification (24), so it is perhaps
appropriate to include this assessment later in the algorithm
than easier to perform investigations (although some cases
can be very obvious and hence quickly identified). A full
description of how to perform a fluid examination is beyond
the scope of this article, but excellent reviews of this topic
have been published elsewhere (25,26).

Hypovolaemic hyponatraemia

If a patient is hypovolaemic and the kidneys are
appropriately reabsorbing sodium from the filtrate
(random urine sodium <20 mmol/L), it is likely that
extrarenal sodium loss is occurring (as water will follow
sodium to decrease total body fluid). This can be caused
by diarrhoea, vomiting and/or excessive sweating, and
an appropriate patient history is key to identifying
these (27). Diarrhoea and vomiting may also be accompanied
by potassium, chloride and acid base disturbances (refer to
the relevant articles within this series). Guidelines for the
management of patients with diarrhoea have been published
elsewhere (27).

If a patient is hypovolaemic and the kidneys are
inappropriately excreting sodium (random urine sodium
>20 mmol/L), it is likely that there is an issue either directly
or indirectly that is preventing the kidneys from reabsorbing
sodium. The most common cause of this is diuretic use,
which decrease sodium reabsorption from the filtrate
leading to salt and water loss. Adrenal insufficiency can also
cause renal sodium loss and can be a medical emergency.
Adrenal insufficiency in hypovolaemic hyponatraemia
As aldosterone is a significant stimulator of sodium
reabsorption from the filtrate (Figure 2), adrenal
insufficiency (aldosterone and cortisol deficiency) can lead
to sodium wasting in the urine and hypovolaemia. This
is usually a medical emergency and requires immediate
treatment. Primary adrenal insufficiency (Addison disease)
should be particularly suspected if there is a concurrent
hyperkalaemia. However, absence of hyperkalaemia does
not rule out adrenal insufficiency, particularly secondary
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adrenal insufficiency where normokalaemia is common (see
potassium article within this series).

Adrenal function can be assessed by the ability to secrete
cortisol. Cortisol exhibits a diurnal variation, where it is
highest in the morning and lowest in the evening (28).
A blood cortisol concentration less than a defined cut-
off (check local guidelines) on a sample taken at around
09:00 am may be inappropriately low, suggesting that the
adrenal gland is not functioning correctly (Addison disease).
A 09:00 am cortisol above a specific local cut-off virtually
excludes Addison disease (29).

The gold standard for confirming adrenal insufficiency
is a short synacthen (synthetic ACTH) test (SST), which
directly stimulates the adrenal gland to produce cortisol to
assess if the response is adequate (29). The procedure for
performing an SST is described in Figure 4B. As cortisol
cut-offs are dependent on the cortisol method a laboratory
uses and the local population, it is important to always
check local guidelines to avoid misdiagnosis.

There are important caveats to consider when
interpreting SST results. For example, long term secondary
adrenal insufficiency, and prolonged exogenous steroid
replacement/abuse, can give SST results similar to primary
adrenal insufficiency due to adrenal atrophy. Use of
oestrogen (e.g., contraceptive pill or hormone replacement
therapy) will increase the cortisol binding globulin
concentration (29). This will therefore increase total
cortisol, giving spuriously normal cortisol measurements in
deficiency states (hormones need stopping six weeks prior to
cortisol analysis). The risk of false negatives is concerning.

Adrenal insufficiency can be caused by tuberculosis,
human immunodeficiency virus (HIV), autoimmunity,
physical trauma, drugs, haemorrhage, or congenital adrenal
hyperplasia (CAH) (30). CAH is characterised by a genetic
deficiency of an enzyme that is involved in steroidogenesis
(including aldosterone and cortisol synthesis) in the adrenal
glands (31). There are many mutations which can lead to
hyponatraemia causing enzyme deficiencies with various
phenotypes, but 21-hydroxylase deficiency accounts for
more than 95% of cases (31). In 21-hydroxylase deficiency,
there is both impaired aldosterone and cortisol synthesis,
leading to hyponatraemia, hyperkalaemia, hypovolaemia
and virilisation in females (due to pathway shunting
to increase testosterone production). Figure 6 shows
the adrenal steroidogenesis pathway and many of the
other enzymes that can be affected in CAH (31,32). It is
important to note that 11-deoxycorticosterone possesses
weak mineralocorticoid activity, so enzyme deficiencies
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that significantly increase its level (e.g., 11p-hydroxylase
and 170-hydroxylase) can conversely cause hypernatraemia,
hypertension and hypokalaemia (31). The diagnosis and
treatment of CAH can vary depending on the enzyme
defect. El-Maouche er a/. (31) have published a detailed
review of CAH if more information is required.
Other causes of bypovolaemic byponatraemia
Cerebral salt wasting (CSW) is a cause of hyponatraemia
that can be seen in patients with central nervous system
(CNS) abnormalities, particularly after subarachnoid
haemorrhage (33). The mechanism of CSW is poorly
understood, but it is believed to be due to a mixture
of disturbance of CNS regulation of salt and volume
homeostasis, and the presence of circulating brain
natriuretic peptide (33). Biochemical presentations are
similar to the syndrome of inappropriate antidiuresis (SIAD),
but the key difference is the presence of hypovolaemia in
conjunction with an appropriate patient history (33).

Salt losing nephritis (SLN) is essentially the wasting

© Journal of Laboratory and Precision Medicine. All rights reserved.

of sodium chloride in the kidneys. SLN can present very
similarly to Addison disease, but key differences include
normal adrenal function and the presence of renal disease (34).

Euvolaemic hyponatraemia

SIAD, also known as syndrome of inappropriate antidiuretic
hormone (STADH), is a common cause of euvolaemic
hyponatraemia with a random urine sodium >20 mmol/L
(due to poor ability to dilute urine) (35). SIAD causes
hyponatraemia due to inappropriate increased concentration
of ADH, which leads to excessive free water reabsorption
from the renal filtrate, dilution of plasma sodium and the
inappropriate concentration of urine (urine osmolality
>100 mOsm/kg). Although there is slight expansion
in blood volume and subsequent suppression of renin,
this does not manifest clinically as hypervolaemia (35).
There are many causes of SIAD including drugs (e.g.,
carbamazepine, selective serotonin reuptake inhibitors),

surgery, pulmonary disease, HIV infection, genetic, ADH
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Table 1 Diagnostic criteria for the diagnosis of syndrome of
inappropriate anti-diuresis [Cuesta ez a/. (2016)]

Plasma sodium <135 mmol/L

Plasma osmolality <275 mOsm/kg
Random urine sodium >20 mmol/L
Random urine osmolality >100 mOsm/kg
Clinically euvolaemic

Other causes of hyponatraemia (e.g., cardiac, hepatic, renal,
adrenal, thyroid disease) ruled out

secreting tumours and idiopathic (36). Table 1 summarises
the diagnostic criteria for SIAD (35). Importantly, SIAD is a
diagnosis of exclusion, where other causes of hyponatraemia
including adrenal insufficiency, hypothyroidism, cardiac
disease, liver disease and renal disease have been ruled out
first.

If the patient is appropriately reabsorbing urine from the renal
filtrate (random urine sodium <20 mmol/L), hypothyroidism
should be ruled out by analysing plasma thyroid stimulating
hormone (TSH) and free-T, [although hypothyroidism is
considered to be a rare cause of hyponatraemia (5)]. Adrenal
insufficiency is excluded as described previously. If acute or
chronic renal disease is suspected, the quickest and simplest
method to assess renal function is to measure the serum/
plasma creatinine concentration and monitor the urine

output (37,38).

Hypervolaemic hyponatraemia

If a patient is fluid overloaded during hyponatraemia, the
hyponatraemia is primarily due to plasma sodium dilution
with free water. Excess free water retention can result from
impaired excretion and/or inappropriate reabsorption
from the renal filtrate. This usually requires treatment
with diuretics to help excrete excess fluid. Although
hyponatraemic, saline should not be given to hypervolaemic
patients as they are often not total body sodium deplete, and
excess sodium can freely cross into the extracellular fluid
which can exacerbate the hypervolaemia.

Cirrhosis causes hyponatraemia by various mechanisms,
and John and Thuluvath have published a good review
of this pathogenesis (39). Cirrhosis can be diagnosed
by abnormal liver function test (LFT) results, or the
observation of scarring on liver ultrasound or biopsy.
However, LFTs do not become abnormal until cirrhosis
is advanced. More sensitive blood biomarker methods
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including the Fibrosis 4 (40) and Enhanced Liver Fibrosis
(ELF™) (41) scores have been proposed.

Hyponatraemia in cardiac failure is mainly triggered
by retention of sodium and water by the kidneys (42).
Diagnosing cardiac failure can be done by a combination
of clinical examination, x-ray, echocardiography and blood
tests (43). A useful blood test is brain natriuretic peptide
(BNP) or NT-proBNP, which are released in response
to left ventricular wall stretching seen in cardiac failure.
Although issues such as concurrent renal impairment
can independently increase the concentration of these
analytes in plasma and complicate their interpretation, a
concentration of either below a specific cut-off (check local
guidelines) rules out cardiac failure due to their very high
negative predictive value (43).

Nephrotic syndrome is characterised by a protein excretion
in urine of >3.5 g/24 h (or a random urine protein:creatinine
ratio >350 mg/mmol), plasma albumin concentration <25 g/L,
peripheral oedema and hyperlipidaemia (total cholesterol
is often >10 mmol/L) (44). Nephrotic syndrome causes
renal albumin wasting, which decreases the plasma albumin
concentration and results in lower plasma oncotic pressure.
This leads to low plasma volume which triggers the RAAS,
causing sodium and water retention manifesting as oedema.
As anti-thrombotic factors are also wasted renally, these
patients are at increased risk of thrombosis (44).

Rare causes of byponatraemin

Although aldosterone acts to reduce sodium excretion, isolated
aldosterone deficiency very rarely causes hyponatraemia
due to other compensatory mechanisms (e.g., cortisol
mineralocorticoid receptor cross reactivity and cortisol
inhibition of ADH, and the effects of angiotensin II and
noradrenaline) (45). However, cases of this nature have
been reported in the literature (46). Aldosterone and renin
activity measurement may be useful to help diagnose these
rare cases.

Acute neurovisceral attacks in porphyria are a rare but
recognised cause of hyponatraemia due to SIAD (47). If
acute porphyria is suspected, analysis of total porphyrins,
porphobilinogen and aminolaevulinic acid in a random
urine sample (and blood in some cases) after symptoms have
manifested is appropriate for diagnosis. Importantly, the
urine can remain positive for porphyrin precursors for as
long as 20 years after an acute attack has occurred, therefore
immediate urine analysis is not necessarily required in order
to make the diagnosis (48).
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Total body sodium deficiency in eunatraemia

A person can be salt and water deplete even whilst
eunatraemic. Two of the main tests that are commonly
used to determine if sodium replacement is required are
random urine sodium or plasma bicarbonate. In response
to hypovolaemia from depleting total body sodium,
aldosterone causes sodium reabsorption in the renal tubules
at the expense of potassium and hydrogen ions (Figure 2).
Therefore, a ‘contraction alkalosis’ develops, possibly with
hypokalaemia which can be more prevalent depending
on the cause of the fluid loss (e.g., more common in post
gastro-intestinal surgery patients with ileus) (49). If the
bicarbonate concentration is high or urine sodium is low,
even if normotensive and eunatraemic, more salt and water
may be required. Assessment using plasma bicarbonate
may be more practical if the patient is being bled for other
analytes regularly, and is actually preferred as urine sodium
can be misleadingly >20 mmol/L in contraction alkalosis
during sodium depletion (49).

Hypernatraemia

Hypernatraemia is defined as a sodium concentration
>145 mmol/L and represents a deficit of water in relation
to the total body stores of sodium (50). This can result
from sodium gain, or much more commonly, from a
net water loss (including insufficient water intake or
excessive free water excretion) (50). As sodium is a major
contributor to plasma tonicity, hypernatraemia is a
powerful stimulant of thirst and ADH release (Figure 3).
Therefore, sustained hypernatraemia can only occur when
access to water or the thirst response is impaired. Patients
at the highest risk of sustained hypernatraemia include the
elderly, where they are often less able to freely consume
water due to mental and physical constraints, and have a
decreased thirst drive (50). Inpatients are also at risk of
hypernatraemia as they are more likely to rely on others
for the provision of enteral or parenteral fluids. Symptoms
of hypernatraemia primarily reflects CNS dysfunction, and
these are more likely to be present if the increase in plasma
sodium is rapid (50). Here, we present an algorithm for
the laboratory investigation of hypernatraemia (Figure 7).

Pseudobypernatraemia

Pseudohypernatraemia should always be considered
in every case of hypernatraemia, particularly if the
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patient is asymptomatic or the result is surprising.
Pseudohypernatraemia is not as commonly considered as
pseudohyponatraemia, but the clinical risk is just as severe
if not detected. Pseudohypernatraemia in inpatients is
perhaps most commonly caused by sample contamination
with saline, which can happen when the sample is taken
from the same arm as a saline infusion. Saline (0.9%)
contains 154 mmol/L of sodium and chloride, therefore
an elevated sodium and chloride with a low concentration
of other analytes should trigger suspicion of saline
contamination. Albumin is particularly useful in this context
(if a recent previous result is available) as it has a half-life of
approximately 21 days (16), therefore a significant decrease
in a shorter timeframe may be suspicious.

In the exact opposite mechanism to pseudohyponatraemia,
a low total protein can cause pseudonormonatraemia (in
patients with a true hyponatraemia) or pseudohypernatraemia
when sodium is analysed using an indirect ISE method
(Figure 5). Similarly to pseudohyponatraemia, this effect
does not occur when sodium is measured using a direct ISE
method such as a blood gas analyser. This mechanism of
causing pseudohypernatraemia has been described more
recently than the mechanism of pseudohyponatraemia (51),
and therefore may be under recognised in clinical practice.
It has been shown that for every 10 g/L decrease in total
protein, plasma sodium results by indirect ISE increase
by approximately 0.7 mmol/L (52,53). In 25% of patients
admitted to intensive care (where hypoproteinaemia is
common), sodium results obtained via indirect ISE are
>4 mmol/L higher than they would be if obtained via direct
ISE (54). Consequently, it has been proposed that only direct
ISE methods should be used in patients with a low total
protein (52,54).

Pseudohypernatraemia can also be caused by direct
contamination from trisodium citrate. Trisodium citrate
is commonly found in blood tubes used for coagulation
studies, and in Citra-lock™ anticoagulant which is used
to ‘lock’ catheters to keep them functional between
treatments (55). Sodium and chloride exist in plasma
at a ratio of approximately 1.4:1.0, therefore true
hypernatraemia is usually accompanied by hyperchloraemia.
However, as sodium citrate does not contain chloride
and exists in liquid form that can also dilute the blood
sample, contamination can cause hypernatraemia with a
uncharacteristically low or normal plasma chloride (56,57).
As there is only one mole of citrate for every three moles of
sodium (both of which are osmotically active) in trisodium
citrate blood tubes, the measured osmolality is usually
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Box 1-Pseudohypernatraemia

Box 2-Relevant medications

Plasma contamination from trisodium
citrate anticoagulant can cause a high
Na* and a disproportionately low CI-
(causing a high anion gap and negative
osmolar gap). 0.9% saline has a [Na']
and [CI'] of 154 mmol/L, and sampling
from an infusion arm can cause a high
Na* and CI” with a dilution of other
analytes. Low total protein can cause a
high Na* when measured using the lab
(indirect ISE) method, but this does not
occur when using a blood gas analyser
(direct ISE). Discrepant lab and blood
gas analyser Na' results strongly
suggests pseudohypernatraemia

o Lithium

* Phenytoin

* Alcohol

* Corticosteroids (e.g., hydrocortisone)
* Diuretics

Box 3-Urine: Plamsa osmolality ratio

Measured using a random urine sample
and a plasma sample taken at a similar
time. A ratio =1.0 may suggest an
appropriately concentrated urine, and a
ratio <1.0 suggests an inappropriately
dilute urine (e.g., excess water loss)

Box 4-Diabetes insipidus

Box 5-Osmotic diuresis

Dl results in excess free water excretion
due to poor ADH action. DI can be due
to insufficient ADH secretion (cranial) or
renal ADH resistance (nephrogenic). A
water deprivation test can confirm the
diagnosis, and differentiate between
cranial and nephrogenic DI. However,
this test is time consuming and must be
done with medical supervision

Hyperglycaemia (e.g., diabetes mellitus,
particularly HHS), or high plasma
mannitol or urea, can lead to excess
renal water excretion in relation to Na*
excretion. This can cause a high plasma
Na*. However, high glucose and
mannitol (but not urea) can also cause a
low plasma Na* due to dilution
depending on the time point that Na* is
assessed

Box 6-Hypervolaemia

A high plasma aldosterone: renin activity ratio is consistent with Conn syndrome
(primary hyperaldosteronism), an insufficient cortisol response during a short

synacthen test is consistent with CAH (e.g., 11p-hydroxylase or 17a-hydroxylase
deficiency in this context), and failure to suppress cortisol after a dexamethasone
suppression test is consistent with Cushing syndrome. A concurrently low plasma K*
(and a high K" and low Na® in a random urine sample) should increase suspicion of
these conditions. Excessive enteral or parenteral Na* administration should also be
ruled out

Figure 7 Algorithm and supporting information for the laboratory investigation of hypernatraemia. (A) Algorithm for the laboratory

investigation of hypernatraemia. (B) Boxes of information which provide more detail for the algorithm of the laboratory investigation

of hypernatraemia in Figure 7A. SE, ion selective electrode; DI, diabetes insipidus; ADH, antidiuretic hormone; HSS, hyperosmolar

hyperglycaemic state; CAH, congenital adrenal hyperplasia.

unexpectedly low compared to the calculated osmolality in
contamination, and there can even be a negative osmolar
gap (57). However, contamination with Citra-lock™ often
provides a higher measured osmolality than contamination
with trisodium citrate from blood tubes due to the much
higher concentration of trisodium citrate (56). Trisodium
citrate is also a weak chelator, therefore low concentrations
of calcium, magnesium, alkaline phosphatase and zinc can
also be observed in contamination (although usually not to
the same degree as EDTA contamination).

Medication causes of bypernatraemia

Compared to hyponatraemia, fewer drugs are associated
with hypernatraemia. Perhaps the most recognised is
lithium therapy which causes nephrogenic diabetes insipidus
(DI) (see DI section). Liamis et /. (58) have published a

comprehensive review of drug induced hypernatraemia if
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more information is required.

Urine: plasma osmolality ratio

As hypernatraemia usually represents a total body deficit
of water, the normal response is to secrete ADH to
stimulate free water reabsorption from the renal filtrate,
concentrating the urine (urine:plasma osmolality ratio
>1) in the process. If the urine:plasma osmolality ratio
is <1, this means that the urine is inappropriately dilute,
suggesting that there is a failure of free water reabsorption
from the filtrate and excess water excretion.

Diabetes insipidus (urine:plasma osmolality ratio <1)

Diabetes insipidus (DI) is characterised by polyuria
(>50 mL/kg/24 h) and polydipsia (59), and is caused
by a deficiency of ADH (cranial DI) or resistance to its
action (nephrogenic DI). Lack of ADH action leads to
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Table 2 Summary of the causes of different types of diabetes
insipidus [Christ-Crain (2019)]

Type of DI Causes

Cranial Trauma
Surgery
Idiopathic
Neoplasia

Infection (e.g., meningitis, tuberculosis)

Sarcoidosis

Haemorrhage, infarction or aneurysm

Drugs and toxins

Osmoreceptor dysfunction
Nephrogenic  Drugs (e.g., lithium, cisplatin)

Hypercalcaemia

Hypokalaemia

Amyloidosis and sarcoidosis

Sickle cell anaemia

Gestational ~ The placenta produces vasopressinase which can

degrade circulating ADH—typically in the second/
third trimester

DI, diabetes insipidus; ADH, antidiuretic hormone.

free water wasting in the kidney, causing an increase in
plasma osmolality and extreme thirst. Plasma sodium can
be normal as well as high depending on if enough water
is being consumed to replace the free water wasting.
Clinically, primary polydipsia can present similarly to DI in
that patients also present with polyuria. However, the key
difference physiologically is that the polydipsia causes the
polyuria in primary polydipsia, whereas the polyuria causes
the polydipsia in DI (59). Additionally, hyponatraemia
makes primary polydipsia more likely and hypernatraemia
makes DI more likely, although cases can be more difficult
to differentiate as plasma sodium can be normal in both
conditions.

The gold standard to diagnose DI is a water deprivation
test (WDT). If DI is then determined to be likely,
a desmopressin challenge can then be used to help
differentiate between cranial and nephrogenic DI (60).
Conducting WD'Ts can be very dangerous if a person
does actually have DI, therefore it must be conducted
under direct medical supervision and the test aborted
if certain safety thresholds are exceeded. Alternatively,
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copeptin analysis—the C-terminal segment of the ADH
prohormone—may have utility as a direct assessment of
ADH concentration instead of indirect WD'Ts (61). Causes
and risk factors of DI are summarised in Table 2. Excellent
reviews of DI pathogenesis, diagnosis and treatment have
been published elsewhere (59,60).

Osmotic diuresis

Although high glucose and mannitol are associated with
dilutional hyponatraemia, they can also cause hypernatraemia
via osmotic diuresis at different stages of their metabolism.
Excess filtration of osmotically active substances can impair
the reabsorption of free water and sodium (and other
analytes) (62), potentially causing hypernatraemia if relatively
less water can be reabsorbed from the filtrate. High urea
can also cause osmotic diuresis, and is a common cause of
hypernatraemia in critically ill patients (63).

Fluid status

Hypovolaemic hypernatraemia

Hypovolaemic hypernatraemia suggests that the more
common scenario of hypernatraemia, where there is a total
body deficiency of water compared to sodium, is likely. This
relative water deficiency can be caused by poor water intake
or excess water loss. Poor intake is particularly common in
individuals with physical or mental constraints. However,
poor intake can also occur independently in patients
with oesophageal obstructions and thirst centre lesions.
Diarrhoea, vomiting, sweating and burns can all lead to
relative water loss and cause hypernatraemia. Examination
of the patient and an extensive patient history are key to
identify causes of poor water intake or loss.

Hypervolaemic hypernatraemia

Hypervolaemic hypernatraemia suggests that both sodium
and water retention is occurring. In a hospital setting, this is
most likely due to excessive sodium and fluid administration
via enteral or parenteral routes. Excess mineralocorticoid
activity, which can occur in primary hyperaldosteronism
(Conn syndrome), CAH (e.g., 11B-hydroxylase and
17a-hydroxylase deficiency) and hypercortisolism (Cushing
disease) can also cause sodium and water retention. A
concurrent hypokalaemia should increase suspicion of these
conditions, but this biochemical pattern is not specific. See
the potassium article within this series for more details
regarding the diagnosis of these conditions.
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Conclusions

The investigation of hyponatraemia and hypernatraemia
can be challenging. Multiple factors can cause results
that are ‘fake’ or ‘spurious’ and not representative of
the true iz vivo sodium status. Additionally, although
determining the volume status of patients with sodium
homeostasis abnormalities is important for diagnosing
the cause, this is often difficult to do in practice and can
lead to misclassification if relied upon. Here, we present
diagnostic algorithms that we hope will help the reader to
systematically consider causes of sodium disturbances in
a logical order. However, we appreciate that each patient
case is different, and it may be appropriate to skip ahead to
steps later in the algorithms, refer to other algorithms (e.g.,
potassium within this series), or even miss out steps entirely.
These algorithms cannot replace specialist knowledge,
experience and local guidelines. Instead, they should act
as a diagnostic aid when assessing patients with sodium
disturbances.
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Supplementary

Table S1 The search strategy summary

ltems Specification
Date of search (specified to date, month and year) September 2021 to January 2022
Databases and other sources searched Medline, Google Scholar, OMIM

Search terms used (including MeSH and free text search terms  Sodium, hypernatraemia, hyponatraemia, drugs, investigations,

and filters). Examples include: algorithms, guidelines, diagnosis, investigation, causes, aetiology, human
Timeframe From database inception to January 2022
Inclusion and exclusion criteria (study type, language All papers and reviews were included restricted to English

restrictions etc.)

Selection process (who conducted the selection, whether it was Kade C. Flowers and Kate E. Shipman conducted initial search, with
conducted independently, how consensus was obtained, etc.) refinement by all other authors to obtain consensus and agreement

Any additional considerations, if applicable Seminal texts were also searched and the references of important articles
and texts were obtained and checked for relevance
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