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Summary

A 20-year-old woman attended a ‘rave party’
where she took the drug 3,4-methylenedioxy-
methamphetamine (MDMA, ‘ecstasy’). She had
used this drug previously without serious adverse
effects. On this occasion, while both she and her
friends drank a large quantity of water, only she
became seriously ill. The initial manifestation was
an altered sensorium; several hours later she had
a grand mal seizure. In the Emergency Depart-
ment, the most striking features were the severe
degree of hyponatraemia (112 mmol/l) and

cerebral oedema. To explain the basis for this
life-threatening clinical presentation, an imagin-
ary consultation was sought with Professor
McCance. Using both a deductive and a quantita-
tive analysis that involved several medical sub-
specialties, he illustrated that a simple story of
water ingestion and vasopressin release was not
sufficient to explain her hyponatraemia. It was
only after events in her gastrointestinal tract were
analysed that a plausible hypothesis could be
constructed.

Introduction

This is the third article in our series on the
application of principles of integrative physio-
logy that begins at the bedside with a problem
in the fluid, electrolyte, acid-base, and/or energy-
metabolism area.1,2 Once again, our consultant
is Professor McCance, an integrative physiologist
who practiced medicine more than 50 years ago.
Although he uses information that was primarily
present during his lifetime, McCance often seeks
information from both consultants in his era, and
from today’s physicians who have a background
in molecular medicine. Using all of this infor-
mation, the disturbed physiology in this patient

can be better understood. His focus is on
concepts—additional data are sought only when
necessary. He relies on a quantitative analysis
based on whole-body physiology to formulate
a broad-based differential diagnosis and a specific
plan for therapy.

The consultation

Because of his interest in patients with abnor-
malities in the salt and water area, the housestaff
told Professor McCance about a thin 20-year-old
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woman (weight 50 kg) who was brought to the
Emergency Department last week. Her story was
not unusual. The night prior to admission, this
healthy woman attended a ‘rave party’ where
she took one tablet of 3,4-methylenedioxy-
methamphetamine (MDMA, ‘ecstasy’). She had
taken the drug before without ill effects. Like other
attendees at the event, she also drank a large
volume of water to avoid ‘dehydration’ because
of profuse sweating due to dancing in a hot envi-
ronment. Unlike the previous occasions, she
became drowsy, had a headache and felt unwell
6 h after arriving at the party. She was advised to
lie down in a quiet room. Three hours later, she
had a grand mal seizure and was brought promptly
to hospital. Suspecting that the basis of the seizure
was acute hyponatraemia, blood was drawn and
to nobody’s surprise, her plasma sodium (Naq)
concentration (PNa) was 112 mmol/l. Given the
long time interval and water permeability in
capillaries and cell membranes, her PNa probably
represented a near-equilibrium condition after
water distribution across body fluid compartments.
Therapy was instituted to decrease her brain cell
size (hypertonic saline was given) to minimize the
risk of coning. Recovery was uneventful.

When asked, the housestaff said the reason for
her acute hyponatraemia was obvious—a water
surplus due to the ingestion of a large volume of
water in a setting where vasopressin acts. Professor
McCance was not so sure—he felt that the expla-
nation for her acute fall in PNa would only become
clear after a quantitative analysis. To make these
calculations, two assumptions were required. First,
that the patient had a normal PNa (140 mmol/l)

before the acute episode. Second, that because she
was thin, her total body water (TBW) would be
close to 60% of body weight—30 l. As always, our
Professor began his analysis with the application
of principles of physiology (Table 1).

Physiology principle 1: The PNa is the ratio
of Naq/water in the ECF compartment

The PNa will fall if there is a deficit of Naq and/or
a gain of water in the extracellular fluid (ECF)
compartment.

Return to the bedside: Because blood was drawn
a considerable time after the seizure occurred, the
housestaff did not think it likely that there was an
error in her PNa due to a transient shift of water into
cells secondary to a sudden rise in ICF osmoles
during a seizure.3

Professor McCance began his analysis by calcu-
lating the deficit of Naq needed to cause the
observed fall in her PNa. To perform this calculation,
he emphasized that water moves across cell
membranes rapidly and achieves osmotic equili-
brium. As soon as Naq is removed from the ECF
compartment, its effective osmolality will fall, and
water will enter cells. It is for this reason that
TBW rather than ECF volume is used to calculate
the deficit of Naq.4 Hence to lower her PNa by
28 mmol/l, her Naq deficit would need to be
840 mmol (28 mmol/l3TBW of 30 l). Professor
McCance’s next step was to consider the possible
routes for Naq loss. He conceded that while some
Naq could be lost in the urine, the obvious site for a
major loss of Naq was sweat. ‘What is the expected
impact of a loss of sweat on the PNa?’, he asked.

Table 1 Summary of physiology principles

Physiology principle Comment

1. The PNa is the ratio of Naq/water in
the ECF compartment

Hyponatraemia may be due to a loss of Naq and/or an
excess of EFW

2. Evaporation of water in sweat is needed for
heat dissipation

Sweat loss in humans can be 1–2 l/h

3. Sweat is a hypotonic fluid because Naq and Cl�

are largely reabsorbed in the ducts of sweat glands
The usual sweat wNaqx in normal individuals is
;15–40 mmol/l

4. Hyponatraemia may develop when there is an intake
of EFW and vasopressin to prevent its renal
excretion

Both a source of vasopressin and EFW are needed to
develop and sustain hyponatraemia

5. Thirst is stimulated primarily when there is a
high PNa

Other thirst stimuli are poorly understood, such as in the
case of primary polydypsia

6. Absorption of nutrients in the GI tract is coupled
to Naq absorption

Humans must secrete more than their total ECF Na
content (1400 mmol) each day to absorb dietary nutrients

7. Loss of muscle mass causes a greater degree of
hyponatraemia when EFW is retained

More water enters brain cells in thin, cachectic individuals
when EFW is retained

EFW, electrolyte-free water.
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Question 1: What is the expected impact
of a loss of sweat on the PNa?

Professor McCance was the ideal person to ask this
question, because he had conducted important
research in this very area, and published the
landmark article in 1936.5

Physiology principle 2: Evaporation of water
in sweat is needed for heat dissipation

Because heat loss must be large with intense activity
in a warm environment, sweat volume should be
large. When 1 l of water evaporates, ;500 kcal
are dissipated.6 As an experimental subject in his
own study, recounted McCance, he lost close to 2 l
of sweat per hour in a hot environment.5

To defend against an excessive degree of con-
traction of the ECF volume, the water in sweat
should be derived from TBW. In order to explain
how sweat originates from TBW, the process of
sweat formation was reviewed. The first step is the
active secretion of Naq and chloride (Cl�) at the
base (coil) of the sweat gland (Figure 1). This
segment must have open water channels so that
water enters the lumen of the sweat gland, making
this an isotonic saline solution. Upstream in the
sweat duct, Naq and Cl� are reabsorbed, but
the duct epithelium of the sweat gland must be
impermeable to water permit the development of

a very hyponatric luminal fluid to be used for
evaporative heat loss.

Return to the bedside: Because sweat losses are
hypotonic, if sweating was the sole perturbation,
it should cause the PNa to rise. Notwithstanding,
Professor McCance emphasized that one needs
to examine balances, not simply inputs or outputs.7

If, as was possible in our case, sweat loss was
accompanied by the ingestion of an identical
volume of electrolyte-free water (EFW), the PNa

could fall due to the net loss of Naq.
The next step was to perform a quantitative

analysis. If the usual Naq concentration in sweat is
close to 30 mmol/l,8,9 our patient would need
a sweat volume (and a water intake) of 28 l to
produce a negative balance of 840 mmol of Naq

and develop a PNa of 112 mmol/l. This simple
calculation seemed to rule out the possibility of
hyponatraemia due to a deficit of Naq from
sweating, due to the low likelihood of our patient
being able to lose 28 l of sweat and drink 28 l of
water over the duration of the party. Our Professor
then asked, ‘Is it possible to have a large loss of
Naqin a smaller volume of sweat?’

Question 2: Is it possible to have
a large loss of Naq in a smaller
volume of sweat?

Physiology principle 3: Sweat is a hypotonic
fluid because its Naq and Cl� are largely
reabsorbed in the ducts of sweat glands

The Renal Fellow added some new molecular
insights (Figure 1). Naq is reabsorbed by an
epithelial Naq channel (ENaC) while Cl� is
reabsorbed by a Cl� ion channel. ENaCs are open
and Naq absorption increases when aldosterone
levels are elevated, while the Cl� channels (cystic
fibrosis transmembrane conductance regulator,
CFTR) are defective, and Cl� absorption decreased,
in patients with cystic fibrosis (CF).

Return to the bedside: If the patient was normal
before this acute illness, Professor McCance
doubted that she had aldosterone deficiency due to
adrenal insufficiency. On the other hand, she may
have had an unrecognized defect in her CFTR if
she had a very mild form of CF10 or if the MDMA
led to an inhibition of CFTR. Symptoms would now
be restricted to times when there was excessive
sweating. Nevertheless, he doubted that CF was
present, but measurement of the patient’s sweat
Cl� concentration (and molecular studies) could be
done at a later time if this diagnosis was still a
possibility. If MDMA blocked Cl� channels, many
more people would have this unusual complication
of acute hyponatraemia.

Figure 1. Formation of sweat. Sweat is formed in the
coil of the sweat gland. The first step is the secretion of
Naq with Cl� in a water-permeable section of the gland.
The second step is the reabsorption of Naq (via ENaC)
and Cl� (via CFTR) in the water-impermeable duct of
the sweat gland. The third step is the evaporation of
hypotonic fluid delivered to the surface of the skin for
heat loss.
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Because all the explanations that centered on
Naq loss seemed unlikely, a surplus of water was
then examined as the mechanism that caused her
hyponatraemia.

Physiology principle 4: Hyponatraemia will
develop when there is an intake of EFW and
vasopressin to prevent its renal excretion

Professor McCance chose to begin with the
physiology of vasopressin11 and asked, ‘What
stimulus is the most likely cause of vasopressin
release in this patient?’

Question 3: What stimulus is the most
likely cause of vasopressin release in this
patient?

In the face of hyponatraemia, vasopressin should
not be released. Our team knew that vasopressin
was present in their patient, because she had a urine
osmolality (Uosm) that was five-fold higher than
anticipated (256 mOsm/kg H2O vs. the expected
50–60 mOsm/kg H2O when vasopressin is absent).
Professor McCance asked, ‘Is there information to
suggest that MDMA can cause the central release
of vasopressin?’

The Senior Registrar responded that there was a
recent study that addressed this issue.12 Vasopressin
levels rose when MDMA was ingested by normal
subjects, and this effect lasted for many hours.
Nevertheless, increased vasopressin levels will not
cause a fall in the PNa unless there is a source of
EFW. In our patient, there was an obvious source of
EFW, because partygoers are encouraged to drink
large volumes of water to avoid the potential side-
effects of MDMA.13 One of the housestaff asked,
‘Exactly how much water needs to be ingested to
cause her PNa to fall to 112 mmol?’

Question 4: Exactly how much water
must be ingested to cause her PNa to fall
to 112 mmol?

Because her PNa declined acutely by 20% to
112 mmol/l, her TBW should be expanded by
close to 20% or 6 l in this 50 kg woman.
Therefore she would have had to drink and retain
at least 6 l of EFW in approximately 9 h. In fact, this
is an underestimate because she was dancing and
therefore sweating in this hot environment. Even if
she were to have lost only 0.5 l of sweat per hour
over 9 h, she would have had to replace those
losses, obligating her to drink another 3.5 l of pure
water (4/5 of sweat is EFW) over the 9-h period, for
a total oral intake of close to 10 l (i.e. )1 l/h).

Professor McCance was a strong advocate of
learning by self-experimentation.5 He put a chal-
lenge to the housestaff, because he suspected that
drinking this much water in so short a time would
prove to be a very difficult task. An experiment
was devised to assess whether normal subjects
would voluntarily drink 20 ml/kg over 30–60 min,
a volume that is 1/6 of the required positive
water balance for our patient to lower her PNa to
112 mmol/l.

Fourteen normal volunteers, including Professor
McCance drank 20 ml of water per kg body weight
over 30–60 min; this is the volume consumed
during the standard clinical water load test.14 Thirst
was assessed on a visual five-point scale. Every
subject was unwilling to drink a larger volume of
water because of the complete absence of thirst,
a powerful aversion to further water ingestion, a
feeling of bloating, and a variety of non-specific
symptoms that included malaise, headache, and
nausea. Professor McCance concluded that if
normal subjects could only manage to drink 10%
of the required EFW positive balance to achieve a
PNa of 112 mmol/l, the simple water-load theory,
which appeared to be so obvious initially, now
seemed unattractive because of the reluctance
of volunteers to drink more water. Therefore
he asked, ‘What might have permitted our
patient to overcome her aversion to drinking more
water?’

Question 5: What might have permitted
our patient to overcome her aversion to
drinking more water?

Physiology principle 5: Thirst is stimulated
primarily when there is a rise in the PNa

Water ingestion may be augmented due to both
thirst stimulated by a PNa)140 mmol/l and to
non-thirst stimuli such as habit, dry mouth, and/or
hypovolaemia.

Return to the bedside: The housestaff had
established that normal subjects would not ingest
enough water to cause the needed positive balance
of EFW to lower their PNa to a dangerously low
range. Perhaps a mood-altering drug such as
MDMA might stimulate thirst and cause primary
polydipsia. If MDMA in some way also inhibited
sweating, it would reduce the amount of EFW
needed to cause the hyponatraemia.

In summary, so far Professor McCance was
confident that the cerebral oedema and the seizure
were probably due to brain cell swelling, the result
of a very low PNa. His quantitative analysis left him
very uncomfortable about the basis for her acute,
severe hyponatraemia. Even the combination of
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a huge volume of water intake along with some
Naq loss in sweat seemed unlikely. He was
reluctant to believe that water in her circulation
failed to distribute rapidly in her ECF and ICF
compartments in her major organs. He called for
help, seeking the expertise of Horace Davenport, an
eminent gastrointestinal (GI) physiologist. This
simple admission of a need for help with the GI
physiology did not go unnoticed by the housestaff.
Dr Davenport was asked, ‘Can the body lose
hypertonic Naqvia the GI tract?’

Question 6: Can the body lose
hypertonic Naq via the GI tract?

Physiology principle 6: absorption of nutrients
in the GI tract

The absorption of glucose and amino acids across
the luminal cell membrane is by co-transport with
Naq, using the low intracellular fluid Naq con-
centration created by the Na-K-ATPase located in
their basolateral membranes (Figure 2)15 as the
driving force. The lumen needs to have a minimum
of 1 luminal Naq per absorbable nutrient. The total
number of glucose plus amino acids absorbed per
day in a 50-kg adult is close to 2000 mmol.
Because the diet provides close to 150 mmol of
Naq, normal individuals such as our patient must
secrete more than the total quantity of ECF Naq (her
ECF Naq content is 1400 mmol) each day into the
lumen of the GI tract to absorb these dietary
nutrients. The vast majority of these Naq ions
enter the lumen in a passive fashion by diffusing
between mucosal cells.16 They do not enter the
bulk phase of the luminal fluid, because as Naq

ions diffuse into the unstirred layer, they are quickly
reabsorbed.

Professor Davenport then commented on the
concentration of Naq at the tip of the intestinal
villi; this PNa value is considerably higher than in
the plasma of arterial blood.16 The idea was that
an intestinal villus behaved as if it had a counter-
current exchanger like the loop of Henle (LOH)
(Figure 3). Moreover, the Naq absorbed from the
diet and upper GI secretions is added in hypertonic
form to the interstitial compartment at the tip of
the villus which represents the bottom of its capil-
lary loop. This hypertonicity persisted because
of countercurrent exchange in the blood vessels in
the villus.

Return to the bedside: Professor McCance
thanked Professor Davenport for providing these
fascinating insights to reveal how Naq could be lost
into the lumen of the GI tract. He added that if
GI motility was slow, and the lumen of the GI tract
contained a large static volume of EFW, there could
be net diffusion of Naq from the body into this
luminal fluid.17,18 Therefore there would be two
ways to explain the GI contribution to hyponatrae-
mia: (i) an initial, transient total bodyNaq deficit due
to secretion of Naq into a fluid-filled GI lumen; and
(ii) later there could be a total body EFW excess
when this luminal EFW (plus Naq that entered the
lumen by diffusion) was totally absorbed.

Given the slow process of diffusion in the bulk
phase of the GI tract lumen, the degree of hypo-
natraemia might become progressively more severe
even after water intake had been curtailed. These
insights provided a clue to the natural history of
this disorder—one cannot predict how much more
the PNa will fall over time due to ongoing EFW
absorption and/or Naq loss, or how fast the rate of

Figure 2. Role of the GI tract in hyponatraemia due to water ingestion. The first event is water ingestion (step 1). An
unknown volume of water remains in the lumen of a dilated GI tract (step 2). Naq diffuses from the body into the lumen of
the GI tract (step 3). This is aided by a high local Naq concentration (see Figure 3) and paracellular permeability for Naq.
The PNa falls and the ECF volume is contracted at this stage. Later, when GI motility improves, the water plus Naq in the
lumen is absorbed and causes a low PNa due to an EFW gain (step 4).
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change will be. Therefore as soon as MDMA users
have even mild symptoms suggestive of acute
hyponatraemia, they require careful clinical and
laboratory monitoring to prevent complications
secondary to a further fall in PNa.

19,20 The common
practice of leaving them to rest in a quiet area may
place them at great risk.

The housestaff were amazed at how many new
insights could be provided by a quantitative ana-
lysis of an ‘obvious diagnosis’. Nevertheless, they
still had one more question. ‘Could the lumen of the
intestinal tract accommodate enough water to
account for the estimated Naqloss?’

Question 7: Could the lumen
of the intestinal tract accommodate
enough water to account for the
estimated Naq loss?

For loss of Naq into the lumen of the GI tract to
be the sole cause of her hyponatraemia, 7 l of water
containing 112 mmol/l Naq would be needed to
achieve a Naq deficit of 840 mmol by this route,
but was this possible? Professor McCance again
used a simple calculation—the volume of a cylinder
is pr2h. Using a radius of 1 or 2 cm and a length of
400 cm, the luminal volumes would be close to
1.2 and 4.8 l, respectively. Therefore, if active
ingredients in ‘Ecstasy’ led to a degree of ileus with
a 2 cm radius, a 7-litre water intake and its
retention in the lumen of the stomach and small
intestine could lead to the observed degree of
hyponatraemia (Figure 3). Moreover, the sweat
volume decreases when the ECF volume declines,21

requiring less EFW ingestion to replace sweat

losses. This combination of lesions could help to
explain the pathophysiology of her hyponatraemia.

Professor McCance had not yet completed his
analysis. He had suggested several possible routes
of Naq loss, including sweat and loss into the
lumen of the tract. Bearing in mind that she had
to lose 840 mmol of Naq and that the Naq content
determines the ECF volume, McCance asked
the housestaff if the patient had any objective
evidence of haemodynamic compromise. Our
Professor reminded those present about his self-
experimentation in 1936.5 The conditions in that
classical experiment were not unlike those in our
patient. He (and two colleagues) induced severe
Naq depletion by sweating 1–2 l per day and eating
a NaCl-free diet. They had a deficit of Naq that was
close to 1000 mmol over many days, yet they did
not have a tachycardia or a fall in blood pressure.
The only evidence consistent with altered haemo-
dynamics was that Professor McCance experi-
enced chest pain with exertion, which he had
never had prior to the NaCl depletion experiment.
His colleagues did not have chest pains despite
a similar deficit of NaCl. He developed hypo-
natraemia, with a PNa fall of 15 mmol/l. He asked
‘How is it possible to lose half of the ECFNaqcontent
and not compromise haemodynamics appreciably?’

Question 8: How is it possible to lose
half of the ECF Naq content and not
compromise haemodynamics
appreciably?

The housestaff were reluctant to accept that a deficit
of 1000 mmol of Naq could be tolerated without

Figure 3. Generation of a high Naq concentration in the body. The hairpin-like structure represents a blood vessel that
acts as a countercurrent exchanger—the vasa recta of the renal medulla (left) and the blood flow through an intestinal vilus
(right). Naq is added without water near the bend of the loop in both structures as indicated by the rectangles. The net
result is the maintenance of hypertonic saline in this area. This high Naq concentration is needed for EFW reabsorption
from neighbouring water-permeable nephron segments in the kidney and to aid diffusion of Naq into the lumen in the
intestinal tract.
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a haemodynamic collapse, because this was incon-
sistent with what they had been taught in medical
school. The senior registrar reminded them that
the data were clear and the investigator was both
reliable and careful. An explanation for the absence
of haemodynamic shock was therefore required.
Going back to first principles of Starling forces, they
outlined the variables that could defend the
vascular volume despite the very large deficit of
Naq. First, there could be a larger than expected
blood volume. Second, there are issues that might
act directly on the volume of the blood vessels.
Third, there are issues to be addressed concerning
the interstitial compartment relative to the plasma
volume.

Addressing the issue of the blood volume, its
plasma component could rise if the basis of hypo-
natraemia was a positive balance of water. On the
other hand, and independent of whether hypo-
natraemia was due to water gain or Naq loss, it
should cause red blood cell (RBC) swelling. These
enlarged RBCs would then occupy more than the
usual 2 l of the 5 l of blood thereby increasing
the effective circulating volume by close to 240 ml
(20% of 2 l = 400 ml) because RBC have close to
60% of their volume as water. Our Professor agreed
that while this was likely, his haematocrit had
not increased appreciably after his own episode of
hyponatraemia due to sweat loss, suggesting that
the plasma volume should have increased in
parallel with the increased RBC volume.

Focusing on how blood vessels react in order to
preserve effective circulating volume, arterial and
more importantly, venous vasoconstriction is the
expected response in a high adrenergic state. This
diminishes the size of the vascular compartment,
allowing better filling pressures even though the
blood volume was reduced. Nevertheless, our
Professor doubted that this mechanism would
fully compensate for a loss of close to 1000 mmol
of Naq. Therefore attention was shifted to the
interstitial space.

The interstitial fluid could be shifted to the
intravascular space if it were either pulled or
pushed into the intravascular space. The ‘pull’
could occur because of hyperalbuminemia due to
a lower plasma volume and/or a rise in its Donnan
force due to a larger anionic charge on plasma
proteins22 (i.e. a rise in the plasma oncotic
pressure). The plasma albumin concentration did
not, however, change appreciably in either the
Professor or the patient. The other possibility is that
the interstitial fluid was ‘pushed’ into the intra-
vascular space. Our Professor asked the group
to think about the effect of a low PNa on the ICF
volume. Hyponatraemia causes cell swelling due
to a shift of water into cells down an osmotic

difference (the number of osmoles in the ICF
compartment is constant). The brain is contained
in the skull so that total brain swelling is limited.
The first response to hyponatraemia in the brain is
to force interstitial fluid and cerebrospinal fluid
out of the skull. This makes more space for swollen
brain cells without causing herniation syndromes.
Similarly, the cells in some other organs of the body
are confined by capsules (e.g. liver, kidney) or
fascial sheaths around muscles. When these cells
swell, the higher interstitial pressure should shift
volume from the interstitial space to the intra-
vascular space. Hence, as summarized in Figure 4,
hyponatraemia due to a very large deficit of Naq

could result in a much higher than anticipated
intravascular volume. Therefore, one should not
discard the hypothesis of a large Naq deficit as an
initial cause for her hyponatraemia on the basis of
it being haemodynamically implausible.

Having focused the entire analysis on Naq and
water issues, our omniscient clinician then turned
his attention to the patient and asked whether there
were unique features in our patient that could help
explain the rare occurrence of a severe degree of
hyponatraemia in this population of young people.
More specifically, ‘Was there a gender bias in
hyponatraemia in this group, he inquired?’

Question 9: Was there a gender bias
in hyponatraemia in this group?

One of the residents had recently reviewed this
topic by performing a literature search with the

Figure 4. Effect of hyponatraemia on the intravascular
volume. The solid circles represent the normal cell
volume and the dashed lines the expanded ICF volume
during hyponatraemia. The solid rectangle represents
the capsule or skull surrounding organs of the body. As
the tissue pressure rises, interstitial fluid will enter the
vascular compartment as illustrated by the horizontal
arrow. Hyponatraemia also causes red blood cells
to swell.
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keywords MDMA, Ecstasy, 3,4-methylenedioxy-
methamphetamine, hyponatraemia, sodium,
toxicology, intoxication, cerebral edema, ADH,
antidiuretic hormone, and for the years
1966–2002 (Appendix 1). He confirmed the
remarkably high prevalence of acute hyponatrae-
mia in female patients. Of the cases that specifically
involved hyponatraemia (PNa range on admission
101–130 mmol/l) and MDMA use, 8 of the 10
subjects were women.23–29 In contrast, there were
many other causes of morbidity and mortality
following MDMA ingestion that involved predomi-
nantly male patients. Of the 44 cases identified
where the complication were not attributable to
hyponatraemia, 79% involved men.20–26

At this point a question was asked, ‘Does the
higher incidence of a severe degree of hypo-
natraemia in women taking MDMA imply a central
role for oestrogen or progesterone?’

Question 10: Does the higher incidence
of a severe degree of hyponatraemia in
women taking MDMA imply a central
role for oestrogen or progesterone?

Physiology principle 7: a smaller muscle mass
causes a greater degree of hyponatraemia
when a given volume of EFW is retained

The Professor pondered for a moment and then
responded. Although he could not think of any
obvious link between oestrogen or progesterone
and hyponatraemia, he could offer some alternative
explanations to account for the gender differences.

The higher incidence of a severe degree of
hyponatraemia in women may be related to the
lower percentage of muscle-mass that some women
may have. Because half of total body water is in
skeletal muscle cells, an individual is at high risk
for a severe degree of hyponatraemia after a given
water load if they have a very small muscle mass.
This includes individuals with muscle atrophy from
illness or from a nutritional problem (e.g. a patient
with anorexia nervosa).

In addition to the above explanation regarding
the higher incidence of hyponatraemia in women,
young patients also appear to be affected. The
age range of patients with hyponatraemia-related
ecstasy complications was 15–36 years old (average
age 21 years) in the case series analysed by the
housestaff. One reason for the young age could
be the absence of age-related brain cell atrophy,
and thereby a higher proportion of intracellular
volume in the brains of younger patients. This
means more swollen cell volume within the
confined space of the skull if acute hyponatraemia

develops. Alternatively, case reports of MDMA
and hyponatraemia may be predominantly in
young people because it is typically a younger
population that takes MDMA and therefore suffers
this complication.

Armed with the knowledge that was obtained
from the quantitative analysis, our Professor asked,
‘How can similar cases be avoided in the future?’

Question 11: How can similar cases be
avoided in the future?

The first and obvious option is to avoid taking
MDMA. Prevention of hyponatraemia after MDMA
ingestion starts with awareness of the condition.
Copious water ingestion should not be regarded as
an antidote to unpleasant side-effects and com-
plications of MDMA use. Those serving drinks
should be made aware of the complication, and
discourage excessive water drinking. Security per-
sonnel posted in washrooms and near drinking
fountains should play the same role. Furthermore,
partygoers should be encouraged to attend in pairs
or groups, and to discourage drinking a very large
volume of water. Should a member of the group
become cognitively impaired for any reason,
medical attention should be sought promptly. For
example, if an individual at a party becomes
obtunded, they should not be left unattended to
‘sleep it off’ but rather, be brought to medical
attention as soon as possible. Administration of
hypotonic fluid must be avoided. If the patient
has even mild symptoms that can be attributed
to hyponatraemia, then urgent therapy, including
hypertonic saline, should be considered.19,20

Appendix 1:
Brief synopsis of the literature

There are at least 10 published case reports
describing hyponatraemia after MDMA ingestion.
This is unlikely to reflect the true incidence or
severity of hyponatraemia. There is a large literature
describing the multiple possible complications of
MDMA ingestion. Many of these papers, some from
the forensic literature, include seizures30–35 as
a possible and common complication of MDMA
ingestion. Unfortunately, the PNa was only reported
in one of the seven patients in the series described
by Milroy et al.35 and was reported to be ‘low‘,
and the cause of the patient’s convulsions. The
same patient is reported to have ingested 14 l of
water prior to admission to hospital. Thus, even
though hyponatraemia due to MDMA is not
frequently reported, it may have been present
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in MDMA-related deaths attributed to other clin-
ical pathology. Mild, sub-clinical hyponatraemia
related to MDMA ingestion may therefore be far
more common than is currently thought. The
only patients who have come to medical atten-
tion, however, are those who develop severe,
symptomatic hyponatraemia.

References
1. Davids MR, Edoute Y, Stock S, Halperin ML. Severe

degree of hyperglycemia: novel insights revealed by the
use of simple principles of integrative physiology. Q J Med
2002; 95:1–12.

2. Davids MR, Lin S-H, Edoute Y, Cheema-Dhadli S,
Halperin ML. Hyponatremia and hyperglycaemia during
laproscopic surgery. Q J Med 2002; 95:321–30.

3. Welt LG, Orloss J, Kydd DM, Oltman JE. An example of
cellular hyperosmolarity. J Clin Invest 1950; 29:935–9.

4. Spital A, Sterns RD. The paradox of sodium’s volume of
distribution: why an extracellular solute appears to distribute
over total body water. Arch Intern Med 1989; 149:1255–7.

5. McCance RA. Medical problems in mineral metabolism.
III: experimental human salt deficiency. Lancet 1936;
230:823–30.

6. Schmidt-Nielsen K. Animal physiology: Adaptation and
Environment, 5th edn. Cambridge, Cambridge University
Press, 1997.

7. Carlotti APCP, Bohn D, Mallie J-P, Halperin ML. Tonicity
balance and not electrolyte-free water calculations more
accurately guide therapy for acute changes in natremia.
Intensive Care Med 2001; 27:921–4.

8. Quinton P. Physiology of sweat secretion. Kidney Int 1986;
32:S-102–S-8.

9. Sato K, Kang WH, Saga K, Sato KT. Biology of sweat glands
and their disorders. J Am Acad Dermatol 1989; 20:537–63.

10. Smith H, Dhatt G, Melia W, Dickinson J. Cystic fibrosis
presenting as hyponatremic heat exhaustion. Br Med J 1995;
310:579–80.

11. Robertson GL. Vasopressin. In: Seldin DW, Giebisch G, eds.
The Kidney: Physiology & Pathophysiology. Philadelphia PA,
Lippincott Williams & Wilkins, 2000:1133–52.

12. Henry JA, Fallon JK, Kicman AT, Hutt AJ, Cowan DA,
Forsling M. Low-dose MDMA (‘ecstasy’) induces vasopressin
secretion. Lancet 1998; 351:1784.

13. Finch MP. Drug workers emphasise that water is not an
antidote to the drug. Br Med J 1996; 313:690.

14. Schuster VL, Seldin DW. Water clearance. In: Seldin DW,
Geibisch G, eds. Clinical Disturbances of Water
Metabolism. New York, Raven Press, 1993:51–64.

15. Crane RK. Naq-dependent transport in the intestine and
other animal tissues. Fed Proc 1965; 24:1000–5.

16. Schultz SG. Salt and water absorption by mammalian
small intestine. In: Johnson LR, ed. Physiology of
the Gastrointestinal Tract. New York, Raven Press,
1981:983–9.

17. Haldane JS, Priestley JG. The regulation of excretion
of water by the kidneys. J Physiol London 1916;
50:296–303.

18. Priestley JG. The regulation of excretion of water by the
kidneys. II. J Physiol London 1916; 50:304–11.

19. Gowrishankar M, Chen C-B, Cheema-Dhadli S,
Halperin ML. Prevention of acute hyponatremia by
mannitol: an unanticipated mechanism. Clin Nephrol
1998; 50:295–300.

20. Soupart A, Decaux G. Therapeutic recommendations
for management of severe hyponatremia: current
concepts on pathogenesis and prevention of neurologic
complications. Clin Nephrol 1996; 46:149–69.

21. Dill DB, Sohol LF, Oddershede IB. Physiological adjustments
of young men to five-hour desert walks. J Appl Physiol
1976; 40:236–42.

22. Kamel KS, Cheema-Dhadli S, Halperin FA, Vasudevan S,
Halperin ML. Anion gap: do the anions restricted to the
intravascular space have modifications in their valence?
Nephron 1996; 73:382–9.

23. Paar MJA, Low HM, Botterill P. Hyponatraemia and
death after ‘ecstasy’ ingestion. Med J Aust 1997;
166:136–7.

24. Holmes SB, Banerjee A, Alexander WD. Hyponatremia
and seizures after ecstasy use. Postgrad Med J 1999;
75:32–3.

25. Satchell SC, Connaughton M. Inappropriate antidiuretic
hormone secretion and extreme rises in serum creatine
kinase following MDMA ingestion. Br J Hosp Med
1994; 51:495.

26. Matthai SM, Davidson DC, Sills JA, Alexandrou D. Cerebral
oedema after ingestion of MDMA (‘ecstasy’) and unrestricted
intake of water. Br Med J 1996; 312:1539.

27. Kessel D. Hyponatremia after ingestion of ’ecstasy‘. Br Med J
1994; 308:414.

28. Maxwell DL, Polkey MI, Henry JA. Hyponatremia and
catatonic stupor after taking ecstasy. Br Med J 1993;
307:1399.

29. Lehmann ED, Thom CH, Croft DN. Delayed severe
rhabdomyolysis after taking ‘ecstasy’. Postgrad Med J
1995; 71:186–7.

30. Dowling GP, McDonough ET, III, Bost RO. ‘Eve’ and
‘ecstasy’: a report of five deaths associated with the use
of MDEA and MDMA. JAMA 1987; 257:1615–17.

31. Brown C, Lefkowitz P, Kales C, Brickner P. Multiple severe
complications from recreational ingestion of MDMA
(‘ecstasy’). JAMA 1987; 258:780–1.

32. Poklis A, Mackell MA, Drake WK. Fatal intoxication from
3,4-methylenedioxymethamphetamine. J Forensic Sci
1979; 24:70–9.

33. Cimbura G. 3,4-Methylenedioxymethamphetamine
(MDA): analytical and forensic aspects of a fatal poisoning.
J Forensic Sci 1972; 17:329–33.

34. Reed D, Cravey RH, Sedgewick PR. A fatal case involving
methylenedioxymethamphetamine. Clin Toxicol 1972;
5:3–6.

35. Milroy CM, Clark JC, Forrest ARW. Pathology of deaths
associated with ‘ecstasy’ and ‘eve’ misuse. J Clin Pathol
1996; 49:149–53.

Masterclass 483


