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Abstract. The physiology of the release of antidiuretic
hormone (ADH) from the posterior pituitary is briefly re-
viewed. The importance of both osmolar and non-osmolar
stimuli is emphasised. Osmolar and non-osmolar factors
usually reinforce each other; for example, hydropenia leads
to hyperosmolality and hypovolaemia, both promoting
ADH release, while hydration has the opposite effect. In
disease, osmolar and non-osmolar factors may become
dissociated leading to baroreceptor-mediated ADH release
in the presence of hyponatracmia and hypo-osmolality.
Examples include heart failure, glucocorticoid or thyroxine
deficiency, hepatic cirrhosis and nephrotic syndrome with
or without the superimposed effect of diuretics, i.e. con-
ditions in which circulatory, and in particular effective ar-
terial, volume is reduced. It is dangerous to label such
conditions as ‘inappropriate’ secretion of ADH since the
maintenance of circulating volume is at least as important a
physiological requirement as the defence of tonicity. The
syndrome of inappropriate secretion of ADH (SIADH) is
uncommon in childhood and should only be diagnosed
when physiological release of ADH in response to non-
osmolar as well as osmolar factors has been excluded.
Criteria for the correct identification of SIADH are dis-
cussed; the presence of continuing urinary sodium excre-
tion in the presence of hyponatraemia and hypo-osmolality
is essential to the diagnosis. STADH in children is usually
due to intracranial disease or injury. The mainstay of
treatment is water restriction which reverses all the physi-
ological abnormalities of the condition. Hypertonic saline
is rarely indicated for the short-term control of neurological
manifestations such as seizures. Drugs have little or no
place in the treatment of SIADH in children. In many si-
tuations labelled as SIADH it is only the diagnosis that is
inappropriate.
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Introduction

In 1957, Schwartz et al. [1] described two adult patients
with carcinoma of the bronchus who developed persistent
hyponatraemia and hypo-osmolality with urinary wasting
of sodium and chloride that could not be corrected with oral
or intravenous salt. They speculated that the cause was
secretion of antidiuretic hormone (ADH) in amounts in-
appropriate to the prevailing low plasma osmolality. Ten
years later, in a detailed review, Bartter and Schwartz [2]
coined the term ‘syndrome of inappropriate secretion of
ADH’ (SIADH). In the same paper they set out the criteria
to be met before making the diagnosis; these criteria remain
sound 27 years on and are discussed below.

Control of ADH secretion

Arginine vasopressin, the human ADH, is a cyclic nona-
ide similar in structure to oxytocin (Fig. 1). It is synthesised
in the cell bodies of neurons in the supraoptic and para-
ventricular nuclei of the anterior hypothalamus and re-
leased into the blood from the axons of the same neurons,
which terminate in the posterior pituitary (neurchypo-
physis). Its two major physiological actions are: (1) to in-
crease the permeability of the collecting duct of the neph-
ron to water, the hAydro-osmotic effect and (2) to cause ar-
teriolar vasoconstriction and a rise in arterial blood pres-
sure, the pressor effect. The receptors that mediate the
pressor and hydro-osmotic effects are designated Vi and
Va2, respectively; complementary DNA and messenger
RNA for both have now been cloned and selective blocking
compounds developed [3]. The ADH-dependent increase in
tubule water permeability is due to insertion of water
channels in apical membranes of collecting duct principal
cells [4]. The hormone stimulates electrolyte transport in
certain nephron segments [5] and increases the perme-
ability of the inner medullary collecting duct to urea [6],
processes that further enhance urinary concentration. Via
V2 receptors, ADH also facilitates haemostasis by effects
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Fig. 1. The molecular structure of the human antidiuretic hormone,
arginine vasopressin (AVP). The structure of the pharmacological
analogue 1-deamino, 8-p-arginine vasopressin (DDAVP) is also shown

on megakaryocytes and factor VIII synthesis; these actions
will not be discussed further in this article.

By its hydro-osmotic effect, ADH increases the osmotic
concentration of urine. If renal function is normal, urinary
osmolality (Uosm) varies from a minimum of 40-50
mosmol/kg H20 in the absence of detectable circulating
ADH to a maximum of about 1,200 mosmol/kg H2O at a
plasma ADH concentration (Paps) of 5 pg/ml {7]. Between
these limits the relationship between Papy and Uoswm is
approximately linear (Fig. 2). Plasma concentrations higher
than 5 pg/ml have no further effect on Uosm.

The pressor effect of ADH comes into play at plasma
concentrations higher than that necessary to produce max-
imally concentrated urine. The physiological role of this
action has not been well defined in humans, but in ex-
perimental animals it appears to be one of the effectors that
maintain central arterial blood pressure, and therefore
perfusion of vital organs, in states of volume contraction or
when 1 effective arterial volume is reduced, such as in heart
failure [8] or hypotension induced by epidural anaes-
thesia [9].

Osmolar control of ADH release

Verney [10] showed that altering the tonicity of the blood in
the carotid artery of a dog led to changes in urine flow rate,
and inferred the existence of an ADH produced somewhere
in the brain (probably the hypothalamus) that maintained
extracellular fluid (ECF) osmolality within a narrow range
by regulating the rate of urinary water excretion [11]. This
brilliant insight was confirmed much later by direct

1) Effective arterial volume is a hypothetical concept relating the
fullness of the arterial (high pressure) compartment of the circulation
to its holding capacity. Reduction in effective arterial volume may be
due to hypovolaemia without change in capacity (e. g. haemorrhage) or
to vasodilatation without change in volume (e.g. administration of
hydralazine).
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Fig. 2. The relationship of plasma AVP to urine osmolality in normal
subjects (@, n» = 23) and in patients with polyuria of diverse
aetiologies (I, primary polydipsia, n = 2; A\, nephrogenic diabetes
insipidus, n = 2; ©, pituitary diabetes insipidus, n = 8). Reproduced
from Robertson et al. [7] with permission

measurement of Papu. The osmoreceptor that perceives
changes in ECF osmolality is a group of specialised cells
Iying close to, but distinct from, the cells that synthesise
ADH. The results of ablation experiments implicate the
organum vasculosum of the lamina terminalis in dogs [12]
and the subfornical organ in rats [13, 14]. The signal re-
ceived is probably an osmotically induced change in the
volume of the osmoreceptor cells themselves. It is impor-
tant to note that it is the ECF concentration of only those
solutes that do not readily diffuse into the cells that have
this property. Thus, in most circumstances it is the ECF
concentration of sodium chloride that is the principal de-
terminant of osmotic ADH release. The osmoreceptor
feedback loop operates at very high gain, a 2% increase in
the controlling variable (plasma osmolality) being suffi-
cient to cause the controlled variable (urine osmolality) to
change from minimal to maximal. ADH is undetectable in
plasma below an osmotic threshold of about 286 mosmol/
kg H20 in man [7] and about 290 in the rat [15], and rises in
a linear fashion as Poswm rises above this value (Fig. 3).

Non-osmolar control of ADH release

Verney [10] noted that stimuli other than changes in os-
molality, such as a mild electric shock, could alter urine
flow rate and concentration, and concluded that ‘stress’
might be another factor influencing ADH release. Later
studies confirmed that hypovolaemia and hypotension
caused Papn to rise [15], sometimes to levels much higher
than that needed to produce maximally concentrated urine.
The afferent component of this control system consists of
baroreceptors located in the carotid sinuses, aortic arch,
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Fig. 3. The relationship of plasma AVP to isovolaemic changes in
plasma osmolality in the rat, induced by the intraperitoneal injection of
saline solutions of different osmolalities. Reproduced from Dunn et al.
[15] with permission. Pavp = 0.83 (Posm — 292), r = 0.95, P <0.001
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Fig. 4. The relationship of plasma AVP to isosmotic changes in blood
volume in rats, induced by intraperitoneal injection of isotonic saline
containing polyethylene glycol at concentrations of 100, 150, 200 or
250 mg/ml. Changes in blood volume were calculated from changes in
haematocrit. Reproduced from Dunn et al. [15] with permission.
Pave = 1.3e017AR, r = 0.89, P <0.001
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Fig. 5. Changes in body sodium content and body weight during
11 days of progressive salt depletion in three human volunteers. Salt
depletion was accomplished by administration of a diet very low in salt
and repeated thermally induced sweating. Free access to water was
allowed throughout the experiment. Initially, salt loss in accompanied
by proportionate water loss leading to extracellular fluid volume
contraction. From the 3rd day weight is maintained despite continuing
negative sodium balance, due to water retention presumably caused by
baroreceptor-mediated AVP release. The weight scale and the sodium
scale are so constructed that 1 kg in weight corresponds to 3,300 mg
(140 mmol) sodium. Reproduced from McCance [19] with permission
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Fig. 6. The effect of hypovolacmia on the plasma AVP response to
osmotic stimulation in rats. Osmolality and blood volume were
manipulated simultaneously by intraperitoneal injection of saline
solutions of different osmolalities with or without polyethylene glycol
in varying concentrations. ‘Small’ and ‘large’ volume depletion refers
to a reduction in blood volume of 6.3+1.6% and 14.5+0.6%,

respectively. O, Controls, Pave = 2.6 (Posm = 287), r = 0.93,
P <0.001; @, small volume depletion; Pave = 1.6 (Posm = 290),
r = 093, P <0.001; A, large volume depletion; Pave = 0.91

(Posm = 290), r = 0.96, P <0.001. Reproduced from Dunn et al.
[15] with permission
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Table 1. Criteria for the diagnosis of the syndrome of inappropriate
secretion of antidiuretic hormone (SIADH)

Plasma — hyponatraemia
— hypo-osmolality
Urine — not maximally dilute2

— contains sodium

Vascular volume — normal or increased

Blood pressure — normal
Renal function — normal
Adrenal function - normal
Thyroid function — normal
Cardiac function — normal

& The urine does not have to be more concentrated than the plasma

cardiac atria and great veins. The results of experiments
involving carotid sinus denervation and bilateral cervical
vagotomy [16~18] suggest strongly that baroreceptor
stimulation is the main, if not the only, non-osmolar trigger
for ADH release and accounts for impaired urinary dilution
in several conditions known to be associated with Papn
higher than would be expected from plasma osmolality
alone. These include cardiac failure, glucocorticoid and
thyroxine deficiency and some cases of cirrhosis of the
liver and nephrotic syndrome. Under experimental condi-
tions, the gain of the baroreceptor-mediated feedback sys-
tem is much lower than that of the osmolar one, with
plasma volume needing to be reduced by 8% —9% before a
significant response is seen. When plasma volume falls
beyond this point, however, the relationship between
plasma volume and Papn is approximately exponential, and
very high ADH concentrations are achieved with only
small further reductions in volume (Fig. 4).

Interaction between osmolar and non-osmolar control
of ADH release

Dehydration, the commonest naturally occurring disorder
of water balance, leads to both hypernatraemia and volume
contraction; osmolar and baroreceptor stimuli are therefore
activated in parallel. Similarly, water repletion will nor-
mally inhibit both osmolar and baroreceptor stimulation of
ADH release. When there is a change in either osmolality
or volume without a corresponding change in the other
variable, or when the two change in opposite directions,
conflicting signals may arise. Because of the different gains
and sensitivities of the two feedback loops, the osmotically
mediated signal predominates when the volume change is
relatively small (<5%—-8% of control values) but the
baroreceptor-mediated response overrides the osmolar
control system when volume contraction is marked. Put
teleologically, osmoregulation takes second place to
maintenance of central blood pressure in life-threatening
volume contraction: dilutional hyponatraemia is preferable
to death from circulatory failure. The operation of this
mechanism is beautifully illustrated in an experiment per-
formed in 1934 by McCance [19] (Fig. 5). In less extreme

conditions, the threshold and slope of the relationship be-
tween Posm and Papn are continuously modulated by the
level of baroreceptor activity (Fig. 6) [15].

Criteria for diagnosis of SIADH

SIADH should only be diagnosed when Papn, and therefore
Uosm, is inappropriately high as judged by both osmolar
and non-osmolar criteria. The clinical features of the con-
dition, as originally proposed by Bartter and Schwartz [2],
are listed in Table 1. The hyponatraemia of miner-
alocorticoid deficiency, caused primarily by urinary salt
wasting, is exaggerated by renal water retention secondary
to both ADH release and an ADH-independent increase in
the permeability of the collecting duct to water [20, 21].
Likewise, glucocorticoid deficiency causes renal water re-
tention partly by causing ADH release [21, 22] and partly
by a direct effect on the tubule [20]. The high ADH levels
found in cardiac failure and hypothyroidism are probably
baroreceptor mediated and respond to treatment of the
causative condition. Urinary dilution is impaired in renal
failure and in some tubular disorders, independent of ADH
levels. The cerebral salt-wasting syndrome (CSWS), rarely
recognised in children, may be underdiagnosed because it
occurs in clinical situations in which STADH may be seen,
and shares some features with it ¢hyponatraemia and high
urinary sodium concentration). However, CSWS is a
polyuric state associated with gross urinary salt wasting and
volume contraction, while STADH is characterised by oli-
guria, volume expansion and mild, self-limiting salt loss.
The two conditions should not be difficult to distinguish on
clinical grounds. CSWS may be due to inappropriate se-
cretion by the brain of atrial natriuretic peptide or the
closely related brain natriuretic peptide [23].

Pathophysiology of SIADH

SIADH has been experimentally modelled in normal sub-
jects by the administration of exogenous ADH [24]. The
immediate response is water retention, leading to weight
gain and hyponatraemia. Urinary sodium excretion in-
creases despite the hyponatraemia and a period of negative
sodium balance ensues. After a few days sodium excretion
falls again to match dietary input and a new steady state is
established, in which total body water is expanded, total
body sodium is reduced and sodium excretion is responsive
to changes in sodium input [25]. Total body cation is not
reduced because potassium is retained. The same sequence
of events is seen in ‘natural’” SIADH [1, 26].

The establishment of a new equilibrium results from the
influence of factors other than ADH on sodium and water
excretion. Aldosterone is suppressed by volume expansion
during the initial phase of the condition but later rises
again, perhaps in response to hyponatraemia, limiting so-
dium loss and restoring the capacity to regulate acid-base
and potassium status [27]. The plasma concentration of
atrial natriuretic peptide is increased, and recent evidence
suggests that this is a major, and perhaps the predominant,
factor in the natriuresis of SIADH [28, 29]. Similarly, ex-



Table 2. Malignant neoplasms associated with SIADH

Pulmonary
oat-cell carcinoma
epidermoid carcinoma
adenocarcinoma
mesothelioma

Gastrointestinal
duodenum
pancreas
stomach

Genitourinary
prostate
bladder

ureter

Other
Hodgkin’s disease
adrenocortical carcinoma

Table 3. Intracranial causes of STADH

Infectious
tuberculous meningitis
bacterial meningitis
herpes simplex encephalitis
brain abscess

Vascular
aneurysm
cerebrovascular disease
subarachnoid haemorrhage
cavernous sinus thrombosis

Neoplastic
Congenital malformations
Traumatic

Other
hydrocephalus
Guillain-Barré syndrome
status epilepticus
sarcoidosis

ternal water balance is restored by a progressive increase in
urine flow rate as weight increases. By definition, this
cannot be the result of suppression of ADH. Several other
processes are probably involved. Volume expansion, by
increasing delivery to the distal nephron, reduces transit
time through the collecting duct and limits the time avail-
able for osmotic water reabsorption. Increased vasa recta
blood flow causes wash-out of medullary solute, dimin-
ishing the osmotic gradient for water reabsorption. There is
evidence that the permeability of the collecting duct to
water increases by a process independent of ADH [30, 31].
These compensatory factors that limit water retention are
sufficiently powerful that oedema is rarely, if ever, seen in
SIADH. Symptoms, when present, are due to hypona-
traemia.
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Table 4. Non-malignant pulmonary diseases and psychiatric conditions
associated with SIADH

a) Pulmonary diseases:
tuberculosis
pheumonia
aspergillosis
empyema
chronic obstructive lung disease
positive pressure ventilation

b

Pasl

Psychiatric disorders:
schizophrenia
compulsive water drinking

Causes of STADH

Table 5. Drugs that cause renal water retention

(1) By promoting ADH release:
barbiturates
carbemazepine
clofibrate
colchicine
isoprenaline
nicotine
vincristine

@

~

By potentiating the action of ADH:
chlorpropamide
cyclophosphamide

(3) By increasing nephron water permeability:
vasopressin (ADH)
1-deamino, 8-p-arginine vasopressin (DDAVP)
other vasopressin analogues
oxytocin
vasotocin

(4) By inhibiting prostaglandin synthesis:
salicylates
indomethacin
paracetamol
other non-steroidal anti-inflammatory drugs

Since its original description in bronchial carcinoma,
SIADH has been described as a complication of many other
malignant neoplasms (Table 2). However, extracranial
malignancy rarely or never causes the syndrome in chil-
dren. Other major categories of disease in which SIADH
has been described include intracranial causes (Table 3),
non-neoplastic pulmonary diseases (Table 4) and psychi-
ataric disorders (Table 4). Intracranial causes predominate
in paediatric practice. Several drugs can induce in-
appropriate ADH release or cause water retention by other
mechanisms (Table 5). A few ‘idiopathic’ cases have been
reported in which no underlying disease could be identi-
fied.

Management of SIADH

The first step in management is to make the correct diag-
nosis. It is particularly important to differentiate between
SIADH and conditions in which Papm is high as a result of
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Table 6. Drugs that antagonise the effects of ADH on water excretion

Lithium carbonate — causes tubular resistance to ADH
— doesn’t always work

— has side effects

Demeclocycline — impairs tubular generation of cAMP
— interferes with effects of cAMP
Ethanol — interferes with hypothalamic release

of ADH
— intoxicating does may be required
— has side effects
— unsuitable for use in children

Phenytoin (Dilantin) - interferes with hypothalamic release
of ADH

— has been effective in limited experience

Vasopressin analogues - block tubular ADH receptors
— d(CH2)s Tyr(Etf)VAVP

baroreceptor stimulation (hypovolaemia, hypotension, car-
diac failure, adrenal and thyroid deficiency), since these
conditions require quite different treatment from SIADH.
The most reliable differentiating feature is the urinary so-
dium excretion rate which is low in hypovolaemia and re-
lated conditions and high in STADH (equal to or greater
than intake). The condition underlying the SIADH should
be treated if possible. However, the disease may be re-
fractory to treatment and in any case it may be some time
before a response is seen; symptomatic treatment should be
instituted as soon as the diagnosis is made.

All the physiological abnormalities of SIADH are sec-
ondary to water retention: hyponatraemia, volume expan-
sion and sodium depletion. Predictably, they are completely
reversed by water restriction, which is the only treatment
needed in the great majority of children. All but a very few
paediatric cases of SIADH have a transient form of the
condition, and water intake should be limited to the amount
that keeps the plasma sodium concentration normal for as
long as the underlying condition persists. Very occasionally,
the plasma sodium is low enough to cause neurological
symptoms and signs (usually seizures) even in patients
whose underlying condition is not a neurological one.
These patients usually have a sodium concentration below
120 mmol/l. In such cases it is appropriate partially to
correct the hyponatraemia with 3% or 5% sodium chloride.
This will only be transiently effective because of the renal
salt wasting state characteristic of SIADH, and must be
accompanied and followed by water restriction to control
the condition more physiologically. Even in these rare cases
care should be taken not to raise the plasma sodium con-
centration too rapidly or by too great an increment because
of the risk of causing permanent brain damage (central
pontine myelinolysis). The aetiology of this devastating
condition is controversial, some experts holding the view
that the cause is too rapid correction of hyponatraemia
while others maintain that it is the severity of the original
hyponatraemia. While doubt exists it is certainly prudent to
give the smallest amount of hypertonic saline that reverses
the neurological symptoms.

Chronic SIADH, of the kind that affects adults with
carcinoma, rarely if ever occurs in the paediatric popula-

tion. Even in patients with this variant, water restriction is
the best and most physiological treatment but may be very
difficult to achieve, particularly since some patients may
have an associated abnormality of thirst. Several drugs
antagonise the effect of ADH (Table 6) and some have a
place in the management of chronic SIADH. Of these,
demeclocycline (dimethylchlortetracycline) is probably the
first choice, being more consistently effective and causing
fewer side effects than lithium. Alcohol is not suitable for
administration to children, experience with phenytoin is
very limited, and the newer synthetic blocking analogues of
ADH are as yet experimental. In practice, it is doubtful
whether drug administration is ever indicated for STADH in
children.
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IGF-I as an early indicator of malnutrition in patients with end-stage renal disease

Tsutomu Sanaka, Michitaka Shinobe, Minoru Ando, Naomi Hizuka, Hiroshi Kawaguchi, and Hiroshi Nihei

The present study was performed to clarify the possibility of IGF-I as
an early indicator of malnutrition in patients with end-stage renal
disease. Thirty-two patients (19 males, 13 females; mean age
49.6 1 10.0 years) undergoing dialysis were enrolled in the study. Body
weight, skinfold thickness, and midarm muscle circumferences
(MAMCs) were measured for anthropometric nutritional indices.
Blood samples were collected to measure the following endocrino-
logical, biochemical and hematological indices: IGF-I, growth hor-
mone, (GH), total protein, prealbumin, albumin, transferrin, hemato-
crit, and lymphocyte count. Nutritional indices were measured again
1 month later to calculate the percent difference among them. More-
over, 2 patients who showed a decrease in IGF-I and suffered from
malnutritional complications, such as hypoproteinemia and emacia-
tion, which could not be successfully treated by conventional therapies
were selected in order to confirm the nutritional role of IGF-I mediated

by recombinant human GH (r-hGH). The serum IGF-I concentration
distribution ranged from 22 to 225 ng/ml. In 15 patients (10 males, 5
females), it fell from 22 to 82 ng/ml below the normal range. Partial
correlation coefficient analysis demonstrated that baseline IGF-I and
the percent difference of each the body weight, MAMC, prealbumin
and albumin were highly significantly correlated (r = 0.431, 0.641,
0.624 and 0.348, respectively; p = 0.014, 0.001, 0.001 and 0.028, re-
spectively). The percent difference of IGF-I did not correlate signifi-
cantly with that of any other nutritional index during the 1-month
observation without administration of r-hGH. However, the correction
of serum IGF-I by the short-term administration of r-hGH obviously
increased plasma protein and albumin, peripheral erythrocate and
lymphocyte counts, and body weight. From these results, we conclude
that IGF-I is a good indicator which may reflect the initiation of a
malnutritional state in patients with chronic renal failure.



