


mucopolysaccharide and therefore be unavailable for renal
excretion.®

The pathogenesis of sodium retention in hypothyroidism
uncomplicated by heart failure is still far from clear. One possi-
bility is that renal plasma flow and GFR are sufficiently reduced
to allow virtually compiete reabsorption of the filtered sodium
load."'®* Another possibility is that proximal tubular sodium reab-
sorption is enhanced under the stimulus of a coniracted blood
volume. Whatever the cause(s) of sodium retention, counterreg-
ulatory mechanisms eventually restore neutral sodium balance.
This explains why hypothyroid patients fail to gain weight on
a high-salt diet and appear to have no difficulty excreting an intra-
venous salt load.”

The hyponatremia of hypothyroidism may be related to
intracellular accumulation of sodium,'® but this is unlikely. If
sodium were to accumulate intraceliularly as a consequence of
thyroid deficiency, osmotic equilibrium wouid soon be restored by
the transfer of water into cells. The uitimate result would be an
increase in cell volume rather than hyponatremia.

As noted above, water retention is the principal cause of
hyponatremia in thyroprival states. Studies of hypothyroid
patients have documented: (1) reduction in renal plasma flow and
GFR and (2) functional defects indicative of impaired renal water
excretion, eg, diminished free water clearance, failure to
achieve maximal urinary dilution, and delayed excretion of a
water load.?* The latter findings have been attributed to non-
hormonal alterations in the handling of water by the kidneys and/
or to the antidiuretic action of “inappropriately” elevated plasma
arginine vasopressin (AVP) levels. Figures 1a and 1b iliustrate that
hypothyroidism may be associated with impaired excretion of a
water load.?’ However, this is not invariably so.?
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Figure 1a. Response of 16 patients with untreated hypothyroidism to an oral
water load (20 mL/kg body weight). Maximal urinary dilution >100 mOsm/
kg H,0 (from DeRubertis et al 2).
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Figure 1b. Response of 18 normal controis to an oral water load (20 mL/kg
body weight). Maximal urinary dilution <100 mOsm/kg H,0 (from DeRubertis
et al 2').

Role of Renal Mechanisms in Water Retention. Emmanouel
et al investigated water metabolism in thyroidectomized rats with
reduced clearances of inulin, free water, and sodium.z When dis-
tal delivery of sodium was augmented by intravenous infusion of
a carbonic anhydrase inhibitor or by removal of one kidney, free
water clearance was greatly increased. These results were taken
to mean that the major cause of diminished water excretion in
hypothyroidism is a reduction in GFR, which limits the delivery
of glomerular filtrate to the distal diluting segment. This conclu-
sion is consistent with the potent diuretic action of thyroid hor-
mone in hypothyroid patients (see above).

Role of Vasopressin (AVP) in Excess Water Retention.
Schrier and Goldberg have suggested that severe hypothyroid-
ism stimulates AVP secretion through barcreceptor pathways (ie,
by reducing cardiac output).?” The evidence that elevated plasma
AVP levels contribute to water retention in hypothyroidism can be
summarized as follows:

1. Some hyponatremic myxedematous patients have ful-
filled the classical diagnostic criteria for the syndrome of inappro-
priate vasopressin secretion (SIADH), ie, normal pituitary-adrenal
axis, normal renal function, absence of heart failure or liver dis-
ease, low serum osmolality in conjunction with a high urine os-
molality, and natriuresis in the face of hyponatremia.z®

2. Ethanol, a known inhibitor of AVP secretion, may cause
transient dilution of the urine.?

3. Skowsky et al found elevated plasma AVP levels in hypo-
thyroid patients and a tenfold increase in AVP production rates in
thyroidectomized sheep.»



4. In 22 of 26 untreated myxedematous patients, plasma AVP
levels were inappropriately high relative io plasma osmolality.*' in
four severely hypothyroid patients, plasma AVP levels were con-
siderably increased in absolute terms, despite abnormally low
plasma osmolalities (Figure 2).
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Figure 2. Relation of plasma AVP levels to plasma osmolality in 26 untreated
hypothyroid patients. Note the abnormal relationship (negative correlation)
between AVP levels and plasma osmolality (from Salomez-Granier et al 3').

Plasma AVP levels have been reported higher in patients with
primary hypothyroidism than in patients with secondary hypothy-
roidism or normals.® There was a further increase in plasma AVP
after thyrotropin-releasing hormone (TRH) administration in the
patients with primary hypothyroidism that was not observed in TSH
deficient patients or normals.*

it should be emphasized that the evidence supporting SIADH
as the cause of the hyponatremia of hypothyrodism is not entirely
persuasive. The inconclusive nature of this evidence can be
illustrated by several citations.

1. Clinical data in the patient reported by Curtis (urinary so-
dium concentration 2.8 mEg/L, serum sodium concentration 105
mEg/L) and in the patient reported by Kiode et al (serum sodium
115 mEq/L, plasma AVP concentration undetectable) indicate that
SIADH is not invariably present even in severe myxedema.'®

2. Goldberg’s finding that ethanol permitted the elaboration
of urine hypotonic to plasma in one hypothyroid patient with
SIADH? could not be duplicated in six other hypothyroid patients.®

3. Emmanouel et al found an increase in free water clear-
ance in hypothyroid Brattleboro diabetes insipidus rats when dis-
tal sodium delivery was increased by a carbonic anhydrase
inhibitor.

4. in the study by Skowsky and Kikuchi, individual patients
showed a poor correlation between plasma AVP levels and the

efficiency with which a water load was excreted.? Patient 5 was
one of the poorest water excretors among the 20 patients (24.8%
of the water load excreted in 4 hours) but nevertheless had a rei-
atively normal plasma AVP concentration (2.7U/mL). On the other
hand, patients 15 and 18 {respective plasma AVP levels 11.6 pU/
mbL and 12.5 pU/mL) showed excellent responses to water load-
ing (cumulative 4-hour water excretion 88.2% and 80.6%,
respectively).

itis apparent, therefore, that multiple mechanisms cause water
retention in hypothyroidism. Furthermore, in some hypothyroid
patients absolute or relative excess of AVP may have little or
nothing to do with the predisposition to water retention and hy-
ponatremia. The degree to which AVP excess contributes to water
retention in specific cases of hypothyroidism could be readily de-
termined if we possessed a selective inhibitor of the antidiuretic
action of AVP. Such inhibitors have already been administered to
experimental animals and may soon become avaitable for clini-
cal use.®

Hypercalcemia

Approximately 20% of 77 thyrotoxic patients reported in the
series of Baxter and Bondy® had elevated total serum calcium lev-
els (>10.6 to 10.9 mg/dL depending on the method used). The
calcium levels were significantly greater than in other patients or
in normal individuals. Seven patients had levels of 11.5 mg/dL or
more and the highest level was 12.4. Other reports have indi-
cated that up to 47% of thyrotoxic patients have increased ion-
ized calcium levels.* Hypercalcemia appears to be more common
in older patients with hyperthyroidism.?” Successful treatment of
thyrotoxicosis by surgery, radioactive iodine, or propylthioura-
cil eliminates the hypercalcemia. Normocalcemia also results
from treatment with propranolol®®3 and corticosteroids.* The
response of the serum calcium to these agents and procedures
can be of diagnostic significance. This is particularly relevant
since there appears to be an increased incidence of hyperpara-
thyroidism in patients with hyperthyroidism.*

The general concensus is that the hypercalcemia of hyper-
thyroidism does not commonly cause significant clinical prob-
lems. On occasion, however, the hypercalcemia may produce
anorexia, vomiting, polyuria, and dehydration, which may pre-
cipitate or resemble thyrotoxic crisis. Hypercalcemia may also
produce nephrocalcinosis and reversible renal insufficiency.+
The hypercalcemia caused by excessive endogenous or exoge-
nous* thyroid hormone may be associated with diffuse skeletal
demineralization.

The hypercalcemia of hyperthyroidism is due to increased
osteoclastic resorption of bone as a result of thyroid hormone
excess. Both triiodothyronine (T,) and thyroxine (T,) directly en-
hance bone resorption in cultured fetal rat bones.* It is unlikely
that parathyroid hormone (PTH) plays a substantial role, since
circulating PTH levels are usually depressed as a consequence
of the elevation of serum calcium.*As a result of the suppressed
PTH level, serum phosphorus is often elevated and nephrogen-
ous CAMP is decreased. These observations help to differentiate
the hypercalcemia of hyperthyroidism from hyperparathyroidism.
The decreased intestinal calcium absorption* and increased renal
calcium excretion in hyperthyroidism exclude these organs as
playing a critical role in the causation of the hypercalcemia.

Hypercalcemia is a rare consequence of hypothyroidism,+
but the incidence is increased by calcium loading. This abnor-
mality apparently results from reduced ability of these patients to
excrete calcium in the urine.



Hypocalicemia
Hypocalcemia is not caused by thyroid dysfunction, but it may occur
in association with hypothyroidism. In the absence of a history of
neck surgery, primary hypothyroidism with hypocalcemia should
alert one to the possibility of pseudohypoparathyroidism. When
pseudohypoparathyroidism is caused by a deficient activity of
guanine nucleotide regulatory protein (about half the cases of
pseudohypoparathyroidism), there is almost always an associ-
ated primary hypothyroidism, or at least an excessive TSH
response to TRH (Figure 3).# This is due to the fact that both PTH
and TSH exert their actions through cAMP, and when there is a
deficient activity of guanine nucleatide regulatory protein in the
cell membrane, the peptide hormone receptors become uncou-
pled to adenylate cyclase.* The consequent intraceliular pro-
duction of cAMP is impaired. This results in TSH-resistant
hypothyroidism and PTH-resistant hypoparathyroidism, in addi-
tion to other hormone-resistant states.*
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Figure 3. Basal and peak TSH levels in patients with pseudohypopara-
thyroidism foliowing intravenous administration of 500 pg TRH. Hatched
areas represent normal range for basal TSH and peak TSH after TRH
adminisiration. Patients with low G-unit activity are represented on left,
while patients with normal G-unit activity are on right.??

Hypokalemic Periodic Paralysis

Hypokalemic periodic paralysis (HPP) occurs in about 2% of
Chinese and Japanese patients with thyrotoxicosis.*%® Among
hyperthyroid Caucasians, the prevalence of HPP appears to be
considerably less. Localized or generalized attacks of weakness
or flaccid paralysis lasting minutes to several days can be pre-
cipitated in susceptible individuals by the ingestion of carbohy-
drate or ethanol, particularly after strenuous physical exertion or
in hot, humid weather. Attacks can be induced by the administra-
tion of glucose or insulin. HPP can be life-threatening when the
intercostai muscies are affected or ventricular arrhythmias de-
velop. Beta blockade can ameliorate paralytic attacks.®' Resto-
ration of the euthyroid state effectively prevents episodes of

weakness or paralysis.®®? The clinical characteristics of these
patients are summarized in the Table.

HPP is associated with movement of potassium ions (K+) from
the extracellular space into cells {presumably, skeletal muscle fi-
bers).** Above a critical concentration, intraceliular K+ can inter-
fere with the contraction of actomyosin. There is an accompanying
decrease in serum K* and in the rate of urinary K+ excretion. At
the same time, sodium (Na*) and water may be retained.*

The link between thyrotoxicosis and HPP is still obscure.
Thyrotoxic HPP, nonthyrotoxic HPP, and barium poisoning may
have a common pathophysiclogy, ie, a defect in the muscle
membrane that expresses itself in an increase of the ratic of
Na* permeability to K* permeability.® The increase in this ratio
reduces the diffusion potential, but resting membrane potential
is maintained by augmented Na*—K* ATPase activity. K+ influx
{active and passive) exceeds K+ efflux and causes a net shift
of extracellular K+ into muscle. When serum K* concentration
falis to a sufficiently low value, the Na*—K+ pump stops function-
ing, the muscle membrane is depolarized, and muscutar con-
traction is inhibited.

Two reported effects of thyroid hormone may help to explain
the vulnerabiiity of some individuals to attacks of hypokalemic
paralysis when they become thyrotoxic: (1) the induction of
B-adrenergic receptors without alteration of their affinity for
catecholamines® and (2) the direct augmentation of Na*—K*
ATPase activity.®® Both hormonal effects would be expected to
increase the translocation of extraceliular K+ into muscle and hence
the risk of paralysis in patients already predisposed to abnormal
elevations of the K*i ratio (where K*i represents the intramus-

K+o
cular and K+o the extracellular potassium concentrations).

Renal Tubular Acidosis

Renal tubular acidosis (RTA) has been described in association
with either autoimmune thyroid disease or thyrotoxic hypercal-
cemia. Mason and Golding® reporied two patients who were
frankly acidotic (one had Graves' disease and one primary
hypothyroidism) and three others who had an abnormal
response to an ammonium chloride {oad (one was thyrotoxic,
one euthyroid, and one hypothyroid). Each of the patienis had
elevated serum titers of antithyroglobulin or antimicrosomal
antibodies. It is not known whether immunologic mechanisms
mediate the injury to the renal tubules in those instances in which
RTA and autoimmune thyroid disease coexist.

RTA may result from hypercalcemia and hypercalciuria (see
above). Persistent hypercalciuria could lead to nephrocalci-
nosis, tubular damage, and impairment of renal acidifica-
tion.®*s' On the other hand, Zisman et al studied a hyperthyroid
patient with nephrocalcinosis and RTA who was normocal-
cemic and normocalciuric.®

So far as the authors know, all reported cases of RTA in
patients with thyroid disease have been characterized by a fail-
ure to achieve maximal urinary acidification (“distal” RTA). Renal
bicarbonate wasting (“proximal” RTA) has not been described.

Peripheral Edema

The authors have observed several patients with thyrotoxicosis
and peripheral pitting edema who have no other evidence
of congestive heart failure. Others have described similar
patients.®*¢ The edema may involve the hands, as well as the
ankles, legs, and sacrum, and characteristically disappears
after adequate treatment of the hyperthyroidism.®



Hyperthyroidism produces hemodynamic changes that
ciosely resemble those that have been associated with arterio-
venous fistulae.®® Cardiac output increases while peripheral
resistance decreases. Right-sided filling pressures tend to be
moderately elevated and mean arterial pressure is somewhat
diminished, reflecting a redistribution of blood from the arterial
to the venous side of the circulation, with increased venous
volume and reduced “effective” arterial volume (EAV). Renal
salt and water retention, which occurs in respcnse to the
reduction in EAV, contributes to an increase in blood volume and
may raise venous pressure sufficiently to cause peripheral

edema.® it should be emphasized that the edema that devel-
ops under these circumstances does not necessarily imply the
presence of cangestive heart failure. In support of this con-
cept, exercise testing in thyrotoxic, edematous patients may
induce a substantial increase in cardiac output with littie or no
increase in right atrial or puimonary artery pressures.® If the
additional circulatory load imposed by high cardiac output
overwhelms myocardial reserve or if myocardial function is
impaired by organic heart disease or by the hyperthyroid state
itself, congestive failure ensues.

Ciinical Features of Paralytic Episodes in Patients With Hyperthyroidism

Reference Age (Yr) Sex Ethnic Location Preciy P Serum K+ Duration Effect of Effect of K+ Associated Cardiac
Group Factors Factors During Paralytic Spontaneous Prop tol Suppl Arrhythmias
(Sp { i P
Episodes) Episodes)

1. (49) 20-50 23M.2F Chinese ower limbs physical activity, large carbo- decreased. often several hours lo — — atrial fibrillation - 4%
+or upper large carbohydrate hydrate meal 10 3 MEQ/L or less 48 hours paroxysmal supra-
limbs + /or meal plus 9-a-fluoro- ventricular tachy-
intercostals in hydrocortisone cardia- 4%
symmetrical or RBBB - 12%
asymmetrical prolonged PR
distribution interval - 27%

2. (50) 26-38 aM 3 Indian upper and carbohydrate or oral glucose 1.7-4mEqlL 3-12 hours decreased relief or —

1 Caucasian lower limbs aleohof ingestion, tolerance test frequency and attenuation
exercise severity of of attacks
paralytic attacks

3. (53) — 17M not clear, — — high carbohydrate 2.1 -3 mEq/L —_ decreased fre- — —

study done in meals quency of spon-

Hong Kong taneaus attacks,
made induction
of attacks more
difficult

4. {54) 26 2M Caucasian lower limbs, exercise, thiazide —_ 2.1 mEg/L {one 20 minutes - —_ — —_—
upper and diuretics patient) 17 hours
lower limbs
and trunk
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