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alcium is required in the body for many vital
intracellular and extracellular functions, as well
as for skeletal support. Ionized calcium (iCa or
Ca?") is required for enzymatic reactions, membrane
transport and stability, blood coagulation, nerve con-
duction, neuromuscular transmission, muscle contrac-
tion, vascular smooth muscle tone, hormone secretion,
bone formation and resorption, control of hepatic
glycogen metabolism, and cell growth and division.**8
Intracellular calcium ion is one of the primary regulators
of the cellular response to many agonists and serves as
“an almost universal ionic messenger, conveying signals
received at the cell surface to the inside of the cell.”*?!
In addition to serving as an intracellular messenger, the
iCa concentration in the extracellular fluid (ECF) regu-
lates cell function in many organs, including the
parathyroid gland, kidney, and thyroid C cells by bind-
ing to a newly identified cell membrane-bound calcium-
sensing receptor.”5 Normal homeostatic control
mechanisms usually maintain the serum calcium con-
centration within a narrow range and guarantee an ade-
quate supply of calcium for intracellular function. These
mechanisms must be disrupted for hypercalcemia or
hypocalcemia to develop. Abnormal serum calcium con-
centrations are of diagnostic value and contribute to the
development of lesions and clinical signs. Technologic
advances in the measurement of serum iCa concentra-
tion, parathyroid hormone (PTH), parathyroid hor-
mone-related protein (PTHrP), and vitamin D
metabolites have provided tools that allow greater diag-
nostic accuracy in the investigation of calcium disorders.
Veterinarians must frequently interpret abnormal serum
calcium concentrations. Large deviations of serum calcium
concentration from normal occur infrequently, but small
deviations may be equally important because they also pro-
vide diagnostic clues to an underlying disease. The magni-
tude of altered serum calcium concentration often does
not suggest a specific diagnosis or the extent of disease.
Furthermore, a normal serum calcium concentration does
not eliminate a disorder of calcium homeostasis.
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NORMAL PHYSIOLOGY

OVERVIEW OF CAaLciuM HOMEOSTASIS

Regulation of serum calcium concentration is complex
and requires the integrated actions of PTH, vitamin D
metabolites, and calcitonin (Fig. 6-1). PTH and cal-
citriol (1,25-dihydroxyvitamin D) are the main regula-
tors of calcium homeostasis and have major regulatory
effects on each other.*3 PTH is largely responsible for
the minute-to-minute control of serum iCa concentra-
tion, whereas calcitriol maintains day-to-day control. In
the fetus, the parathyroid glands and placenta produce
PTHrP, which binds to PTH receptors and regulates cal-
cium balance.?®® After birth, the parathyroid glands
modify their pattern of hormone secretion and produce
predominantly PTH. Other hormones, including adre-
nal corticosteroids, estrogens, thyroxine, growth hor-
mone, glucagon, and prolactin, have less influence on
calcium homeostasis but may play a role during growth,
lactation, or certain disease states.

The intestine, kidney, and bone are the major target
organs affected by calcium regulatory hormones. These
interactions allow conservation of calcium in the ECF by
renal tubular reabsorption, increased intestinal transport
of calcium from the diet, and internal redistribution of
calcium from bone (Fig. 6-2). The intestine and kidneys
are the major regulators of calcium balance in health.'¢”
Normally, dietary calcium intake equals the amount of
calcium lost in urine and feces. The enteric absorption of
calcium depends on the physiologic status of the intes-
tines (e.g., acidity, presence of other dietary compo-
nents, integrity of the villi or presence of small intestinal
disease, and degree of enterocyte stimulation by calcitriol).
Non—protein-bound calcium is filtered by the glomeru-
lus and undergoes extensive renal reabsorption. This
process results in reclamation of more than 98% of the
filtered calcium in health.!37:43

The skeleton provides a major supply of calcium
and phosphorus when intestinal absorption and renal
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Fig. 6-1 Regulation of extracellular fluid (ECF) calcium concentration by the effects of parathyroid hormone

(PTH) and calcitriol (I,25-dihydroxyvitamin D;) on

gut, kidney, bone, and parathyroid gland.The principal

effect of PTH is to increase the ECF calcium concentration by mobilizing calcium from bone, increasing
tubular calcium reabsorption, and, indirectly on the gut, by increasing calcitriol synthesis. The principal effect of
calcitriol is to increase intestinal absorption of calcium, but it also exerts negative regulatory control of PTH
synthesis and further calcitriol synthesis. (Modified from Habner JF, Rosenblatt M, Pott JT: Parathyroid
hormone: biochemical aspects of biosynthesis, secretion, action, and metabolism, Physiol Rev 64:1000, 1984.)
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Fig. 6-2 Normal calcium balance showing the major organs that
supply or remove calcium from extracellular fluid: bone, gut, and
kidney.Total calcium input into extracellular fluid equals total
calcium leaving the extracellular space. (Modified from Hazewinkel

HAW: Dietary influences on calcium homeostasis and the skeleton.

In Purina international nutrition symposium, Orlando, FL, Ralston
Purina Company, Marriott World Center, January 15, 1991, p. 52.)

reabsorption inadequately maintain normal serum cal-
cium concentrations. Bone calcium mobilization is
important in the acute regulation of blood calcium.3%%
Calcium and phosphorus can be mobilized from calcium
phosphate in the bone ECF compartment, but these
stores are rapidly depleted. The osteoblast is critical in
limiting the distribution of calcium and phosphate
between bone and ECF, and exchangeable bone water is
separated from ECF water by the combined membranes
of osteoblasts lining bone surfaces. For greater or pro-
longed release of calcium from bone, osteoclastic bone
resorption must be activated. Osteoclasts secrete acid
and proteases that result in dissolution of the mineralized
matrix of bone and mobilize calcium and phosphorus.
Extracellular iCa concentration is the actively regulated
fraction of total calcium (tCa).”®!'! When blood iCa con-
centration decreases, PTH secretion is stimulated. PTH
exerts direct effects on bone and kidney and indirect
effects on the intestine through calcitriol. PTH increases
synthesis of calcitriol by activating renal mitochondrial
la-hydroxylation of 25-hydroxycholecalciferol. Calcitriol
increases calcium absorption from the intestine and acts
with PTH to stimulate osteoclastic bone resorption.”
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Calcitriol is necessary for differentiation of osteoclasts
from precursor mononuclear cells. PTH increases osteo-
clast number and stimulates osteoclast function to
increase bone resorption and the release of calcium from
bone to blood. Calcitriol also induces renal transport
mechanisms activated by PTH that increase tubular reab-
sorption of calcium from the glomerular filtrate, thus pre-
venting calcium loss in urine.3¢¢

CALciUM DIsTRIBUTION WITHIN THE Boby

Approximately 99% of body calcium resides in the skele-
ton and is stored as hydroxyapatite, Ca,,(PO,),(OH),.
Most skeletal calcium is poorly exchangeable, and less
than 1% is considered readily available. The small amount
of rapidly exchangeable bone calcium arises from the
ECF in bone that is present between osteoblasts and
osteocytes and the bone matrix. Almost all of the non-
skeletal calcium resides in the extracellular space,
although small and biologically important quantities are
found intracellularly.*48

Extracellular Calcium

Calcium in plasma or serum exists in three fractions: ion-
ized (iCa), complexed (bound to phosphate, bicarbonate,
sulfate, citrate, and lactate), and protein bound (Fig. 6-3).

Extracellular Calcium
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Fig. 6-3 Serum total calcium concentration consists of ionized
(free), complexed, and protein-bound fractions.

In clinically normal dogs, protein-bound, complexed,
and iCa account for approximately 34%, 10%, and 56% of
serum tCa concentration, respectively.#? Tonized calcium
is the most important biologically active fraction in
serum, although an active biologic role for complexed
calcium has been suggested.>?* No biologic role for pro-
tein-bound calcium has been identified other than as a
storage pool or buffering system for iCa.

Intracellular Calcium

Intracellular iCa is an important secondary messenger in
the response to biochemical signals (such as hormones)
transduced through the cell membrane.*2%#48 Therefore
intracellular iCa concentrations are maintained at a very
low level (approximately 100 nM), 10,000-fold less than
the serum concentration. This permits rapid diffusion
into the cytoplasm from the ECF or endoplasmic reticu-
lum. Intracellular calcium is rapidly buffered by cytosolic
proteins and is transported into organelles or to the
outside of the cell after an increase in intracellular iCa.
If intracellular iCa is not maintained at a low concentra-
tion, it leads to toxicity and eventual cell death.

Most intracellular calcium is sequestered in organelles
or bound to cellular membranes or proteins.?®® Seques-
tration of iCa in mitochondria blunts an increase in
cytosolic iCa, whereas endoplasmic reticulum serves as
a reservoir to increase cytosolic iCa when necessary.
Binding of calcium to specific cytosolic or membrane
proteins is an efficient method for regulation of intracel-
lular iCa concentration. Protein binding provides intra-
cellular iCa buffering and also may act as a messenger
system when protein configuration and activity are altered.
Calbindin, calmodulin, and troponin C are important
intracellular calcium-binding proteins.®?

Cell Membrane Calcium lon Sensing Receptor.
In 1993, a novel iCa-sensing receptor was cloned and
sequenced.”® The iCa receptor plays an integral role in
iCa balance by regulating parathyroid chief cells, C cells,
and renal epithelial cells.”>?3% In parathyroid chief cells
and C cells, the iCa receptor directly regulates intracel-
lular iCa concentration, which controls PTH and calci-
tonin secretion. Ionized magnesium (iMg) is also an
agonist of the iCa receptor. Stimulation of the iCa recep-
tor caused by increased extracellular iCa concentration in
the kidney decreases NaCl, iCa, and iMg reabsorption in
the proximal convoluted tubule and decreases water
reabsorption in collecting ducts. This results in greater
excretion of iCa and iMg in a more dilute urine.

Genetic diseases have been described related to both
inactivating and activating mutations of the calcium
receptor gene.?’ Inactivating mutations lead to severe
neonatal hypercalcemia when homozygous and to famil-
ial hypocalciuric hypercalcemia when heterozygous.5!?
Activating mutations of the calcium receptor produce
hypoparathyroidism and hypocalcemia.®!3 Autoantibodies
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produced against the calcium receptor may either disable
it, producing hyperparathyroidism with hypercal-
cemia,3¥942% or activate it, producing hypoparathy-
roidism.29627% Drugs that bind the Ca?*-sensing receptor
may be useful to treat disorders of the parathyroid gland.

PARATHYROID HORMONE

STRUCTURE

PTH is an 84-amino acid single-chain polypeptide that is
synthesized and secreted by chief cells of the parathyroid
glands.*3 The amino acid sequence of PTH is known for
the dog, cow, pig, rat, chicken, and human,?%#45 and most
mammals appear to have very similar amino-terminal por-
tions of the molecule.3% Whereas the conserved amino
end of PTH is vital for binding to cell membrane recep-
tors, the role of the carboxyl terminus is to serve as a guide
for PTH through the cellular secretory pathway.303

SYNTHESIS AND SECRETION

Synthesis, secretion, and degradation of PTH by chief
cells are closely related. Little PTH is stored within the
parathyroid glands,?!® and synthesis of new specific mes-
senger RNA (mRNA) and translation to PTH are
required to maintain secretion.*® After secretion, PTH
has a short half-life (3 to 5 minutes) in serum; thus a
steady rate of secretion is necessary to maintain serum
PTH concentrations. Circulating PTH has many forms,
not all of which have bioactivity,%%37% leading to poten-
tial confusion in assay interpretations.*64510,569

The amount of PTH available for secretion is a func-
tion of the balance of synthesis and degradation within
chief cells (Fig. 6-4). Calcitriol, via the vitamin D receptor
(VDR), and extracellular iCa concentration, via effects on
the plasmalemmal calcium receptor,193:1%4427 control these
parathyroid cell processes. Because calcitriol regulates
expression of the calcium receptor gene,** calcitriol can be
considered to exert overall control over PTH synthesis
and secretion by the parathyroid cells. In general, the
parathyroid gland has evolved most of its regulatory
strategies to protect against hypocalcemia, with sensitive
control of PTH synthesis and secretion being the domi-
nant sites for regulaton.””#° However, high serum iCa
concentrations increase the rate of degradation of PTH
within the gland to protect against hypercalcemia.?®

Except for minor diurnal variation, PTH secretion is
relatively constant but may have a mild pulsatile pattern
in response to minor fluctuations in the concentration
of serum iCa.”® A relatively low rate of PTH secretion
is needed normally to maintain serum iCa concentra-
tion. The basal secretory rate of PTH is approximately
25% of the maximal rate, and PTH is constantly
secreted during normocalcemia. Complete inhibition of
PTH secretion is not achieved even in the presence of
severe hypercalcemia.?®?

Hypocalcemia is the principal stimulus for PTH
secretion, but epinephrine, isoproterenol, dopamine,
secretin, prostaglandin E,, and stimulation of nerve
endings within the parathyroid gland may have minor
effects.?1® High concentrations of serum and intracellu-
lar iCa inhibit PTH secretion via increased arachidonic
acid®”¢ and possibly subsequent eicosanoid produc-
tion.”® The control at PTH mRNA synthesis is also
critically important.*8?

Calcitriol also plays an important role in the regula-
tion of PTH synthesis and secretion.*? Calcitriol inhibits
PTH mRNA synthesis*! and stimulates synthesis of the
calcium receptor.®* These relationships explain the
requirement for adequate blood concentrations of cal-
citriol to maintain the ability of the parathyroid gland to
respond to changes in extracellular calcium concentra-
tions.32337 Increased intracellular iCa may also cooper-
ate with calcitriol to reduce PTH synthesis in chief cells
by inhibiting the expression of calreticulin (a blocker of
VDR action).*31:548 Animals with uremia and reduced
serum calcitriol concentrations have poorly regulated
chief cell function that results in renal secondary hyper-
parathyroidism, 24363 but a significant part of the hyper-
parathyroid response in uremic patients is the result of a
glandular hyperplasia caused by the changes of both cal-
citriol and serum phosphorus.® Serum phosphorus con-
centrations are generally considered to regulate PTH
secretion principally by indirect means. Renal calcitriol
synthesis is reduced early in uremia by modest hyper-
phosphatemia, and the plasma iCa concentration may
decrease because of reduced effects of calcitriol on the
intestine, bone, and kidney. Markedly increased serum
phosphorus concentrations (as seen in advanced renal
failure) can lower the serum iCa concentration (mass law
effect), resulting in an increase in PTH secretion because
of the lowered calcium, but these effects do not occur
carly in renal failure when serum phosphorus is only
moderately increased.3%3

Serum magnesium concentration has little role in the
control of PTH secretion under normal conditions, but
PTH secretion can be inhibited by very high concentra-
tions of serum iMg.*3® Paradoxically, hypomagnesemia
or magnesium depletion also results in inability to
secrete PTH, but the cellular mechanism of this effect is
unclear. This effect may be partially caused by reduced
sensitivity of cell membrane receptors to iCa in the pres-
ence of low serum iMg concentrations.216:347

Set-point for PTH Secretion

The set-point for PTH secretion is defined as the ECF
iCa concentration that occurs at the serum PTH con-
centration that is midway between maximal and minimal
values of PTH obtained experimentally.”® Normal serum
iCa concentration is maintained slightly higher than the
set-point; thus PTH release normally is less than half-
maximal (Fig. 6-5).
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Fig. 6-4 Synthesis and secretion of parathyroid hormone. Note sites of regulation of PTH biosynthesis
by extracellular ionized calcium or calcitriol (1,25-[OH],-vitamin D,) interaction. (Modified from Habner
JF Rosenblatt M, Potts JT: Parathyroid hormone: biochemical aspects of biosynthesis, secretion, action,

and metabolism, Physiol Rev 64:1004, 1984.)
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Fig. 6-5 Relationship between secretion rate of parathyroid
hormone and plasma calcium concentration. Small changes in
plasma calcium concentration cause large changes in parathyroid
hormone secretion, but secretion is not completely suppressed
by high plasma calcium concentrations.

The rate of PTH secretion is inversely proportional to
the concentration of extracellular calcium, but this pro-
portional secretion of PTH occurs only over a narrow
range corresponding to a serum tCa concentration of
7.5 to 11.0 mg/dL.2!% An inverse sigmoidal curve with
a steep slope results when the relationship between
serum iCa concentration and PTH secretion is plotted
over a larger range of calcium concentrations (see
Fig. 6-5).7¢ This ensures large changes in PTH secretion
for relatively small changes in iCa concentration in the
physiologic range and precise control of serum iCa con-
centration. An approximately 10% decrease in serum iCa
concentration elicits a nearly maximal PTH secretory
response. The rate of decrease of serum iCa concentra-
tion is also important, and rapid decreases in serum iCa
result in larger increases in PTH secretion. A 2% to 3%
decrease in iCa concentration, if rapid in onset, may
result in a 400% increase in PTH secretion.”®

The cell membrane calcium receptor is responsible
for establishing the relationship of the set-point for
PTH secretion and extracellular iCa concentration.>*¢
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The calcium receptor regulates PTH secretion indirectly
by controlling the intracellular iCa concentration by
means of (1) release of iCa from intracellular stores, and
(2) cell membrane calcium channels. Calcium channels
span the parathyroid chief cell membrane and are impor-
tant in allowing extracellular iCa access to the interior of
the cell.'”® The calcium channels are controlled by intra-
cellular iCa concentration’” and membrane regulatory G
proteins, which interact with the cell membrane calcium
receptor.?!

Calcitriol plays an important role in controlling the
parathyroid gland set-point by regulating (1) synthesis of
the cell membrane calcium receptor,”’** (2) synthesis of
cell membrane G proteins, and (3) function of cell mem-
brane calcium channels.3¢® Therefore adequate calcitriol
is necessary to maintain the set-point for PTH secretion.
The regulation of calcium receptor expression by cal-
citriol explains the observed “calcium set point” aberra-
tions in control of PTH secretion in those with
uremia.’?® These patients have deficits in calcitriol pro-
duction, 12563 a5 well as resistance in uremic parathyroids
to calcitriol'*1:3%; thus they are less able to induce syn-
thesis of adequate numbers of calcium receptors.

Although regulations at each parathyroid cell may
fail, thus producing abnormally increased PTH,201:41°
changes may also be seen in the maximal secretory
capacity dependent mostly on parathyroid cell num-
bers.#92 It is likely that increased PTH secretion in
patients with renal secondary hyperparathyroidism is
primarily caused by parathyroid gland hyperplasia.l*8
One important role of calcitriol therapy in these patients
is to prevent or reverse the parathyroid cellular hyper-
plasia.?5,147,365

Inhibition of PTH Synthesis and Secretion

This topic has become important with understanding of
the toxicity of PTH in animals and humans with chronic
renal failure (CRF) and accompanying secondary hyper-
parathyroidism.10-330:363,398  Recently, increased aware-
ness of PTH toxicity stems from established relations to
cardiovascular disease!?® and mortality.*® PTH secre-
tion is inhibited by increased serum iCa concentra-
tion,*8%4%1 and the initial effect to decrease PTH
secretion is rapid (occurring within 2 to 3 minutes),
mediated by the calcium receptor with a cascade of
resulting intracellular events®>!29235 and involving
mediation by arachidonate.” Slower effects are caused by
inhibition of synthesis of PTH mRNA and its translation
to hormone (Fig. 6-6).4%

Calcitriol is an important inhibitor of PTH synthesis,
and it completes a negative feedback loop from the kid-
ney because PTH stimulates renal calcitriol synthesis.
Short and long negative feedback loops complement
each other to control normal secretion of PTH.?%° The
long negative feedback loop is completed when an
increased serum iCa concentration results from PTH

stimulation of renal calcitriol production and subsequent
enhanced gastrointestinal absorption of calcium. This
effect takes hours to develop because calcium-binding
proteins associated with calcium absorption must be
induced in enterocytes.%”->* The short negative feedback
loop is mediated by the binding of calcitriol to VDRs in
parathyroid cells, with inhibition of transcription of the
PTH gene.*® The calcitriol receptor (VDR) is expressed
in parathyroid chief cells at concentrations equal to those
in intestinal epithelial cells that regulate calcium absorp-
tion in the gastrointestinal tract. The VDR was found to
be depleted in the parathyroid glands of dogs and
humans with uremia because of lack of renal production
of calcitriol.”® After the VDR binds calcitriol, the VDR-
calcitriol complex acts in the nucleus of the parathyroid
chief cells by binding to specific regions of the PTH gene
called vitamin D response elements (VDREs) and inhibit-
ing transcription of the PTH gene (see Fig. 6-6).28%:363
For calcitriol to suppress synthesis of PTH, a normal
concentration of iCa must be present because it would
be inappropriate to suppress PTH synthesis in a hypocal-
cemic patient.

CLEARANCE AND METABOLISM OF
PARATHYROID HORMONE

The intact PTH molecule (84 amino acids) circulates in
the bloodstream with a half-life of 3 to 5 minutes and is
removed by fixed macrophages.?8#35 A significant
amount of cleavage is close to the amino terminus of the
PTH molecule. Regardless of where the endopeptidase
cleavage occurs, the amino-terminal portion of PTH is
completely degraded within the phagocytes. Kidney and
bone also participate in destruction of intact PTH.

Fragments of PTH are filtered by the glomeruli. This
mechanism of excretion is most important for the excre-
tion of the carboxyl-terminal PTH fragments because
carboxyl-terminal PTH (released from either the
parathyroid gland or Kupffer cells) is cleared only by
glomerular filtration (Fig. 6-7). The carboxyl-terminal
fragments of PTH are not important for calcium metab-
olism. The circulating half-life of carboxyl-terminal PTH
is much longer than that of intact PTH, and serum con-
centrations of carboxyl-terminal PTH can be very high
during primary or secondary hyperparathyroidism and
can be nonspecifically increased during renal failure.

AcTIONS OF PARATHYROID HORMONE

PTH is the principal hormone involved in the minute-
to-minute fine regulation of blood calcium concentra-
tion. It exerts its biologic actions directly by influencing
the function of target cells primarily in bone and kidney
and indirectly in the intestine to maintain plasma calcium
at a concentration sufficient to ensure the optimal func-
tioning of a wide variety of body cells.

In general, the most important biologic effects of
PTH on calcium are to (1) increase the blood calcium
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Fig. 6-6 Simplified depiction of events regulating transcription of the parathyroid hormone (PTH) gene
by RNA polymerase. Only the three transcription factors best understood to interact in this regulation
are shown. Cyclic AMP (cAMP) stimulates phosphorylation of a transcription factor that binds to a
cAMP response element (cAMP-RE) on the gene and enhances transcription. In contrast, the vitamin D
receptor (VDR)—calcitriol complex and calcium response element-binding protein (CaREB, rfl) bind to
their respective vitamin D (VDRE) and calcium (CaRE) response elements of the PTH gene, which
function as “silencers” or negative regulators of gene transcription. Note that for calcium to exert its
negative effect by means of the CaREB transcription factor, calcitriol and the vitamin D receptor must
also be present.The adapter molecules (shown as a single structure) diagrammatically represent about

30 proteins termed accessory transcription factors. The TATA box is part of the gene promoter to
which the TATA box binding proteins (BPs) bind. (From Nagode LA, Chew D), Podell M: Benefits of
calcitriol therapy and serum phosphorus control in dogs and cats with chronic renal failure, Vet Clin

North Am Small Anim Pract 26:1293-1330, 1996.)

concentration; (2) increase tubular reabsorption of
calcium, resulting in decreased calcium loss in the urine;
(3) increase bone resorption and the numbers of osteo-
clasts on bone surfaces; and (4) accelerate the formation
of the principal active vitamin D metabolite (1,25-dihy-
droxyvitamin D, or calcitriol) by the kidney through a
trophic effect to both induce synthesis of and activate the
lo-hydroxylase in mitochondria of renal epithelial cells
in the proximal convoluted tubules.

An important action of PTH on bone is to mobilize
calcium from skeletal reserves into ECF.?” The increase in
blood calcium concentration results from an interaction of
PTH with receptors on osteoblasts that stimulate
increased calcium release from bone and direct an increase
in osteoclastic bone resorption.3%¢

The response of bone to PTH is biphasic. The imme-
diate effects are the result of increasing the activity of
existing bone cells. This rapid effect of PTH depends
on the continuous presence of hormone and results in
an increased flow of calcium from deep in bone to bone

surfaces through the action of an osteocyte-osteoblast
“pump” to make fine adjustments in the blood calcium
concentration.?®® The later effects of PTH on bone
are potentially of greater magnitude and are not depend-
ent on the continuous presence of hormone. Osteoclasts
are primarily responsible for the long-term action of
PTH on increasing bone resorption and overall bone
remodeling.”7-3%6

PTH also has the potential to serve as an anabolic
agent in bone and stimulate osteoblastic bone forma-
tion.!9%5%5  Intermittent administration of exogenous
1-34 PTH has been reported to increase bone mass in
humans and animals.?”

The ability of PTH to enhance the renal reabsorption
of calcium is of considerable importance. This effect of
PTH on tubular reabsorption of calcium is caused by,
in part, a direct action on the distal convoluted
tubule.’”3 PTH may also increase calcium reabsorption
in the ascending thick limb of Henle’s loop indirectly
by increasing the net positive charge in the nephron
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Fig. 6-7 Degradation and clearance of parathyroid hormone (PTH). PTH (1-84) is secreted intact from
the parathyroid gland into the circulation. Biologically inactive carboxy-terminal (COOH) fragments of
PTH are also secreted by the parathyroid gland, but amino-terminal PTH is not secreted and does not
circulate in biologically relevant concentrations. Peripheral metabolism of intact PTH to carboxy-
terminal PTH fragments occurs mostly in the liver but may also occur in the kidney and bone. Both
intact PTH and carboxy-terminal PTH are cleared by glomerular filtration, but only intact PTH is
metabolized in the liver, kidney, and bone.The half-life of intact PTH in vivo is short compared with that
of the carboxy-terminal fragments of PTH. (Modified from Endres DB,Villaneuva R, Sharp CF, et al:
Measurement of parathyroid hormone, Endocrinol Metab Clin North Am 18:614, 1989.)

lumen and creating a stimulus for diffusion out of
the lumen. PTH also regulates the conversion of 25-
hydroxycholecalciferol to calcitriol and other metabo-
lites of vitamin D.

Parathyroid Hormone C-Terminal 7-84
as PTH Antagonist

It was originally thought that PTH 35-84 and other
fragments cleaved between residues 24 and 43 domi-
nated the carboxyl-terminal fragments of PTH secreted
by chief cells. The C-terminal fragments can be meas-
ured using C-terminal-specific immunoassays. The func-
tion of PTH 35-84 and its receptor is unknown, but it
may regulate bone cell function. The larger C-terminal
fragment, PTH 7-84,%% may be significantly increased in

renal secondary hyperparathyroidism3! and can antago-
nize the effects of PTH 1-84 in vivo.?” The antagonis-
tic action of PTH 7-84 is likely attributable to binding to
an alternate PTH receptor and not to the PTHI recep-
tor that is used by PTH 1-34 and PTH 1-84.13%:376

Parathyroid Hormone Receptor

The receptor for N-terminal PTH (amino acids 1 to 34),
the region important in calcium regulation, has been
cloned and sequenced in humans, dogs, and other
species. 137849 Tt is a seven-transmembrane domain recep-
tor that is expressed in renal epithelial cells, osteoblasts,
and some other cells. The N-terminal regions of PTH and
PTHrP bind this receptor with equal affinity. The PTH
receptor is also located on many cell types, such as dermal
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fibroblasts, that are not associated with the action of PTH.
It is assumed that the receptor functions as the binding
protein for PTHrP in these tissues. The currently used
terminology for this receptor is the PTHI receptor, but it
is often described as the PTH/PTHrP receptor. The
PTH2 receptor is present in the brain and binds to both
PTH and tuberoinfundibular peptide but not to
PTHrP.23

PARATHYROID
HORMONE-RELATED
PROTEIN:A POLYHORMONE

PTHTrP is not strictly a calcium-regulating hormone, but
it was identified in 1982 as an important PTH-like fac-
tor that plays a central role in the pathogenesis of
humoral hypercalcemia of malignancy (HHM).437
PTHrP is produced widely in the body and has numer-
ous actions in the developing fetus and adult animal
independent of its role in cancer-associated hypercal-
cemia.*!! This is in contrast to PTH, which is produced
by the parathyroid glands and functions principally in
regulation of calcium balance. PTHrP has multiple
actions that are specific to the N-terminal, midregion,
and C-terminal regions of the protein, making PTHrP a
true polyhormone.

Some of the actions of PTHrP involve normal regula-
tion of calcium metabolism.#*® For example, PTHrP
functions as a calcium-regulating hormone in the fetus
and is produced by the fetal placenta.3!” In the adul,
PTHLrP circulates in the blood in low concentrations (<1
pM) but is produced by many different tissues and func-
tions principally as an autocrine, paracrine, or intracrine
cellular regulator. PTHrP is produced by the lactating
mammary gland and is secreted into milk. Mammary
gland production of PTHrDP likely facilitates mobilization
of calcium from maternal bones and may play a role in
the transport of calcium into milk during lactation.>”1572
PTHrP acts as an abnormal systemic calcium-regulating
hormone and mimics the actions of PTH in patients with
HHM. PTHrP not only plays a major role in most forms
of HHM but also has been demonstrated in many nor-
mal tissues, including epithelial cells of the skin and
other organs; endocrine glands; smooth, skeletal, and
cardiac muscle; lactating mammary gland; placenta; fetal
parathyroid glands; bone; brain; and lymphocytes. #1143
Therefore PTHrP functions as (1) a hormone in an
endocrine manner in the fetus and lactating dams, (2) a
paracrine factor in many fetal and adult tissues, and (3)
an abnormal hormone in an endocrine manner in adults
with HHM (Fig. 6-8). PTHrP is necessary for normal
endochondral bone formation in the fetus and neonate.
Knockout of the PTHrP gene results in short-limb
dwarfism and death at birth as a result of a failure of car-

PTHrP Actions

Normal/ Normal/ Abnormal/
Endocrine Paracrine Endocrine
* Fetal ¢ Skin * Humoral
Parathyroid ¢ Mammary Gland Hypercalcemia
Glands ¢ Endocrine Organs  of Malignancy
* Placenta * Muscle
¢ Lymphoid Organs
* Kidney
* Bone
* Brain

Fig. 6-8 Actions of parathyroid hormone—related protein
(PTHrP).

tilage proliferation at the growth plates and premature
ossification.26®

PTHrP is a 139- to 173-amino acid peptide originally
isolated from human and animal tumors associated with
HHM.#¥ PTHrP shares 70% sequence homology with
PTH in its first 13 amino acids. The N-terminal region
of PTHrP (amino acids 1 to 34) binds and stimulates
PTH receptors in bone and kidney cells with affinity
equal to that of PTH, so that PTHrP functions similarly
to PTH in patients with HHM.!1?:35 The midregion of
PTHrP is responsible for stimulating iCa uptake by the
fetal placenta,®’and the C-terminal region can inhibit
osteoclastic bone resorption.!”!

The complementary DNA (cDNA) for canine and
feline PTHrD has been cloned and sequenced. 458 The
sequence of canine PTHrP ¢DNA and gene indicated
that the dog PTHrP gene is more closely related to the
human PTHrP gene than are the PTHrP genes in rats,
mice, and chickens.?!? The deduced amino acid
sequence of the N-terminal region (amino acids 1 to
36) is identical in five mammalian species (dog, cat,
human, rat, and mouse), and there is a high degree of
homology of the midregion of PTHrP in these
species.324:449,504,508,575 The high degree of interspecies
homology indicates the importance of the N terminus
and midregion in the function of PTHrP.

There is less homology of the C-terminal region of
canine PTHrP with that from other species. The func-
tion of the C-terminal region is unknown. PTHrP
(107 to 111) and PTHrP (107 to 139) may inhibit
osteoclastic bone resorption.!”2%! Increased urine con-
centrations of C-terminal PTHrP have been demon-
strated in humans and mice with cancer-associated
hypercalcemia?®>2%¢ and in patients with renal failure.3*
Increased C-terminal PTH is also seen in the serum of
patients with renal failure and indicates that the kidney is
an important site of excretion of C-terminal PTHrD.
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C-terminal PTHrP may have a longer serum half-life
than N-terminal or midregion PTHrD.

PARATHYROID HORMONE-RELATED PROTEIN
IN THE FETUS

Fetuses maintain higher concentrations of serum iCa
than their dams. Fetal parathyroid glands produce
low levels of PTH,'% and PTHrP functions to maintain
iCa balance in the fetus.31%37 PTHrP is secreted by fetal
parathyroid chief cells, and PTHrP is produced by
the placenta, which is necessary for iCa uptake by the
fetus.’”! The midregion of PTHrP is the most active
portion that stimulates iCa and iMg transport by the pla-
centa. The placenta expresses the iCa-sensing receptor,
which may contribute to the regulation of placental cal-
cium transport.?8® PTHrP is also produced by the uterus,
where it is important in permitting relaxation of the

smooth muscle of the muscularis as the fetuses grow.?#

VITAMIN D

Vitamin D (calciferol) is classified as a secosteroid hor-
mone.?*? In tetrapods, the role of vitamin D via the cal-
citriol-activated VDR has evolved into one dominated by
calcium regulatory mechanisms, but the roles in primi-
tive species, including regulation of detoxification
enzymes, have commonly been retained in more evolved
life forms.>**%%° These pleiotropic actions of vitamin
D3% include, among others, important roles as antipro-
liferative and prodifferentiative mediators*?> working in
part via control of DNA replication!®® and roles as
immunomodulators,??? including effects on glomeru-
lonephritis®?® and encephalitis.!'?® A role of calcitriol to
regulate expression of the insulin receptor has been
described,3!” as has a role in muscle.}®? Of particular
interest in uremic patients is the calcitriol increase of ery-
throid proliferation via burst-forming units.!® These
pleiotropic effects of calcitriol can be related to impor-
tant clinical applications in patients with renal or other
metabolic disease.?3® They may explain the clinical
improvements noticed in dog and cat uremic patients
treated preventatively with low doses of calcitriol3¢3 that
were accomplished when calcitriol was used before any
PTH elevation had occurred.

ViTAMIN D METABOLISM

The cholecalciferol (parent vitamin D, of animal origin)
metabolites 25-hydroxyvitamin D, (calcidiol), 1,25-dihy-
droxyvitamin D, (calcitriol), and 24,25-dihydroxyvitamin
D, are the most important of at least 30 metabolites. In
domestic mammals, the same three metabolites derived
from vitamin D, (ergocalciferol of plant origin) are
equally bioactive; thus generic use of the terms 1,25-
dihydroxyvitamin D and calcitriol is assumed to include
metabolites of vitamin D, or D, derived from animal or

plant origin, respectively. The 25-hydroxyvitamin D that
is produced in liver is the major circulating form of vita-
min D' and serves as a pool for further activation by 1o
hydroxylation or catabolism by 24-hydroxylation.227-383
Only 25-hydroxylation and lo-hydroxylation are impor-
tant in the function of vitamin D.!3!

Synthesis

In humans, the requirement for vitamin D can be met by
consumption of vitamin D, or D, or by synthesis of vita-
min D, (cholecalciferol) in the skin. Cholecalciferol is
synthesized in the skin from 7-dehydrocholesterol after
exposure to ultraviolet light. 7-Dehydrocholesterol
forms previtamin D, in the presence of ultraviolet B light
at 288 nm, followed by further thermal conversion from
previtamin D, to vitamin D,.?*” Dogs and cats ineffi-
ciently photosynthesize vitamin D in their skin and con-
sequently are dependent on vitamin D in their diet.?*5
Vitamin D ingested in the diet is absorbed intact from
the intestine.

Vitamin D-binding protein transports vitamin D to the
liver and other target sites (Fig. 6-9).12* Hydroxylation of
vitamin D occurs in the liver to produce 25-hydroxyvita-
min D (calcidiol). The 25-hydroxylase activity is not influ-
enced by calcium or phosphorus.t®” Calcidiol does not
have any known action in normal animals,'3! but during
vitamin D intoxication, high levels of calcidiol are pro-
duced by the liver and can induce hypercalcemia.

The most important step in bioactivation of vitamin D
occurs as 25-hydroxyvitamin D is further hydroxylated to
calcitriol in the proximal tubule of the kidney.??” This
reaction is tightly regulated by ionic and hormonal con-
trol mechanisms that modulate the activity of the hydrox-
ylase enzyme systems (Fig. 6-10). The two principal
enzyme systems involved are 25-hydroxyvitamin D-lo-
hydroxylase (resulting in active calcitriol formation) and
25-hydroxyvitamin D-24 R-hydroxylase (the first step of
catabolism to inactive vitamin D metabolites). The activ-
ities of these enzymes are reciprocally regulated.383

The lo-hydroxylase enzyme activity is localized
within mitochondria of the convoluted tubules and
portions of the straight proximal tubule of the kidney.
Little extrarenal 1o-hydroxylation of 25-hydroxyvitamin
D occurs in other tissues except in human and rat pla-
centa and skin and in some lymphoproliferative disor-
ders.#150 The 24-hydroxylation can also metabolize
calcitriol, generating 1,24 ,25-trihydroxyvitamin D as the
first step in the major catabolic pathway of calcitriol to
biologically inactive calcitroic acid.?*3 Inactive vitamin D
catabolites are excreted through the bile into feces,
which is the only important excretory route; less than 4%
is excreted into urine.!3!

Stimulation of Calcitriol Synthesis. Serum PTH,
calcitriol, phosphorus, and calcium concentrations are
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the principal regulators for renal calcitriol synthesis.??”
Chronic changes in serum calcium concentration regu-
late the synthesis of calcitriol, and these calcium changes
can override signals from serum phosphorus and PTH
concentrations.?*8 Deficiencies of phosphorus, calcium,
and calcitriol lead to increased calcitriol formation.3%4
Low calcium or calcitriol concentrations lead to
increased serum PTH concentrations. In the kidney,
PTH mediates dephosphorylation of renal ferredoxin
(renoredoxin) and results in increased synthesis of cal-
citriol.199487 Renoredoxin is the regulatory constituent
of the lo-hydroxylase enzyme system and is inhibited by
phosphorylation in the presence of high concentrations
of phosphorus or calcium in the renal tubule.??” PTH
not only activates the renal lo-hydroxylase but also
induces synthesis of the enzyme from the renal gene
encoding it, 149150

Several drugs and hormones have effects on vitamin D
metabolism, some of which are stimulatory.®® Hypocal-
cemia and calcitonin directly stimulate 1o-hydroxylation
independent of PTH.®® Estrogens increase calcitriol
synthesis after up-regulation of PTH receptors in the kid-
ney,%® and testosterone may also increase calcitriol syn-
thesis.®®? Reduced dietary calcium intake can lead to
stimulation of renal lo-hydroxylase in the absence of
detectable hypocalcemia.>8?

Inhibition of Calcitriol Synthesis. Calcitriol syn-
thesis is inhibited by calcitriol, hypercalcemia, and phos-
phate loading.®5??7 Calcium directly and indirectly
inhibits calcitriol synthesis.!®® The indirect action is
caused by inhibition of PTH synthesis and secretion,
thus removing the stimulus provided by PTH. The
inhibitory effects of chronic hypercalcemia can override
the stimulatory effects of increased PTH concentrations
in calcitriol production, as may occur in primary hyper-
parathyroidism.?*® The inhibitory effects of high concen-
trations of phosphorus on calcitriol synthesis are
important and affect the activity of existing enzyme
molecules. 363,364

Actions of Calcitriol

Calcitriol is the only natural form of vitamin D with sig-
nificant biologic activity.!342* Tt is approximately 1000
times as effective as parent vitamin D and 500 times as
effective as its precursor calcidiol (25-hydroxyvitamin D)
in binding to the natural calcitriol receptor (VDR) in tar-
get cells.3%¢ Calcitriol increases serum calcium and phos-
phorus concentrations, and its major target organ for
these effects is the intestine.®” However, there is also an
important contribution from bone,%? and calcitriol stim-
ulates the kidney to reabsorb both calcium and phospho-
rus from the glomerular filtrate. Calcitriol has multiple
indirect effects on calcium balance, including up-regula-
tion of calcitriol receptors in patients with uremia, regu-
lation of PTH synthesis and secretion by the parathyroid

gland,%”” and prevention or reversal of parathyroid gland
hyperplasia in the uremic patient.!91-363

THE CALcITRIOL RECEPTOR

The VDR for calcitriol is present in many tissues in addi-
tion to bone, kidney, intestine, and parathyroid gland.??!
The importance of calcitriol in a tissue is proportional to
the abundance of the VDR in the cells, and this is highly
regulated.?®” Intestinal epithelial cells and parathyroid
gland chief cells have equal and high concentrations of
VDR. VDR genetic polymorphisms are thought to gener-
ate variation of efficiency of the VDR.7>1% Calcitriol ini-
tially dissociates from its serum binding protein, diffuses
across the cell membrane, and binds with its receptor.

Effects of Calcitriol on the Intestine

Calcitriol enhances the transport of calcium and phos-
phate from the intestinal lumen to plasma across the
enterocyte.%8%%° Energy in the form of adenosine
triphosphate (ATP) is required to transport calcium from
the enterocytes into the blood and to absorb phosphate
from the intestinal lumen. Calcitriol induces synthesis of
the plasma membrane calcium pump (ATPase) that
removes calcium from the enterocytes®** and the Na*-
phosphate cotransport protein that transports phospho-
rus into the enterocyte. In addition, calcitriol increases
the brush border permeability to calcium and induces
the synthesis of calbindin-D 9k.'2051¢ Calbindins serve as
buffers to protect enterocytes from toxic concentrations
of calcium ion while ferrying calcium across the cell.5*°
Calcitriol also directly stimulates rapid calcium transport
(transcaltachia) across the enterocyte.’®® Normal dogs
have a progressive decrease in the number of calcitriol
receptors and calbindin concentrations that regulate the
efficiency of calcium absorption in enterocytes from the
duodenum to the ileum.?8% Longer transit times in cer-
tain portions of the intestinal tract (e.g., ileum) can still
lead to significant calcium absorption despite low trans-
port efficiency.>®®

Effects of Calcitriol on Bone

Calcitriol is necessary for bone formation and mineral-
ization because it ensures an adequate source of calcium
and phosphorus from the intestinal tract. Deficiencies in
vitamin D lead to impaired bone growth, such as rickets
in growing animals and osteomalacia in adults.*3
Calcitriol is necessary for normal bone development and
growth because it regulates the production of multiple
bone proteins produced by osteoblasts, including alka-
line phosphatase (ALP), collagen type I, osteocalcin, and
osteopontin.!”#7 Calcitriol is also necessary for normal
bone resorption because it promotes differentiation of
monocytic hematopoietic precursors in the bone marrow
into osteoclasts.’9? This relationship between calcitriol
and osteoclasts explains the dependence of PTH on
calcitriol for optimal bone resorption.3%®
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Effects of Calcitriol on the Kidney

An important effect of calcitriol in the kidney is direct
inhibition of 25-hydroxyvitamin D-lo-hydroxylase in
the renal tubule, preventing overproduction of cal-
citriol.#?* In addition, calcitriol facilitates calcium and
phosphorus reabsorption from the glomerular filtrate.?%*
Calcitriol is necessary to work with PTH to reabsorb uri-
nary calcium into blood. Glomerular podocytes contain
the VDR for calcitriol and respond to low doses of cal-
citriol with decreased injury and loss of podocytes.??? In
glomerulonephritis, low doses of calcitriol decreased
mesangial proliferative nephritis, which involved cal-
citriol abrogation of inflammatory mediators interleukin
(IL)-1o, tumor necrosis factor-o. (TNF-a), and IL-6 in
the mesangium.3%? Although calcitriol has generally been
thought to protect the kidneys during CRF by prevent-
ing the damage from excess PTH, 35577 it is becoming
clear that calcitriol has direct beneficial effects on the
diseased kidney as well.

Effects of Calcitriol on the Parathyroid Gland

Calcitriol inhibits the production of PTH in the parathy-
roid gland by direct and indirect means.*8#! Binding of
calcitriol to its receptor in parathyroid chief cells directly
inhibits PTH synthesis. Second, calcitriol stimulates
intestinal calcium absorption, which indirectly reduces
PTH secretion by increasing serum iCa concentration.
Calcitriol suppression of PTH synthesis is dose dependent
and occurs before serum iCa concentration is increased
by the delayed effects of calcitriol on intestinal calcium
transport.** Calcitriol may be considered the primary
controlling factor for transcription of the PTH gene and
subsequent synthesis of PTH because suppression of PTH
synthesis cannot occur in the absence of calcitriol even in
the presence of hypercalcemia (see Fig. 6-6).3¢+41 PTH
secretion decreases 12 to 24 hours after exposure to cal-
citriol. Whereas PTH stimulates renal calcitriol synthesis,
calcitriol is a negative regulator of PTH. Long-standing
calcitriol deficiency results in chief cell hypertrophy and
hyperplasia, demonstrating that calcitriol is important in
limiting cellular proliferation in the parathyroid gland.*!
Calcitriol treatment of uremia in dogs and humans has
resulted in regression of parathyroid gland hyperpla-
sia.191:36¢ Calcitriol can be used in a preventative manner
to avoid development of hyperparathyroidism in dogs and
cats with early stages of CRF.3%3 This has proven to be
highly successful and is consistent with developing think-
ing in the human medical profession.>83

CALcITRIOL IN THERAPY OF CANCER

Many studies focus on the benefits of calcitriol therapy in
cancer.208238 Part of the great interest stems from the
antiproliferative role of calcitriol,?? with specific effects
on DNA replication genes!®® and with a potentially
important effect on proliferation of blood vessel

endothelial cells.?® Studies are focused on human
prostate cancer?®® and also on breast and colon can-
cers.?38 Although a discussion is beyond the scope of this
chapter, its dynamic character indicates it will be impor-
tant for many years to come.

CALCITONIN

Calcitonin is a 32-amino acid polypeptide hormone that
is synthesized by C cells in the thyroid gland.3®>#3> An
important role of calcitonin is to limit the degree of post-
prandial hypercalcemia. This effect, in concert with
PTH, acts to maintain serum iCa concentration within a
narrow range. Calcitonin is secreted in response to
hypercalcemia and also to a calcium-rich meal. Calcitonin
secretion increases during hypercalcemia, but the effects
of calcitonin on normal calcium homeostasis are consid-
ered to be minor. The major target site for calcitonin is
bone, where it inhibits osteoclastic bone resorption. The
effects of calcitonin in bone are transitory, which has lim-
ited the usefulness of calcitonin as a treatment for hyper-
calcemia. At high doses, calcitonin may promote urinary
calcium excretion.”®

NORMAL HOMEOSTATIC
RESPONSETO HYPOCALCEMIA

Hypocalcemia elicits corrective responses that are medi-
ated by PTH and calcitriol.#3% Acute effects occur in sec-
onds to minutes; subacute effects occur over several
hours; and chronic effects occur over days to weeks.
A marked increase in PTH secretion occurs in response
to mild hypocalcemia, and this response occurs in sec-
onds. Acute secretion of preformed PTH can maintain
PTH concentrations for 1 to 1.5 hours during hypocal-
cemia. Hypocalcemia decreases the proportion of PTH
that is degraded in the parathyroid chief cells, making
more PTH available for secretion. This effect is relatively
rapid (approximately 40 minutes). During increased
PTH secretion, renal calcium reabsorption and phos-
phorus excretion are increased within minutes, whereas
bone mobilization of calcium and phosphate occurs
within 1 to 2 hours.

After several hours of hypocalcemia, increased PTH
secretion stimulates the synthesis and secretion of cal-
citriol. Increased intestinal transport of calcium and
phosphorus into blood follows, providing an external
source of calcium in addition to the internal mobilization
from bone. Hypocalcemia increases transcription of the
PTH gene and synthesis of PTH mRNA, enhancing the
ability of the chief cells to produce PTH. This effect also
occurs within hours of hypocalcemia. Over days or weeks
of hypocalcemia, further increases in PTH secretion
are achieved largely by hypertrophy and hyperplasia of
chief cells in the parathyroid gland.*** In addition, the
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proportion of chief cells actively synthesizing PTH is
increased.

NORMAL HOMEOSTATIC
RESPONSE TO
HYPERCALCEMIA

Most of the effects that occur during hypercalcemia are
the opposite of those described earlier for hypocal-
cemia.*3® Hypercalcemia results in decreased PTH secre-
tion, increased intracellular degradation of PTH in chief
cells, and decreased PTH synthesis. Increased calcitonin
secretion is stimulated in an attempt to minimize the
magnitude of hypercalcemia. In addition, hyperplasia of
C cells in the thyroid gland results if the hypercalcemic
stimulus is sustained, but this mechanism is ineffective
for controlling hypercalcemia because of the transitory
effect of calcitonin on osteoclastic bone resorption. 382441
Calcitriol synthesis is decreased both through direct inhi-
bition by iCa and as a result of decreased stimulation
because of decreased PTH concentration.

DIAGNOSTICS

Table 6-1 lists normal values for serum tCa,!'! iCa,!10
PTH,3¢%526 PTHrP,*4¢ and vitamin D metabolites that

TABLE 6-1 Normal Serum
Concentrations
Dog Cat

Total Calcium

mg/dL 9.0-11.5 8.0-10.5

mmol /L 2.2-3.8 2.0-2.6
Ionized Calcium

mg/dL 5.0-6.0 4.5-55

mmol/L 1.2-1.5 1.1-1.4
Parathyroid Hormone (PTH)
Intact (pmol /L) 2-13" 0-4"
N-terminal (pg/mL) 15-55 8-28
Parathyroid Hormone Related <1.0° <1.0°
protein (PTHrP)
(pmol/L) (intact or
N-terminal)
25-Hydroxyvitamin D 60-215" 65-170"
(calcidiol) (nmol /L)
1,25-Dihyroxyvitamin D
(calcitriol) (pg/mL)

Adults 20-50 20-40

10-12-week-old 60-120 20-80

*Data from Endocrine Diagnostic Section, Diagnostic Center for
Population and Animal Health, Lansing, MI.

are useful in the diagnostic workup of patients with cal-
cium disorders.*3

ToTtaL CALCIUM

Despite the fact that only the iCa fraction is physiologi-
cally active, the calcium status of animals is usually initially
based on evaluation of the serum tCa concentration.
Measurement of tCa concentration is more readily avail-
able than iCa measurement, but it does not always accu-
rately reflect the iCa concentration of the patient. The
serum tCa concentration has been assumed to be directly
proportional to iCa, but in many clinical conditions, this
may lead to erroneous interpretation of laboratory data.
In humans with disorders of calcium balance, measure-
ment of serum tCa concentrations failed to predict serum
iCa concentrations in 31% of all patients®'® and in 26% of
patients with renal disease.®® In 1633 canine samples,
diagnostic disagreement between serum iCa and tCa was
27%, and in dogs with CREF, this disagreement was 36%.%75
In cats, serum iCa concentrations were only moderately
correlated with serum tCa concentrations,'?* and a 40%
diagnostic disagreement between serum iCa and tCa
measurement was noted in 434 cats.*”# In dogs, tCa meas-
urement overestimated normocalcemia and underesti-
mated hypocalcemia,*”> and in cats, hypercalcemia and
normocalcemia were underestimated, and hypocalcemia
was overestimated when using serum tCa concentration
to predict iCa status.*7*

Analytical Methods

Fasting serum or heparinized plasma samples should be
submitted for analysis. Oxalate, citrate, and ethylenedi-
aminetetraacetic acid (EDTA) anticoagulants should not
be used because calcium is bound to these chemicals and
becomes unavailable for analysis.>¢”

Serum tCa concentrations vary with the method used.
Isotope dilution with subsequent mass spectrometry con-
stitutes the definitive method for calcium measurement
but is not readily available.!® For clinical determination
of serum tCa concentration, simple colorimetric reactions
and spectrophotometry are usually employed using auto-
mated or manual methods. Ortho-cresophthalein com-
plexone is a metal dye that is commonly used to form a
color complex with calcium. This method is accurate and
reproducible.'® Hemolysis can result in formation of an
interfering hemoglobin-chromogen complex that falsely
increases measured calcium concentration. High concen-
trations of bilirubin falsely decrease, and acetaminophen
and hydralazine falsely increase serum tCa concentration.
Lipemia can result in spuriously high calcium concen-
trations,?*® with values exceeding 20 mg/dL in some
instances of severe lipemia.

Caution should be exercised in the interpretation of
tCa measurements performed on small serum or plasma
volumes. When submitted volume is inadequate, dilution
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with water or saline is often performed. In an in-house
commercial laboratory study, when samples were diluted
1:3, serum tCa concentrations were nearly 3 mg/dL
lower than when analyzed in undiluted samples (Antech
newsletter 05-1999).

Normal Values

The range for serum tCa concentration in normal dogs
and cats is wide and varies among laboratories (see Table
6-1). Each laboratory should establish normal values.
Variability may result from differences in age, diet, dura-
tion of fasting before sampling, and time of sampling, in
addition to differences in analytical method.

Normal serum tCa concentrations in mature dogs and
cats are approximately 10.0 and 9.0 mg/dL, respectively.
No difference in serum tCa concentration has been
ascribed to breed or sex in normal dogs and cats, but
an effect of aging has been observed in the dog.!11:224
Dogs younger than 3 months of age have slightly
higher mean serum calcium concentrations (approxi-
mately 11.0 mg/dL) than those for dogs older than
1 year (approximately 10.0 mg/dL), probably because
of normal bone growth. In a small percentage of normal
young dogs, serum tCa concentrations may be greater
than 12.0 mg/dL and as high as 15.0 mg/dL.3”° Dietary
calcium, phosphorus, and vitamin D supplementation
should be evaluated in dogs with serum tCa concentra-
tions greater than 12.0 mg/dL.

Adjusted Total Calcium

It has been reported that serum tCa concentrations
should be “corrected” or “adjusted” relative to the total
serum protein or albumin concentration to improve diag-
nostic interpretation.!”+341 Such correction seemed logical
because binding of serum calcium to protein is substantial,
and 80% to 90% of the calcium bound to proteins is
bound to albumin. The correlation between serum tCa
and serum albumin or total protein concentrations was
moderate, and adjustment formulas were developed for
use in dogs older than 1 year. These adjustment formulas
were not recommended for use in cats because there was
no linear relationship between serum tCa and serum albu-
min and total protein concentrations in this species.!”?

It has been assumed that serum tCa concentrations
that correct into the normal range are associated with
normal serum iCa concentration. Likewise, samples with
values that fail to correct into the normal range are pre-
sumed to have abnormal serum iCa concentrations.
However, these formulas were developed without verifi-
cation by serum iCa measurements. Correction of serum
tCa concentration for albumin did not improve the cor-
relation between serum tCa and iCa concentrations.®* In
1633 canine serum samples, the use of an adjustment for-
mula to predict iCa status showed a higher diagnostic dis-
agreement than did serum tCa measurement alone.*”®
Diagnostic disagreement between tCa adjusted to total

protein and iCa measurement was 37% and was 38%
between tCa adjusted to albumin and iCa measurement.
In 490 dogs with CRF, diagnostic disagreement between
adjusted tCa and iCa measurement increased to 53%,
indicating the poor performance of the adjustment for-
mulas in the prediction of iCa status. In all dogs, hyper-
calcemia and normocalcemia were overestimated, and
hypocalcemia was underestimated when either adjust-
ment formula was used. In dogs with CRE, however,
hypercalcemia was overestimated, and normocalcemia
and hypocalcemia were underestimated. Because of the
high degree of diagnostic disagreement between adjusted
tCa and iCa measurement, the use of adjustment formu-
las to predict iCa status cannot be recommended.

loNizeED CALCIUM

Ionized calcium is the biologically active form of calcium,
and its homeostasis is important for many physiologic
functions.*¥ Calcium ion regulates its own homeostasis
directly by binding to cell membrane receptors specific for
iCa.” The cell membrane calcium receptors are present in
parathyroid chief cells and C cells of the thyroid gland, in
which iCa regulates PTH and calcitonin secretion, respec-
tively. Calcium receptors are also present on renal tubular
cells, and iCa directly regulates its own tubular reabsorp-
tion rate. Therefore serum iCa concentration is controlled
by interacting feedback loops that involve iCa, phosphate,
PTH, calcitriol, and calcitonin. These mechanisms help
maintain serum iCa concentration in a narrow range.

For accurate assessment of calcium status, iCa must be
measured directly. Ionized calcium measurement has
been shown to be superior to serum tCa measurements
in many conditions, especially in hyperparathyroidism,
renal disease, hypoproteinemia and hyperproteinemia,
acid-base disturbances, and critical illnesses.20%475580
Changes in the magnitude of serum protein concentra-
tion, individual protein binding capacity and affinity,
serum pH, and complexed calcium all interact to deter-
mine the iCa concentration, independent of the tCa con-
centration. Fasting serum samples collected at the same
time in the morning are advised.

Analytical Methods

Use of automated equipment with a calcium ion-selec-
tive electrode allows easy and accurate measurement of
iCa in blood, plasma, or serum.?® Newly developed elec-
trodes minimize interference by other ions (e.g., magne-
sium, lithium, and potassium), protein, or hemolysis.?%”
Nevertheless, differences among analyzers exist, and it is
recommended that reference ranges be established for
each analyzer.?#6

Recently, portable clinical analyzers have been devel-
oped for cage-side analysis of iCa concentration. These
analyzers use a disposable cartridge containing an impreg-
nated biosensor for iCa and other analytes. Heparinized
whole blood is used for analysis, but caution should be
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exercised when interpreting these results. Ionized calcium
concentrations in dogs are typically 0.05 to 0.26 mmol /L
lower, and 0.05 to 0.14 mmol/L lower in cats, when
heparinized whole blood is compared with serum iCa
measurement.?!® The greatest underestimation of iCa
concentration occurred when serum iCa concentrations
were greater than 1.3 mmol /L. When iCa concentration
in heparinized whole blood was measured using both ion-
selective electrode methodology and portable clinical ana-
lyzer methods, correlation (7) was only 0.71.3! The
portable clinical analyzer method resulted in an iCa con-
centration that was approximately 2.6% lower than that
measured with an ion-selective electrode.?*® However, in
a study of dogs and horses, there were no differences in
iCa concentrations using heparinized whole blood meas-
ured with an ion-selective electrode and portable clinical
analyzer.3!! Because the quantity and type of heparin used
and volume of blood collected also have an effect on iCa
measurement, it is best to establish a rigid protocol for
blood collection when using a portable clinical analyzer.
Reference ranges should also be established for the ana-
lyzer using this standard protocol.

Sample Handling Techniques

Concentration of iCa can be determined in samples
handled under both anaerobic and aerobic conditions.
The most precise determination of iCa concentration
and physiologic pH requires that samples be collected
and processed anaerobically to ensure that no increase
in pH occurs because of loss of CO,. The pH of blood
or serum has a significant effect on serum iCa concen-
tration. Acidic pH favors dissociation of calcium from
protein and increases the amount of iCa in the sample.
Alkaline pH occurs with loss of CO, and favors calcium
binding to protein, thus decreasing the amount of iCa.
Mixing serum with air results in increased pH and
decreased measured iCa concentration because of loss
of CO, from the sample.*”! Exposure to air in partially
filled serum tubes also can affect iCa concentration;
tubes that were only 25% or 50% filled had 0.07 or 0.04
mmol /L lower concentrations of iCa when compared
with measurement from tubes that were 100% filled.>35

Ionized calcium can be measured in whole blood or
heparinized plasma, but measurement is problematic.
Heparinized canine blood provided stable iCa measure-
ments when stored up to 9 hours at 4° C, but pH was sig-
nificantly increased after 3 hours.?¢ In practice, it may be
impossible to analyze the sample within this period. The
amount and type of heparin used for whole blood or
plasma samples also affect the measurement of iCa. When
zinc heparin is used as an anticoagulant, iCa concentra-
tion is overestimated most likely because of a decrease in
pH, which displaces calcium from proteins.312:314 Lithium
heparin causes an underestimation in iCa concentra-
tion,3!? and an electrolyte-balanced heparin may underes-

timate or overestimate iCa concentration depending on
whether hypocalcemia, normocalcemia, or hypercalcemia
is present. The amount of heparin used is critical in the
measurement of iCa in blood. Using syringes containing
a premeasured quantity of lithium heparin or electrolyte-
balanced heparin, iCa measurement was underestimated
when a less than recommended quantity of blood was
collected for analysis.3'2313 When using heparinized
whole blood for measurement of iCa concentration, it is
imperative to collect the same volume of blood for each
sample to avoid the dilutional effects of heparin. Syringes
containing a premeasured amount of dry heparin
are preferable to coating a syringe manually with an
unknown and variable quantity of liquid heparin.

Ionized calcium and pH are more stable in serum
than in whole or heparinized blood. The analysis of
serum eliminates the potential interference of heparin
and allows a longer storage period before analysis.
Silicone separator tubes should not be used; the iCa con-
centration was increased in serum separated by use of sil-
icone separator tubes because of release of calcium from
the silicone gel.??® Measured iCa in canine and equine
serum was stable after storage for 72 hours at 23° C or
4° C and for 7 days at 4° C.#79471 Use of serum collected
anaerobically and stored at 4° C allows sufficient time for
shipment to a reference laboratory for anaerobic meas-
urement of iCa and pH.

Ionized calcium may also be accurately measured in
samples handled aerobically. Mathematical formulas have
been developed to correct the iCa concentration in sam-
ples exposed to air (with increased pH) to the actual pH
of the patient or to a pH of 7.4.395362 In a study of serum
samples from 61 dogs and 21 cats, there was good cor-
relation between iCa measured anaerobically and again
aerobically after shipment to a diagnostic laboratory
(Schenck and Chew, unpublished observations). These
pH correction formulas are species specific, and formu-
las developed in humans should not be used. A mathe-
matical correction formula should be derived for
each species in each laboratory setting. Although not as
precise as anaerobic measurement, acrobic measurement
under proper laboratory conditions offers a diagnosti-
cally accurate methodology for iCa determination with
simplified shipping and handling requirements.

Some iCa analyzers will automatically mathematically
manipulate the iCa concentration and actual pH value of
the sample and yield an adjusted value for iCa concen-
tration that theoretically would occur at a pH of 7.4.
These correction formulas were developed for use in
humans and should not be used in animals. When using
anacrobically collected samples, corrected iCa concentra-
tions have not been advocated for use in humans because
insight into the pathophysiology of the patient is gained
by evaluation of the in vivo iCa concentration and pH.!88
This may be especially true for patients with renal dis-
ease.*®® If anaerobic sampling is possible (typically in an
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in-house setting), there is no necessity or benefit in cor-
recting the iCa concentration to a pH of 7.4. Only when
samples are handled aerobically is there a need for cor-
rection to a standard pH.

Normal Values

The range for serum iCa concentration in normal dogs
and cats varies among laboratories but is approximately
5.0 to 5.8 mg/dL (1.25 to 1.45 mmol/L) in adult
dogs*”? and 4.6 to 5.4 mg/dL (1.15 to 1.35 mmol/L) in
adult cats.!3* An effect of aging has been observed in both
the dog and cat. Young dogs and cats (up to 2 years of
age) have serum iCa concentrations that are 0.1 to 0.4
mg,/dL higher than those reported in older animals.!34350
Normal values should be established for each laboratory
based on age of animal, type of sample, and analyzer used.

Fractionation of Serum Calcium

In addition to measuring the ionized concentration in
serum, the protein-bound and complexed fractions of
calcium can be quantified using fractionation techniques.
Ionized calcium and complexed calcium are diffusable,
and together are referred to as ultrafilterable calcium. To
separate protein-bound from ultrafilterable serum cal-
clum, a micropartition system based on the filtration
method has been used.!%%#72 The micropartition system
contains a filter through which ultrafilterable calcium
(complexed and ionized) passes. It is important that
serum be collected anaerobically before ultrafiltration to
allow accurate measurement of the calcium fractions and
to prevent changes in serum pH.

Protein-bound, ionized, and complexed calcium
fractions in serum were 34%, 56%, and 10% in normal
dogs*? and 40%, 52%, and 8% in normal cats, respectively
(Schenck, unpublished observations). Ultrafilterable cal-
cium (ionized and complexed fractions) in dogs,*”?
horses,?*® and cats (Schenck, unpublished observations)
accounted for 66%, 63%, and 60% of serum tCa, respec-
tively. The iCa fraction has the smallest variation, with
larger variations occurring in the protein-bound and com-
plexed fractions. This observation supports the concept
that the iCa fraction is tightly regulated and represents the
biologically active fraction of serum calcium.

Complexed and protein-bound calcium fractions have
not been assessed in metabolic disorders associated with
abnormal calcium concentrations. Measurement of the
protein-bound and complexed calcium fractions in addi-
tion to the iCa fraction may facilitate detection of disease
processes that affect calcium metabolism. In dogs with
CREF, two subgroups have been identified based on cal-
cium fractionation. Dogs with normal to elevated serum
tCa concentrations had a significantly higher concentra-
tion of circulating complexed calcium as compared with
those dogs with low concentrations of tCa, even though
there was no difference in iCa or protein-bound calcium
between groups.*”3 Further studies are needed to deter-

mine whether prognosis or effectiveness of therapy
differs between these groups.

PARATHYROID HORMONE

PTH circulates predominantly as intact PTH (1-84) and
carboxyl-terminal fragments. Only intact PTH is biologi-
cally active, and it is best to measure this form in serum or
plasma. Samples should be stored and shipped frozen to
prevent degradation of intact PTH. Stability is best in
plasma collected with EDTA, but serum is adequate
if stored frozen after separation from blood. Because
of sequence homology of human and animal PTH, com-
mercial assays developed for humans have been used
successfully for some veterinary species.!!3 An amino-ter-
minal-specific radioimmunoassay (RIA) was used for
more than 50 mammalian species but is no longer com-
mercially available.?%* A two-site immunoradiometric assay
(IRMA) for intact human PTH has been validated in the
dog and cat.?3526 Normal values for serum PTH concen-
tration are 2 to 13, 0 to 4, and 0 to 2 pmol/L in the
dog, cat, and horse, respectively (Endocrine Diagnostic
Section, Diagnostic Center for Population and Animal
Health, Lansing, MI). The two-site assays have not
proved useful for measurement of PTH in reptiles.
Expected response of PTH in various conditions will be
discussed later (see Hypercalcemia and Hypocalcemia).

The current two-site IRMA measures both the intact
PTH-(1-84) and the PTH-(7-84) fragment because the
amino-terminal antibodies react near the tenth amino
acid.®126:375 A new third generation IRMA “whole”
PTH assay has been developed for use in humans that
measures only PTH-(1-84).12 This new assay could
offer a better measure of whole PTH especially in
patients with secondary hyperparathyroidism because the
PTH-(7-84) fragment is increased in these patients.?®!
High concentrations of carboxyl-terminal PTH frag-
ments, which occur in cats with CRF, may interfere with
intact PTH immunoassays.?” Using ratios of “whole”
PTH versus “intact” PTH to clarify low bone turnover
renal osteodystrophy?®%® or dynamics of PTH secretion*%3
have been attempted.20328! The “whole” PTH assay may
also be of better diagnostic value in dogs than the
“intact” PTH assay because PTH-(7-84) fragments may
be increased in dogs as compared with humans.!®
Whole PTH (1-84) and intact PTH (1-84 and 7-84)
have been measured in dogs, and it was observed that
the whole PTH /intact PTH ratio in dogs (about 36%)
was less than in humans, and the ratio did not change
during acute hypocalcemia.!® In preliminary studies in
cats, a third generation PTH-(1-84) assay resulted in
higher PTH values than a second generation assay that
also measures the PTH-(7-84) fragment.!?” Although
this is opposite of what is found in humans, it is not
unexpected because cat and other mammalian PTH is
more similar to human PTH in the first few amino acids
than in the region of the tenth amino acid.
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PARATHYROID HORMONE-RELATED PROTEIN

Two-site IRMA and N-terminal RIA are available for the
measurement of human PTHrP4428 These assays are
useful for measuring biologically active PTHrP in the dog
(see Cancer-Associated Hypercalcemia)!'3#4¢ because of
the high degree of sequence homology of PTHrP
between species, especially in the N-terminal 111 amino
acids.® An N-terminal RIA for human PTHrP did not
prove useful for measuring circulating PTHrP in a small
number of horses.**” PTHrP is susceptible to degradation
by serum proteases, and PTHrP concentrations must be
measured in fresh or frozen plasma using EDTA as an
anticoagulant. EDTA complexes with plasma calcium,
which is required for function of many proteases. The
addition of protease inhibitors such as aprotinin and leu-
peptin may provide further inhibition of proteolysis in
plasma.®!

The circulating forms of PTHrP are not completely
understood because PTHrP rapidly undergoes proteoly-
sis intracellularly and extracellularly after secretion into
blood.*! The forms of PTHrP that are present in vivo
include intact PTHrP, an N-terminal peptide, a com-
bined N-terminal and midregion peptide, a midregion
peptide, and a C-terminal peptide.3>57% Fragments
that have PTH-like biologic activity in vivo include N-
terminal PTHrP (1-36), PTHrP (1-86), and intact
PTHrP (1-141). The two-site immunologic assays meas-
ure intact PTHrP (1-141) and PTHrP (1-86) because
antibodies bind to the N terminus and midregion. The
N-terminal RIAs measure intact PTHrP (1-141),
PTHrP (1-86), and N-terminal PTHrP (1-36). The C-
terminal PTHrP accumulates in the serum of human
patients with renal failure, which suggests that C-termi-
nal PTHrP peptides are excreted by the kidney, as occurs
with PTH.%

ViTAMIN D METABOLITES

Measurement of vitamin D metabolites is occasionally
helpful in diagnosing disorders of calcium homeostasis
(see Table 6-1). 25-Hydroxyvitamin D (calcidiol) and
calcitriol are the metabolites of clinical interest for detec-
tion of hypovitaminosis D, hypervitaminosis D, and
abnormalities of the renal hydroxylase system (e.g., renal
failure). The metabolites are stable during refrigeration
and freezing, but samples should not be exposed to light
for long periods.

The metabolites of vitamin D are chemically identical
in all species, thus receptor-binding assays or RIAs devel-
oped for use in humans are satisfactory for the measure-
ment of the same metabolites in animals.?*%?42 Young
growing dogs have higher calcitriol concentrations than
mature dogs, and most mammals appear to share this
attribute during rapid growth.3%

Concentrations of 25-hydroxyvitamin D are a good
indicator of vitamin D ingestion or production in vivo
and can be used to diagnose hypovitaminosis D or

hypervitaminosis D.1%? Calcitriol assays can be used to
detect genetic errors of vitamin D metabolism, low con-
centrations of calcitriol in patients with renal failure, or
high concentrations of calcitriol in some patients with
cancer-associated hypercalcemia.*3®

BoNE Biorsy AND BONE MARROW
ASPIRATION

Bone marrow aspiration or core biopsy is frequently part
of the diagnostic evaluation of animals without an obvious
cause of hypercalcemia. Its greatest utility is in the discov-
ery of lymphoma, myeloproliferative disease, or multiple
myeloma. Biopsy of the iliac crest is recommended for
standardization, particularly when histomorphometric
analysis is available for the quantitative evaluation of bone
formation and bone resorption. A procedure for iliac crest
bone biopsy has been described.!17#43 Direct biopsy of
focal bone lesions may be diagnostic, particularly when
such lesions are caused by lymphoma, multiple myeloma,
or a metastatic bone tumor.

HYPERCALCEMIA

Hypercalcemia is an uncommon but important elec-
trolyte disturbance of dogs and cats. The frequency of
finding hypercalcemia based on evaluation of serum tCa
in more than 10,000 canine serum samples analyzed
during a 6-month period at one private veterinary diag-
nostic laboratory was 1.5%.%° Of these, 28% were found
to be from young growing dogs, 62% were found to be
transient, and 18% were persistent and associated with
pathology.

Hypercalcemia can serve as a marker of disease or can
create disease. Increases in serum iCa concentration above
normal often have adverse pathophysiologic conse-
quences. Hypercalcemia represents a clinically relevant
increase above an individual animal’s own normal serum
calcium concentration, usually defined as a fasting serum
tCa concentration greater than 12.0 mg/dL in dogs or
greater than 11.0 mg/dL in cats. Ionized calcium meas-
urements can provide greater sensitivity and specificity
for the diagnosis of some hypercalcemic disorders.
A serum iCa concentration greater than 6.0 mg/dL
(1.5 mmol/L) in dogs and greater than 5.7 mg/dL
(1.4 mmol/L) in cats constitutes ionized hypercalcemia.

ToxiciTy oF HYPERCALCEMIA AND
CLINICAL SIGNS

Excessive calcium ions are toxic to cells,*2? and increased
serum iCa concentration decreases cellular function by
causing alterations in cell membrane permeability and
cell membrane calcium pump activity. Increased intracel-
lular iCa content can ultimately result in cell death
caused by deranged cellular function and reduced energy
production. Although all tissues may be subject to the
dangerous effects of hypercalcemia, effects on the central
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nervous system, gastrointestinal tract, heart, and kidneys
are of most importance clinically.

Polydipsia, polyuria, anorexia, lethargy, and weakness
are the most common clinical signs in dogs with hypercal-
cemia,1%198 but individual animals often display remark-
able differences in clinical signs despite similar magnitudes
of hypercalcemia. The severity of clinical signs and devel-
opment of lesions of hypercalcemia depend not only on
the magnitude of hypercalcemia but also on its rate of
development and duration. Simultaneous disturbances in
other electrolyte concentrations and in acid-base balance,
as well as organ dysfunction secondary to hypercalcemia,
all contribute to clinical signs, laboratory abnormalities,
and lesions. Box 6-1 lists the signs and conditions associ-
ated with hypercalcemia.

Clinical signs are most severe when hypercalcemia
develops rapidly, as can occur with vitamin D intoxica-
tion or during rapid infusion of calcium-containing flu-
ids. Dogs with similar magnitudes of hypercalcemia may
display minimal clinical signs when hypercalcemia has
developed gradually. Regardless of the rate of increase in
serum calcium concentration, clinical signs become more
severe as the magnitude of hypercalcemia increases.
Serum tCa concentrations of 12.0 to 14.0 mg/dL may
not be associated with severe clinical signs, but most
animals with concentrations greater than 15.0 mg/dL
show systemic signs. Dogs with serum calcium concen-
trations greater than 18 mg/dL are often severely ill, and
concentrations greater than 20 mg/dL may constitute a
life-threatening crisis. Exceptions do occur, however,
and some dogs are severely affected by mild hypercal-
cemia, whereas others are relatively unaffected by severe
hypercalcemia. Clinical signs and histopathologic
changes are more likely to develop the longer hypercal-
cemia has been present, regardless of its magnitude.
Progressive hypercalcemia may also contribute to the
severity of clinical signs, as occurs in animals with malig-
nant neoplasia or hypervitaminosis D related to rat bait
ingestion.

Box 6-1

Clinical Signs and
Conditions Associated
with Hypercalcemia

Common Uncommon

Polydipsia and polyuria Constipation

Anorexia Cardiac arrhythmia
Dehydration Seizures or twitching
Lethargy Death

Weakness Acute intrinsic renal failure
Vomiting Calcium urolithiasis

Prerenal azotemia
Chronic renal failure

Changes in serum sodium and potassium concentra-
tions can magnify the clinical signs of hypercalcemia by
their effects on cell membrane excitability, particularly
in nerve and muscle (see Chapter 5). Acidosis increases
the proportion of serum calcium that is ionized, wors-
ening clinical signs, whereas alkalosis lessens toxicity and
clinical signs by decreasing the proportion of calcium
that is ionized.

Mineralization of soft tissues (especially the heart and
kidneys) is an important complication of hypercalcemia.
The serum phosphorus concentration at the time hyper-
calcemia develops is important in determining the extent
of soft tissue mineralization. Soft tissue mineralization is
most severe when the calcium (mg/dL) times phospho-
rus (mg/dL) product is greater than 60.!1! Soft tissue
mineralization occurs regardless of the serum phospho-
rus concentration in severe hypercalcemia.

Renal Effects of Hypercalcemia

Abnormal renal function frequently accompanies hyper-
calcemia, and rapid deterioration in renal function occa-
sionally occurs. The functional effects of hypercalcemia
on the kidneys are readily reversible, but structural
changes may not be reversible if renal lesions are advanced.
Azotemia occurred commonly in 34 dogs with hypercal-
cemia related to malignancy, hypoadrenocorticism, CREF,
and hypervitaminosis D.?°° The frequency of azotemia
was higher in dogs with malignancy (71%) than in those
with hypercalcemia related to primary hyperparathy-
roidism (11%). Azotemia caused by hypercalcemia can
result from any combination of the following mecha-
nisms: prerenal reduction in ECF volume (anorexia,
hypodipsia, vomiting, and polyuria); renal vasoconstric-
tion from ionized hypercalcemia; decreased permeability
coefficient of the glomerulus (K,); acute tubular necrosis
from the ischemic and toxic effects of hypercalcemia; and
CRF caused by nephron loss, nephrocalcinosis, tubu-
lointerstitial inflammation, and interstitial fibrosis.
Decreased urinary concentrating ability and polyuria
are early functional effects of hypercalcemia in dogs. The
concentrating defect is often out of proportion to the
observed reduction in glomerular filtration rate (GFR)
and increase in serum creatinine or blood urea nitrogen
(BUN) concentration. Urine specific gravity is consis-
tently less than 1.030 in dogs and was less than 1.020 in
more than 90% of hypercalcemic dogs in one study.?°
Urinary concentration may be well preserved in some cats
with hypercalcemia that do not have CRF. Defective uri-
nary concentrating ability results from a combination of
reduced tubular reabsorption of sodium and impaired
action of antidiuretic hormone on tubular cells of the col-
lecting duct. This results in a form of nephrogenic dia-
betes insipidus characterized by hyposthenuria if the
diluting segment of the nephron (medullary thick
ascending limb of Henle’s loop) is unaffected. These
effects are caused by intrinsic responses of the kidney to
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hypercalcemia. Some of these effects are mediated by cal-
cium-sensing receptors on the renal epithelial cells,”*
whereas others may be related to effects of hypercalcemia
on aquaporin expression, cell trafficking, and delivery to
apical membranes of the collecting tubules.!5%:418,545
Additional direct effects of hypercalcemia on the kidney
include reduced tubular calcium reabsorption and antag-
onism of the actions of PTH. These responses by the kid-
ney facilitate calcium excretion and help to ameliorate the
clinical effects of hypercalcemia. Renal medullary blood
flow is increased in dogs with experimental hypercal-
cemiad! and can result in medullary washout as another
mechanism contributing to hyposthenuria. Isosthenuria
develops if the diluting segments have been structurally
altered by long-standing hypercalcemia. Polydipsia occurs
as compensation for obligatory polyuria, but there is evi-
dence that polydipsia can be caused by direct stimulation
of the thirst center by hypercalcemia.!!! Mineralization of
renal tubules, basement membranes, or the interstitium;
tubular degeneration; and interstitial fibrosis are struc-
tural changes that may occur in the kidney secondary to
hypercalcemia and can contribute to impaired urinary
concentrating ability.

Dehydration is common owing to increased fluid
losses from vomiting and polyuria. Substantial contrac-
tion of the ECF volume results in reduced GFR severe
enough to increase BUN and serum creatinine concen-
trations and cause prerenal azotemia. The clinical axiom
that dilute urine in association with azotemia is caused
by intrinsic renal lesions may not be true in animals with
hypercalcemia because the urinary concentrating defect
can occur without structural renal lesions. This condition
is commonly misdiagnosed as primary renal failure when
it is actually prerenal failure caused by dehydration and
a renal concentrating defect early in the course of hyper-
calcemia.

Intrarenal causes of azotemia during hypercalcemia
can be functional or structural. Hypercalcemia can
induce renal vasoconstriction, resulting in decreased
renal blood flow (RBF) and GFR.1%7 In an acute model
of hypercalcemia, reduced RBF and GFR were observed
consistently in conscious dogs when serum tCa concen-
tration exceeded 20 mg/dL, but only one half of the
dogs had significant reductions in GFR and RBF when
serum calcium concentration was 15 to 20 mg/dL.
Little effect on RBF and GFR was observed when serum
calcium concentration was less than 15 mg/dL. These
findings are in contrast to those in studies of anes-
thetized dogs, which demonstrated much more severe
functional changes during hypercalcemia.3®® Impaired
renal autoregulation related to the effects of hypercal-
cemia may result in azotemia at early stages of dehydra-
tion because GFR would otherwise be maintained by
afferent arteriolar vasodilatation.

Acute intrinsic renal failure (AIRF) occasionally devel-
ops as a consequence of hypercalcemia, but chronic

intrinsic renal failure is more common. Sustained renal
vasoconstriction related to hypercalcemia may result in
ischemic tubular injury, promoting development of both
AIRF and chronic intrinsic renal failure and potentiat-
ing the direct toxic effects of calcium on tubular cells.
The toxic effects of ionized hypercalcemia are enhanced
by high concentrations of PTH in animals with CRF
because excess PTH increases calcium entry into cells.3%°
The ascending limb of Henle’s loop and distal convo-
luted tubule show the earliest structural lesions, but
lesions in the collecting system are ultimately the most
pronounced. Thickening and mineralization of tubular
basement membranes are most apparent in the proximal
tubule. Tubular atrophy, mononuclear cell infiltration,
and interstitial fibrosis occur in the chronic stages.
Degenerative and necrotic tubules also are observed.
Granular and tubular cell casts contribute to intrarenal
obstruction and azotemia.!07-2%0

Calcium-oxalate urolithiasis occasionally occurs in ani-
mals with long-standing hypercalcemia and has been
described in dogs and cats with primary hyperparathy-
roidism. Nephrocalcinosis and linear mineralization along
the renal diverticula are nonspecific findings discovered by
radiography or ultrasonography in some dogs with long-
standing hypercalcemia. Increased renal echogenicity and
the medullary rim sign have been described during renal
ultrasonography in dogs with hypercalcemia.?®*% These
changes can occur in other normocalcemic conditions and
in forms of dystrophic mineralization.

Effects of Hypercalcemia on Other Organs

Anorexia, vomiting, and constipation can result from
hypercalcemia by reduction of the excitability of gas-
trointestinal smooth muscle and from direct effects on
the central nervous system. Gastric hyperacidity and sub-
sequent gastric ulceration caused by increased secretion
of gastrin and direct stimulation of hydrogen ion secre-
tion from parietal cells by hypercalcemia may account for
some of the vomiting. Gastrin concentration was
increased in four of six dogs with hypercalcemia in one
preliminary report.! Increased gastrin concentration
occurs secondary to reduced renal clearance as a conse-
quence of the hypercalcemia. Decreased excitability of
skeletal muscle contributes to generalized weakness.
Lethargy is commonly observed in severe hypercalcemia
because of direct effects on the central nervous system
and rarely can progress to stupor and coma. Seizures and
muscle twitching are unusual neuromuscular manifesta-
tions of hypercalcemia.?®!

Clinically important cardiac effects of hypercalcemia
are not commonly detected in dogs and cats, but PR
interval prolongation and QT interval shortening can be
observed on the electrocardiogram. Serious arrhythmias
(including ventricular fibrillation) can be caused by the
direct effects of severe hypercalcemia or may be a conse-
quence of mineralization of cardiac tissue. Hypertension
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has been demonstrated in humans and rats during both
acute and chronic hypercalcemia. The increase in blood
pressure is proportional to the increase in serum calcium
concentration in acute studies.®? In a study of acute
hypercalcemia, hypertension was attributed to a direct
effect of calcium on vascular smooth muscle and to an
indirect effect of calcium to increase secretion of cate-
cholamine with activation of adrenergic receptors.!5
Whether hypertension is a clinically relevant complica-
tion in dogs and cats with hypercalcemia is unknown.

MECHANISMS AND DIFFERENTIAL DIAGNOSIS
OF HYPERCALCEMIA

Increased entry of calcium into ECF, decreased egress of
calcium from ECF, reduced plasma volume, or a combi-
nation of these factors must occur for hypercalcemia to
develop (Fig. 6-11). Increased calcium input can arise
from increased intestinal absorption, increased bone
resorption, or increased renal tubular reabsorption of
calcium. Decreased glomerular filtration and decreased
bone accretion result in decreased egress of calcium from
ECF. Volume contraction is common in the presence of
hypercalcemia because of the effects of anorexia, vomit-
ing, and obligatory polyuria. The mechanisms of hyper-
calcemia vary with the specific causes, but much
attention has been focused on the importance of
increased bone resorption.

Box 6-2 provides a list of possibilities in the differen-
tial diagnosis for hypercalcemia. Characterization of the
hypercalcemia as transient or persistent, pathologic or
nonpathologic, mild or severe, progressive or static, and
acute or chronic is helpful in determining its cause.
Persistent, pathologic hypercalcemia occurs most often
in association with malignancy. Most studies in dogs
attribute hypercalcemia to malignancy in more than 50%
of the cases,*157:53 although in one series malignancy
accounted for only one third of the cases.??® Hypo-
adrenocorticism, renal failure, primary hyperparathy-
roidism, hypervitaminosis D, and inflammatory disorders
sporadically account for hypercalcemia in dogs. It is
often difficult to determine the cause of hypercalcemia in
animals with mild or transient hypercalcemia. No defini-
tive diagnosis could be made for 2% to 9% of hypercal-
cemic dogs in two reports.!5”:5% No definitive diagnosis
was reported in 13% of cats with hypercalcemia in one
report, but the actual percentage is much higher based
on sample submissions to veterinary endocrinology
laboratories.*¢”

In serum samples from 332 hypercalcemic cats, 80%
had parathyroid-independent hypercalcemia, 10% had
parathyroid-dependent hypercalcemia, and 10% were
equivocal.®® Approximately 10% of these hypercalcemic
cats had PTHrP levels above the reference range, sug-
gesting malignancy as the cause. Hypercalcemic cats
have parathyroid-independent hypercalcemia more com-
monly than do dogs. Samples from 5722 hypercalcemic

dogs from the same laboratory categorized the hypercal-
cemia as parathyroid dependent in about 40%, parathy-
roid independent in 50%, and equivocal in 10%.423

GENERAL APPROACH TO DIAGNOSTIC WORKUP
OF PATIENTS WITH HYPERCALCEMIA

It is important to ensure that the hypercalcemia initially
detected is repeatable, especially if the magnitude of
hypercalcemia is modest. The likely cause of the hyper-
calcemia will be obvious in some patients from findings in
the history (hypervitaminosis D) or from physical exami-
nation (masses and effusions). When the cause is not
immediately apparent, body cavity imaging with chest
radiographs, abdominal radiographs, and abdominal
ultrasound is recommended to determine whether
organomegaly or infiltrative processes are present that
could account for the hypercalcemia. Fine needle aspira-
tion, needle biopsy, or wedge biopsy of abnormal tissues
will often yield the cause of the hypercalcemia. Patients
with cytopenias (neutropenia, anemia, and thrombocy-
topenia) should undergo bone marrow evaluation if the
diagnosis has not already been established by other
means. Bone marrow evaluation in the absence of cytope-
nias does not often result in a diagnosis. Radiographs of
painful bones may reveal lesions associated with hypercal-
cemia. Aspiration of focal bone lesions may reveal the
cause of the hypercalcemia. Bone survey of all bones is
sometimes useful in finding lesions even in those without
demonstrable bone pain (multiple myeloma). Bone
scintigraphy may be considered in those in which a diag-
nosis is lacking despite exhaustive diagnostics.

High frequency ultrasonography of the cervical
region can be performed to help determine whether
the hypercalcemia is parathyroid dependent (large
parathyroid glands) or parathyroid independent. In
parathyroid-independent hypercalcemia, parathyroid
glands are not enlarged or may not be identified; some
may be atrophic if ionized hypercalcemia of malignancy
or hypervitaminosis D has been long standing.

If the increase in serum tCa is minimal, measurement
of serum iCa is important to determine whether the
increase is clinically significant. Measurement of iCa in
patients with renal failure is essential because renal failure
can be associated with nonionized or ionized hypercal-
cemia. Serum iCa should be measured in association
with PTH determination to assess the appropriateness of
PTH response to serum iCa concentration.

If the cause of hypercalcemia is not apparent follow-
ing history, physical examination, hematology, routine
serum biochemistry, and body cavity imaging, then
measurement of calcium-regulating hormones is needed
to establish or suggest a definitive cause. The first step is
to determine whether the hypercalcemia is parathyroid
dependent (disease of the parathyroid glands is causing
the hypercalcemia) or parathyroid independent (normal
parathyroid glands suppress PTH secretion in response
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Box 6-2 Conditions Associated

with Hypercalcemia

Nonpathologic
Nonfasting (minimal increase)
Physiologic growth of young
Laboratory error
Spurious
Lipemia
Detergent contamination of sample or tube

Transient or Inconsequential
Hemoconcentration
Hyperproteinemia
Hypoadrenocorticism
Severe environmental hypothermia (very rare)

Pathologic or Consequential—Persistent
Parathyroid dependent

Primary hyperparathyroidism
Adenoma (common)

Adenocarcinoma (rare)

Hyperplasia (uncommon)

Parathyroid independent

Malignancy-associated (most common cause in dogs)
Humoral hypercalcemia of malignancy

Lymphoma (common)

Anal sac apocrine gland adenocarcinoma
(common)

Carcinoma (sporadic): lung, pancreas, skin,
nasal cavity, thyroid, mammary gland,
adrenal medulla

Thymoma (rare)

Hematologic malignancies (bone marrow
osteolysis, local osteolytic hypercalcemia)
Lymphoma
Multiple myeloma
Myeloproliferative disease (rare)
Leukemia (rare)

Metastatic or primary bone neoplasia (very
uncommon)

Idiopathic hypercalcemia (most common
association in cats)

Chronic renal failure (with and without ionized
hypercalcemia)

Hypervitaminosis D
Tatrogenic
Plants (calcitriol glycosides)

Rodenticide (cholecalciferol)

Antipsoriasis creams (calcipotriol or
calcipotriene)

Granulomatous disease
Blastomycosis
Dermatitis
Panniculitis
Injection reaction

Acute renal failure (diuretic phase)

Skeletal lesions (nonmalignant) (uncommon)
Osteomyelitis (bacterial or mycotic)
Hypertrophic osteodystrophy
Disuse osteoporosis (immobilization)

Excessive calcium-containing intestinal phosphate
binders

Excessive calcium supplementation (calcium
carbonate)

Hypervitaminosis A

Raisin/grape toxicity

Hypercalcemic conditions in human medicine
Milk-alkali syndrome (rare in dogs)
Thiazide diuretics
Acromegaly
Thyrotoxicosis (rare in cats)
Postrenal transplantation
Aluminum exposure (intestinal phosphate binders

in dogs and cats?)

to hypercalcemia). Measurement of PTHrP is helpful if
malignancy is suspected, but PTHrP concentrations are
not always increased in malignancy. If extensive imaging
methodologies are not available, measurement of serum
iCa, PTH, and PTHrP may be performed before exten-
sive body cavity imaging or bone marrow evaluation.
Measurement of 25-hydroxyvitamin D is useful in cases
of potential cholecalciferol or ergocalciferol ingestion.
Measurement of 1,25-dihydroxyvitamin D (calcitriol) is
occasionally useful if excess calcitriol is the cause of
hypercalcemia. The anticipated changes in calcium hor-
mones and serum biochemistry in disorders causing
hypercalcemia are noted in Table 6-2.

NoNPATHOLOGIC HYPERCALCEMIA

Serum calcium concentrations in animals may be mildly
increased after feeding; consequently, a 12-hour fast is
recommended before blood sampling. Laboratory error
or detergent contamination of the serum or sample tube
may result in artifactual hypercalcemia.?*® Lipemia fre-
quently causes erroneously high serum tCa concentra-
tions because of colorimetric interference. Normal
young growing dogs may have mildly higher serum cal-
cium concentrations than older dogs.?*°

Transient or Inconsequential Hypercalcemia

Inconsequential hypercalcemia does not cause injury,
resolves rapidly, or is only mild. Dehydration can result
in mild hypercalcemia attributed to hemoconcentration.
Furthermore, dehydration and volume contraction stim-
ulate increased sodium and calcium reabsorption in the
kidney. An increased serum concentration of protein,
especially albumin, can result in an increased serum tCa
concentration as more calcium binds to protein.
Dehydration in dogs is occasionally associated with
serum tCa concentrations of 12.0 to 13.5 mg/dL that
rapidly return to normal after dehydration is corrected.
Increased serum tCa and decreased iCa concentrations
can occur transiently after plasma transfusion because of
excess citrate—calcium ion complexes.3%°
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Hypoadrenocorticism

Hypoadrenocorticism is the second most common cause
of hypercalcemia in dogs (after malignancy), accounting
for 11% to 45% of cases in five studies,!11:157,290,534,560 byt
no cases were reported in one study.*! Hypercalcemia
was reported in 28% to 31% of dogs with glucocorticoid-
and mineralocorticoid-deficient hypoadrenocorti-
cism,*02:4%5 in some dogs with glucocorticoid-deficient
hypoadrenocorticism,3%? and in 1 of 10 cats.**® Hypoad-
renocorticism is rarely recognized in cats, and hypercal-
cemia is present in only 8% of cases.3? Hypercalcemia was
present in one cat with iatrogenic secondary hypoad-
renocorticism and diabetes mellitus.*®> Magnitude of
hypercalcemia was greatest in the most severely affected
dogs, but the mechanism is unknown. A correlation
between the degree of hyperkalemia and hypercalcemia
was detected when the serum potassium concentration
was greater than 6.0 to 6.5 mEq/L, and serum tCa con-
centration was often 11.4 to 13.5 mg/dL.1%8 Increases
in serum iCa may or may not develop in hypoadreno-
corticism.?3 Serum tCa concentration rapidly returns to
normal after 1 to 2 days of corticosteroid replacement
therapy in dogs,*? and IV volume expansion can return
serum calcium concentration to normal within a few
hours. Hypoadrenocorticism should always be included
in the differential diagnosis of hypercalcemia because
clinical signs of hypoadrenocorticism and hypercalcemia
are similar.

Chronic Renal Failure

The finding of hypercalcemia and primary renal azotemia
poses a special diagnostic problem because hypercalcemia
can cause renal failure or develop as a consequence of
CRE. Serum PTH concentration is often increased in
patients with hypercalcemia related to renal failure, and
these animals must be differentiated from those with pri-
mary hyperparathyroidism. Serum iCa concentration is
increased in primary hyperparathyroidism but is usually
normal or low in patients with CRF.1142%0

Deleterious effects of hypercalcemia occur in patients
with renal failure only if it is associated with increases in
serum iCa concentration. Consequently, clinical signs of
hypercalcemia are uncommon in CRF patients, and meas-
urement of serum iCa concentration to assess calcium sta-
tus in CRF patients is critical. In CRF patients, the serum
tCa measurement incorrectly assessed iCa status in 36% of
dogs and 32% of cats.*’##7> The use of the “adjusted tCa”
value incorrectly assessed iCa status in approximately 53%
of dogs with CRF. In dogs, serum tCa measurement or
adjusted tCa measurement overestimated hypercalcemia
and underestimated hypocalcemia. In cats with CREF,
serum tCa measurement overestimated normocalcemia
and underestimated hypercalcemia. Thus to accurately
assess calcium status in patients with CRF, iCa concen-
tration must be directly measured.

Fewer than 10% of all dogs with CRF have increased
serum 1Ca concentrations. In one study, approximately
6% exhibited ionized hypercalcemia.''* In a recent study
of 490 dogs with CRF, 9% exhibited hypercalcemia, 55%
were normocalcemic, and 36% were hypocalcemic based
on serum iCa concentrations.*”®> Cats with CRF appear to
have a higher incidence of ionized hypercalcemia as com-
pared with dogs. In 102 cats with CRF, 29% were hyper-
calcemic, 61% were normocalcemic, and 10% were
hypocalcemic based on iCa concentration.*”*

Many dogs and cats with CRF have normal serum tCa
concentrations.!3%:173:345 Hypercalcemia based on meas-
urement of serum tCa concentration occurs sporadically
in dogs and cats with CRF and is usually listed as second
or third in frequency of causes of hypercalcemia in dogs.
Elevated tCa occurs in up to 14% of dogs with CRF, with
arange of 12.1 to 15.2 mg/dL.114173:290.367 I 71 hyper-
calcemic cats, CRF was noted in 38%.%%7 In cats with
CREF, the reported incidence of serum total hypercal-
cemia ranged from 11.5%'38 to 58%.%*

The incidence of elevated tCa increases with severity of
azotemia. In 73 cats with CRF, serum tCa was increased
in 8%, 18%, and 32% of those with mild, moderate, or
severe azotemia, respectively.?* However, increases in
serum iCa do not show a strong association with the
degree of azotemia.'?” In 47 of the previous 73 cats with
CREF, iCa was increased in 0%, 9%, and 6% of those with
mild, moderate, or severe azotemia, respectively.?*
Hypercalcemia was also not correlated with serum phos-
phorus concentration in dogs with experimental renal
failure. 381,531

The parathyroid glands must be present for hypercal-
cemia to develop,®®! and partial parathyroidectomy
ameliorates hypercalcemia in some dogs with CRFE.!73
Treatment of dogs with CRF and hypercalcemia with
low-dose calcitriol to reduce PTH synthesis and secre-
tion can result in decreased iCa concentration. Low-dose
calcitriol therapy does not appreciably increase intestinal
calcium absorption.3¢3:3¢* In patients with CREF,
increased serum PTH concentration (renal secondary
hyperparathyroidism) contributes to the progression of
renal disease.%* Oral administration of low doses of cal-
citriol reduces toxic concentrations of PTH, improves
quality of life, reduces progression of renal disease, and
leads to prolongation of life.36%479

Some cases of ionized hypercalcemia and CRF may be
associated with the use of calcium carbonate intestinal
phosphate binders. In these cases, serum iCa concentration
rapidly returns to normal after discontinuation of treat-
ment. In humans with CRF, therapeutic use of calcitriol
is limited by development of hypercalcemia in patients
also being treated with calcium-based dietary phosphorus
binders.!21:3% In veterinary medicine, use of aluminum-
based phosphorus binders or sevelamer (Renagel,
Genzyme Corporation, Cambridge, MA) largely precludes
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this problem.® “Noncalcemic analogues” of calcitriol have
been developed for use in humans,*? such as paricalcitol
(Zemplar, Abbott Laboratories, Abbott Park, IL), 22-oxa-
calcitriol (OCT), and doxercalciferol (Hectorol, Bone
Care International, Middleton, WI).1¢ These analogues
have a very short half-life (several minutes), and this short
half-life is responsible for their weak stimulation of intes-
tinal calcium absorption. Doses of noncalcemic analogues
needed to suppress PTH synthesis are approximately eight-
fold higher than that of calcitriol*’® and are up to 12 times
the cost. If hypercalcemia develops with calcitriol therapy,
a twice-weekly dosing strategy of calcitriol is used. This
dosing regimen will suppress PTH but be much less effec-
tive at stimulating intestinal calcium absorption.
Noncalcemic analogues are not needed and are financially
impractical in veterinary medicine.

Tonized hypercalcemia occurs in patients with CRF
who receive excessive doses of calcitriol. Hypercalcemia
is very uncommon in animals treated with the lower
dosages of calcitriol (2.5 to 4.0 ng/kg daily). If hyper-
calcemia is caused by excessive calcitriol, the serum tCa
concentration decreases during the week after its discon-
tinuation. Most CRF patients who develop an elevated
tCa during low-dose calcitriol treatment have normal or
low serum iCa concentrations. Serum tCa concentration
may not decrease when calcitriol is discontinued if the
increased serum tCa concentration is caused by increased
complexed calcium.

The mechanisms of increased serum tCa concentra-
tion in CRF have not been well characterized.!73-290:435,531
In dogs with CRF, serum total hypercalcemia, and nor-
mal iCa concentrations, the increase in serum tCa is
caused by an increase in the complexed calcium frac-
tion.*”3 In CRF, organic anions such as citrates, phos-
phates, lactates, bicarbonates, and oxalates are capable of
complexing with calcium. Complexed calcium
accounted for 24% of serum tCa in those dogs with CRF
and elevated serum tCa as compared with 11% in those
dogs with CRF and low serum tCa. Increased PTH-
mediated bone resorption as a consequence of CRF
could increase serum tCa concentration. If elevated iCa
is also present, then reduced GFR caused by loss of renal
mass could cause increased iCa concentration as the fil-
tered load of calcium declines. Hyperplasia of parathy-
roid gland chief cells could account for increased PTH
secretion and serum calcium concentration because chief
cells secrete small amounts of PTH that are nonsup-
pressible regardless of serum iCa concentration.?%!

Tertiary hyperparathyroidism refers to the condition
of a subset of patients with CRF who develop ionized
hypercalcemia and excessive PTH secretion that is not
inhibited by high serum iCa concentration. It is likely
that such patients had high PTH concentrations in asso-
ciation with normal or low serum iCa concentration
(renal secondary hyperparathyroidism) earlier in the clin-

ical course of CRF. Autonomous secretion of PTH from
the parathyroid gland is unlikely, but the set-point for
PTH secretion may be altered in CRF such that higher
concentrations of iCa are necessary to inhibit PTH secre-
tion.2%2 Decreased serum calcitriol concentrations,
decreased numbers of calcitriol receptors in the parathy-
roid gland, and decreased calcitriol-VDR interactions
with chief cell DNA caused by uremic toxins may con-
tribute to this increase in set-point,”%?47:3% as may
decreased levels of the calcium receptor, which both
establishes the set-point and depends on calcitriol func-
tionality for synthesis of its mRNA from the parathyroid
cells’ DNA.** Ten dogs with CRF and increased serum
tCa concentration were compared with those with nor-
mal serum tCa concentration (Fig. 6-12). Serum amino-
terminal PTH concentration was markedly increased in
both groups of uremic dogs, but those with increased
tCa had higher PTH concentrations. Calcitriol concen-
tration was decreased to a similar extent in both groups.
It was proposed that the hypercalcemic and more
markedly hyperparathyroid uremic dogs might have had
greater calcitriol receptor (VDR) deficits in their
parathyroid cells, which would lead to poorly controlled
PTH synthesis and chief cell hyperplasia.?” Deficient cal-
citriol functionality caused by VDR deficits would also
lead to calcium receptor deficits and the “set-point”
elevations involved in the observed hypercalcemia.*

Aluminum accumulation in the development of hyper-
calcemia in dogs or cats with renal disease being treated
with aluminum-containing intestinal phosphate binders
has not been investigated despite the fact that such treat-
ment is common. Experimental dogs exposed to alu-
minum developed mild hypercalcemia within minutes
of a single intravenous injection. During chronic daily
exposure to aluminum during a period of weeks, serum
calcium concentration progressively increased, and
azotemia developed.?2¢

Two of 15 cats with CRF developed hypercalcemia
while eating a phosphate-restricted veterinary diet
designed for treatment of renal failure. Hypercalcemia in
these cats was associated with a decrease in serum phos-
phorus and low or undetectable PTH concentrations.
Serum calcium returned to normal, and PTH and phos-
phorus increased with the feeding of a maintenance diet.?°

PATHOLOGIC OR CONSEQUENTIAL
HYPERCALCEMIA

Cancer-Associated Hypercalcemia

The most common cause of hypercalcemia in dogs is
cancer-associated hypercalcemia. Cancer is third in fre-
quency of association with hypercalcemia in cats. There
are three mechanisms (Fig. 6-13) of increased serum cal-
cium concentration induced by neoplasms: (1) HHM,
(2) hypercalcemia induced by metastases of solid tumors
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Fig. 6-12 Comparison of biochemical data for dogs with renal failure and hypercalcemia or
normocalcemia. Dogs with renal failure were normalized for age and had similar concentrations of
serum creatinine, phosphorus, and calcitriol. Serum concentrations of PTH were greater in the
hypercalcemic dogs than in the normocalcemic dogs. Data are mean + SEM. For normal and
hypercalcemic uremic dogs, n = 10; for normocalcemic uremic dogs, n = 20. Significant differences were
*P < 0.0001 (from normal) and P < 0.02 (from normocalcemic uremia PTH) by Student’s t test. (From
Nagode LA, Steinmeyer CL, Chew D], et al.: Hyper- and normo-calcemic dogs with chronic renal failure:
relations of serum PTH and calcitriol to parathyroid gland Ca*™ set-point. In Norman AW, Schaefer K,
Grigoleit HG, et al, editors: Vitamin D 1 988. Chemical, biochemical and clinical endocrinology, Berlin, 1988,

Walter de Gruyter & Co., pp. 799-800.)

to bone (local osteolytic hypercalcemia [LOH]), and (3)

hematologic malignancies growing in the bone marrow
(LOH>_436,437

Humoral Hypercalcemia of Malignancy. HHM is
a syndrome associated with many tumors in people and
animals.*?” Characteristic clinical findings in patients
with HHM include hypercalcemia, hypophosphatemia,
hypercalciuria (often with decreased fractional calcium
excretion), increased fractional excretion of phosphorus,
increased nephrogenous cyclic adenosine monophos-
phate (cAMP), and increased osteoclastic bone resorp-
tion. Hypercalcemia is induced by humoral effects on
bone, kidney, and possibly the intestine (Fig. 6-14).438
Increased osteoclastic bone resorption is a consistent
finding in HHM and increases calcium release from
bone. The kidney plays a critical role in the pathogenesis

of hypercalcemia because PTHrP stimulates calcium
reabsorption, which binds and activates renal PTH-
PTHrP receptors. The level of renal function in the
patient may also contribute to the development of
hypercalcemia. Animals with dehydration or impaired
renal function are more susceptible to developing hyper-
calcemia or may have more severe hypercalcemia because
of decreased renal excretion of calcium. In some forms of
HHM, increased serum 1,25-dihydroxyvitamin D con-
centrations may increase calcium absorption from the
intestine.*4¢

Malignancies that are commonly associated with
HHM in dogs include T-cell lymphoma and adenocarci-
nomas derived from the apocrine glands of the anal
sac.33:436,553,561 Dogs with cancer and HHM are expected
to have shorter survival. In addition, sporadic cases of
HHM occur in dogs with thymoma, myeloma,
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Fig. 6-13 Pathogenesis of cancer-associated hypercalcemia.
Humoral and local forms of cancer-associated hypercalcemia
increase circulating concentrations of calcium by stimulation of
osteoclastic bone resorption and increased renal tubular
reabsorption of calcium.

melanoma, or carcinomas originating in the lungs, pan-
creas, thyroid gland, skin, mammary gland, nasal cavity,
and adrenal medulla.56:#17:436438 Tymors associated with
hypercalcemia in cats include lymphosarcoma, multiple
myeloma, squamous cell carcinoma, bronchogenic carci-
noma/adenocarcinoma, osteosarcoma, fibrosarcoma,
undifferentiated sarcoma, undifferentiated renal carci-
noma, anaplastic carcinoma of the lung and diaphragm,
and thyroid carcinoma.* Lymphosarcoma and squamous
cell carcinoma are the two most common causes of
hypercalcemia in cats.*” Of 11 hypercalcemic cats with
lymphosarcoma, two each had renal, generalized, gas-
trointestinal, or mediastinal involvement, and one each
had laryngeal, nasal, or cutaneous disease.>115:152,158,467
Squamous cell carcinoma has been found in mandibular,
maxillary, pulmonary, and ear canal locations.>6:250,276:467

Excessive secretion of biologically active PTHrP plays
a central role in the pathogenesis of hypercalcemia in
most forms of HHM, but cytokines such as IL-1, TNF-
o, and transforming growth factor (TGF)-oe and -B or
calcitriol may have synergistic or cooperative actions with
PTHTrP (see Fig. 6-14). Before PTHrP was identified, it
was recognized that tumors associated with HHM
induced a syndrome that mimicked primary hyper-
parathyroidism with secretion of a PTH-like factor that
was antigenically unrelated to PTH.359:552

PTHrP binds to the N-terminal PTH-PTHrP receptor
in bone and kidney but does not cross-react immunolog-
ically with native PTH (Fig. 6-15). PTHrP stimulates
adenylyl cyclase and increases intracellular calcium in bone
and kidney cells by binding to and activating the cell
membrane PTH-PTHIrP receptors. This binding results in

*References 11,42,56,115,152,158,229,250,276,467,484.

Humoral Factors and HHM
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Fig. 6-14 Humoral factors such as parathyroid hormone—related
protein (PTHrP), interleukin-1 (IL-1), tumor necrosis factors
(TNFs), or transforming growth factors (TGFs) produced by
tumors induce humoral hypercalcemia of malignancy (HHM) by
acting as systemic hormones and stimulating osteoclastic bone
resorption or increasing tubular reabsorption of calcium.

stimulation of osteoclastic bone resorption, increased
renal tubular calcium reabsorption, and decreased renal
tubular phosphate reabsorption. IL-1 stimulates bone
resorption in vivo and in vitro and is synergistic with
PTHrP.3%%7 TGF-a and -B can stimulate bone resorp-
tion in vitro and have been identified in tumors associated
with HHM, including adenocarcinomas derived from
apocrine glands of the anal sac in dogs.3*0

Lymphoma. Hypercalcemia is found in 20% to 40%
of dogs with lymphoma (Fig. 6-16).2°731¢ Most dogs
with lymphoma and hypercalcemia have HHM because
increased osteoclastic resorption is present in bones
without evidence of tumor metastasis. Lymphoma is an
uncommon cause of mild HHM in ferrets.268
Lymphomas associated with HHM are usually of the
T-cell type.>>® T-cell lymphoma occurred in 22% of dogs
with lymphoma, and hypercalcemia only occurred in
dogs with CD4* lymphoma in one study.*® The patho-
genesis of hypercalcemia in dogs with lymphoma and
HHM resembles that occurring in humans with lym-
phoma or leukemia induced by human T-cell lym-
photropic virus type I (HTLV-I). Neoplastic cells from
humans with HTLV-I-induced lymphoma have
increased PTHrP production.*??

Most dogs with lymphoma and hypercalcemia have
T-cell lymphoma.?'%%% Dogs with T-cell lymphoma
were significantly more likely to have early relapse and
death compared with those with B-cell lymphoma.
Shorter remissions and survival times have been noted by
others for T-cell lymphoma compared with B-cell lym-
phoma in dogs.?!! In another study, 46 (32.8%) of 140
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Fig. 6-15 Parathyroid hormone-related protein (PTHrP)
induces many of the effects of parathyroid hormone (PTH) by
interacting with the PTH receptor in bone and kidney and
activating adenylyl cyclase (AC) to form cyclic AMP (cAMP) and
phospholipase C (PLC) to form inositol triphosphate (IP,) and
diacylglycerol (DAG) from phosphatidylinositol (PIP,). Stimulation
of the PTH receptor results in increased osteoclastic bone
resorption and renal tubular reabsorption of calcium, inhibition
of renal tubular reabsorption of phosphorus, and stimulation of
renal production of I,25-dihydroxyvitamin D, (calcitriol).

lymphomas were classified as T cell in origin, and 16 of
these dogs (35%) were hypercalcemic.'8® In 37 dogs with
lymphoma and hypercalcemia, calcium concentration
was not related to prognosis; mean remission was 10.4
months, and median remission was 6 months.*3* The
presence of a mediastinal mass had an adverse effect on
remission in these hypercalcemic dogs. Serum tCa con-
centration may return to normal despite minimal reduc-
tion in tumor mass following chemotherapy, as happened
in 5 of 12 dogs with lymphoma and initial hypercal-
cemia.®®® The finding of hypercalcemia in dogs with
lymphoma was not prognostic for survival or time to
remission, but T-cell origin lymphoma did adversely
affect prognosis.27%511,538

Most dogs with lymphoma and HHM have
increased circulating PTHrP concentrations, but con-
centrations are lower than in dogs with carcinomas and
HHM, and PTHrP concentrations are not correlated
with serum calcium concentration (Fig. 6-17).*46 These
findings indicate that PTHrP is an important marker of
HHM in dogs with lymphoma but is not the sole
humoral factor responsible for stimulation of osteo-
clasts and development of hypercalcemia. It is likely
that cytokines such as IL-1 or TNF function synergisti-
cally with PTHrP to induce HHM in dogs with lym-
phoma (see Fig. 6-14).436:437

-

Fig. 6-16 Lateral (A) and ventrodorsal (B) thoracic radiographs of a 5-year-old boxer dog with
hypercalcemia of malignancy caused by mediastinal lymphoma (arrows). Severe hypercalcemia (serum
total calcium concentration, 20.6 mg/dL) was detected on initial presentation. (From Chew D],
Carothers M: Hypercalcemia, Vet Clin North Am 19:272, 1989.)
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Fig. 6-17 Circulating N-terminal parathyroid hormone-related protein (PTHrP) concentrations in
normal dogs (CONTROL); dogs with hypercalcemia (>12 mg/dL) and anal sac adenocarcinomas (CAC),
lymphoma, or miscellaneous tumors (MISC TUMOR); and dogs with normocalcemia (<12 mg/dL) and
anal sac adenocarcinomas, lymphoma, or miscellaneous tumors. (From Rosol T}, Nagode LA, Couto CG,
et al: Parathyroid hormone-related protein, parathyroid hormone, and |,25-dihydroxyvitamin D in dogs
with cancer-associated hypercalcemia, Endocrinology 131:1157, 1992. ©The Endocrine Society.)

Some dogs and human patients with lymphoma
and hypercalcemia have increased serum calcitriol con-
centrations, which may contribute to the induction of
hypercalcemia. #6482 Some lymphocytes contain the lo-
hydroxylase (similar to that found in renal tubules) that
converts 25-hydroxyvitamin D to the active metabolite
1,25-dihydroxyvitamin D (calcitriol). Therefore lym-
phomas that retain this capability may synthesize exces-
sive calcitriol, which could increase calcium absorption
from the intestinal tract and facilitate development of
hypercalcemia.

An early report indicated that a mediastinal mass was
detected in most dogs with lymphoma and hypercal-
cemia.?*? However, a recent report indicates that the
presence of a cranial mediastinal mass was not required
for development of hypercalcemia in dogs, and mediasti-

nal masses were not disproportionately more common in
those dogs with hypercalcemia.*

Canine Adenocarcinoma Derived from Apocrine
Glands of the Anal Sac. The adenocarcinoma derived
from apocrine glands of the anal sac of dogs consistently
fulfills the criteria for HHM.3*2:344430 This tumor
appears primarily in middle-aged (mean, 10 years) dogs
and rarely metastasizes to bone. Clinical signs are refer-
able to hypercalcemia (polyuria, polydipsia, anorexia,
and weakness), a mass in the perineum (tenesmus, rib-
bonlike stools, increased odor, and protruding mass), a
mass in the sublumbar region, or more distant metas-
tases. Apocrine adenocarcinomas often require rectal and
anal sac palpation to confirm their presence because their
size ranges from 7 mm to 6 X 8 cm (Fig. 6-18). Dogs
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Fig. 6-18 Hypercalcemia of malignancy associated with apocrine
gland adenocarcinoma of the anal sac in an elderly female dog.
Transverse section of the anal sac and associated malignancy
(arrows). (From Chew D), Meuten DJ: Disorders of calcium and
phosphorus metabolism, Vet Clin North Am 12:417, 1982.)

with this tumor and HHM have hypercalcemia (tCa, 12
to 24 mg/dL); hypophosphatemia; decreased immunore-
active PTH concentration; increased urinary excretion of
calcium, phosphorus, and cAMP; and increased osteo-
clastic bone resorption.333#4561 This tumor should not
be confused with the common perianal adenomas or the
uncommon perianal adenocarcinomas that arise from
the circumanal glands and have entirely different bio-
logic behavior. Perianal adenomas and adenocarcinomas
affect primarily male dogs and are not associated with
hypercalcemia.>®

Hypercalcemia was present at the time of diagnosis in
80% to 100% of affected dogs in early studies.33%-331
Recent reports in dogs with earlier detection note the
incidence of hypercalcemia to be lower, at 33%,*3
27%,%! and 53% of cases.3® Early reports also noted a
strong bias toward the occurrence of this tumor in female
dogs, but equal sex distribution has been more recently
noted.*®! In some instances, the finding of hypercalcemia
during routine serum biochemistry testing prompts rec-
tal palpation and subsequent discovery of an apocrine
gland adenocarcinoma. Surgical removal or radiation
therapy of the adenocarcinoma results in rapid return to
normal of serum calcium and phosphorus concentra-
tions, increased serum PTH concentration, and decreased
calcitriol concentration.**¢ Postsurgical survival of dogs
with apocrine gland adenocarcinoma and hypercalcemia

ranged from 2 to 21 months, with a mean of 8.8
months. Sublumbar metastases occur in a high percent-
age (72%) of affected dogs and are associated with
recrudescence of the biochemical alterations in serum
and urine.?? In one study, dogs with hypercalcemia and
anal sac adenocarcinoma had shorter survival times com-
pared with normocalcemic dogs with this tumor (356
versus 584 days)®®!; in another study, survival was not
influenced by the presence of hypercalcemia.3?

Most dogs with HHM have increased concentrations
of circulating PTHrP (see Fig. 6-17). Plasma concentra-
tions of PTHrP are highest (10 to 100 pmol /L) in dogs
with apocrine adenocarcinomas of the anal sac and spo-
radic carcinomas associated with HHM.*4¢ Serum cal-
cium concentrations in affected dogs correlate well with
circulating PTHrP concentrations, which is consistent
with the concept that PTHrP plays a primary role in the
pathogenesis of HHM in these dogs. Dogs with apocrine
adenocarcinomas and normocalcemia may have
increased plasma PTHrP concentrations (2 to 15
pmol /L), but the concentrations are lower than in dogs
with hypercalcemia.

Some dogs with apocrine adenocarcinomas have inap-
propriate concentrations (normal or increased) of cal-
citriol for the degree of hypercalcemia.**® This finding
suggests that the humoral factors produced by the neo-
plastic cells are capable of stimulating renal 1a-hydroxy-
lase and increasing the formation of calcitriol even in the
presence of increased serum calcium concentration.
PTH concentrations were not increased in hypercalcemic
dogs and were significantly lower than those observed in
dogs with primary hyperparathyroidism. Parathyroid
glands from dogs with apocrine adenocarcinoma were
atrophic or inactive, and there was nodular hyperplasia
of C cells in the thyroid glands because of prolonged
hypercalcemia.3#

Hematologic Malignancies. Some types of hemato-
logic malignancies present in the bone marrow produce
hypercalcemia by inducing bone resorption locally.#36:437
This effect occurs most commonly in multiple myeloma
and lymphoma. Hypercalcemia has been reported in 17%
of dogs with multiple myeloma.33! A number of paracrine
factors or cytokines may be responsible for the stimula-
tion of bone resorption in this setting. The cytokines
most often implicated in the pathogenesis of local bone
resorption are IL-1, TNF-o, and TNEF-B (lympho-
toxin).328:360 Other cytokines or factors that may play
a role include IL-6, TGF-o and -B, and PTHrPA*8
Production of small amounts of PTHrP by a tumor in
bone may stimulate local bone resorption without induc-
ing a systemic response. Prostaglandins (especially
prostaglandin E,) may also be responsible for local stim-
ulation of bone resorption.

Some dogs with lymphoma and hypercalcemia have
localized bone resorption associated with metastases to
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medullary cavities without evidence of increased bone
resorption at sites distant from the tumor metastases.’*?
Hypercalcemic dogs with lymphoma and bone metas-
tases had decreased PTH and calcitriol concentrations,
increased excretion of hydroxyproline, calcium, phos-
phorus, and increased concentrations of the prostaglandin
E, metabolite 13,14-dihydro-15-ketoprostaglandin E,.
Prostaglandin E, may be an important local mediator of
bone resorption in these dogs. Other potential mediators
include IL-1 and TNFs.

Tumors Metastatic to Bone. Solid tumors that
metastasize widely to bone can produce hypercalcemia
by the induction of local bone resorption associated with
tumor growth. This is not common in animals but is an
important cause of cancer-associated hypercalcemia in
humans.#36:450:451 Tumors that often metastasize to bone
and induce hypercalcemia in human patients include
breast and lung carcinomas. Carcinomas of the mam-
mary gland, prostate, liver, and lung were most fre-
quently reported to metastasize to bone in dogs, and the
humerus, femur, and vertebrae were the most common
sites of metastasis.?*>*>2 Primary bone tumors are not
often associated with hypercalcemia in dogs or cats.

The pathogenesis of enhanced bone resorption is not
well understood, but two primary mechanisms are secre-
tion of cytokines or factors that stimulate local bone
resorption and indirect stimulation of bone resorption
by tumor-induced cytokine secretion from local immune
or bone cells.'” Cytokines or factors that may be
secreted by tumor cells and stimulate local bone resorp-
tion include PTHrP,*!¢ TGF-o and -B, and prostaglandins
(especially prostaglandin E,). In some cases, bone-
resorbing activity can be inhibited by indomethacin,
which suggests that prostaglandins are either directly or
indirectly associated with stimulation of bone resorption.
The cytokines most often implicated in indirect stimula-
tion of bone resorption by local immune cells include
IL-1 and TNFs.

Malignant neoplasms with osseous metastases may
cause moderate to severe hypercalcemia and hypercalci-
uria, but serum ALP activity and phosphorus concentra-
tions are usually normal or only moderately increased. It
is believed these changes are caused by release of calcium
and phosphorus into the blood from areas of bone
destruction at rates greater than can be cleared by the
kidney and intestine. Bone involvement can be multifo-
cal but is usually sharply demarcated and localized to the
area of metastasis.

Primary Hyperparathyroidism

Primary hyperparathyroidism is an uncommon cause of
hypercalcemia in dogs®”:82 and is even less common in
cats.!33263 Tn hypercalcemic cats, primary hyperparathy-
roidism was found in 4 of 71 cases.*” Excessive and
inappropriate secretion of PTH by the parathyroid

glands relative to the serum iCa concentration charac-
terizes this condition. Primary hyperparathyroidism was
caused by a solitary parathyroid gland adenoma in
approximately 90% of dogs, whereas parathyroid gland
carcinoma and parathyroid gland hyperplasia each
accounted for 5% of cases in one large series.!%®
Adenomas occurred with nearly equal frequency in the
external and internal parathyroid glands in one study,®”
but external gland adenomas predominated in another
report in dogs.%® Idiopathic parathyroid gland hyper-
plasia may affect one or more glands and has been
reported in six older dogs.!'3® Although remnant
parathyroid tissue may be found in the cranial medi-
astinum near the base of the heart, neoplastic transfor-
mation has not been reported at this site in dogs or cats.
An ectopic parathyroid gland adenoma cranial to the
thoracic inlet has been described in one dog.?** In cats,
the underlying lesion is typically benign, owing to an ade-
noma, bilateral cystadenomas, or hyperplasia,!33,163:467,503
but unilateral or bilateral carcinomas have also been
diagnosed.168:263,326,412

Primary parathyroid gland hyperplasia has been
reported in two German shepherd dog puppies.®!”
Diffuse hyperplasia was present in all four parathyroid
glands. In retrospect, this family of German shepherd
dogs probably had an inactivating mutation in the gene
for the calcium-sensing receptor. Mutations in one or
both of the calcium-sensing receptor genes in humans
result in familial hypocalciuric hypercalcemia or neonatal
severe hypercalcemia, respectively, because of inadequate
ability to sense extracellular calcium concentration and
coordinate the appropriate cellular response.*!* The
affected puppies had a disease syndrome that mimicked
neonatal severe hypercalcemia in humans. Neonatal
severe hypercalcemia is lethal unless total parathyroidec-
tomy is performed early in life to markedly reduce
increased PTH concentrations.

Dogs with primary hyperparathyroidism are older,
with a mean age of 10.5 years (range, 5 to 15 years).1%8
The mean age in affected cats was 12.9 years (range, 8 to
15 years).?%® No sex predisposition has been noted, but
keeshonds constituted 36% of affected dogs, and five of
eight cats were Siamese.®*® Parathyroid gland masses
usually cannot be palpated in dogs, but 50% of cats with
primary hyperparathyroidism had a palpable cervical
mass.!3%263 Clinical signs related to hypercalcemia are
cither mild (e.g., lethargy, polydipsia, polyuria, and
weakness) or absent in many affected dogs.3”1%8 In one
study, most owners of affected dogs were not convinced
that their dogs had a serious illness,3” but some owners
retrospectively recognized subtle signs after hypercal-
cemia resolved.!'®® More prominent clinical signs and
serious consequences can occur when hyperparathy-
roidism and severe hypercalcemia are long standing and
associated with renal failure.!11112 Clinical signs referable
to the lower urinary tract have been reported to occur in
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27% of dogs as a result of urolithiasis or bacterial urinary
tract infection.'®® Calcium-containing uroliths (calcium
phosphate, calcium oxalate, or mixtures) occurred in
approximately 30% of dogs and in a cat with primary
hyperparathyroidism.18:277:326 Urolithiasis is attributed
to hypercalcemia and subsequent hypercalciuria. Inter-
estingly, hypercalcemia arising from other causes has not
been associated with urolithiasis except in cats with idio-
pathic hypercalcemia (IHC).47¢

The diagnostic workup to confirm primary hyper-
parathyroidism often begins with the fortuitous finding
of increased serum calcium concentration on routine
clinical chemistry testing.!%® The diagnosis of primary
hyperparathyroidism is easy in dogs and cats that have
increased serum tCa concentration, normal renal func-
tion, and increased concentration of immunoreactive
PTH. The appropriateness of the PTH concentration
must be interpreted in relation to the serum iCa con-
centration. Additional support for the diagnosis of pri-
mary hyperparathyroidism is provided by the finding of
increased serum iCa concentration, increased serum
ALP, low serum phosphorus concentration, increased
or normal calcitriol concentration, undetectable
PTHrP, and calcium-containing uroliths. The most
consistent laboratory abnormality in dogs with primary
hyperparathyroidism is increased serum calcium con-
centration.!%8

Hypercalcemia results from a combination of effects
following PTH binding to receptors in kidney and bone.
PTH also acts indirectly to increase serum iCa concen-
tration by enhancing renal conversion of 25-hydroxyvit-
amin D to calcitriol. Hypophosphatemia secondary to
PTH-enhanced urinary excretion of phosphorus was
observed in 5 of 21 dogs.” Serum phosphorus concen-
tration is typically low,!%® and calcitriol concentrations
were mildly increased or in the high-normal range in
three of four dogs with primary hyperparathyroidism.*4¢

The diagnosis of primary hyperparathyroidism is more
challenging when PTH is within the reference range.
A PTH concentration in the upper part of the reference
range in association with hypercalcemia is inappropriate.
Confirmed primary hyperparathyroidism has been noted
in dogs and cats with hypercalcemia and reference range
PTH concentrations.'8:263 Tn a cat with persistent hyper-
calcemia related to primary hyperparathyroidism, PTH
concentration was increased on two occasions but within
the reference range on five other occasions.!3 PTH con-
centrations measured in blood collected from either the
left or right jugular vein did not differ, and sampling
from a specific side was not valuable for localizing the
site. of an enlarged parathyroid gland.!”® Circulating
PTHrP concentrations were undetectable in six dogs
with primary hyperparathyroidism.*4

Ultrasonography of the neck is helpful in the diagno-
sis of primary hyperparathyroidism in dogs and cats, but
it requires an ultrasound unit with a high-frequency

(7.5- to 10-MHz) transducer to achieve the necessary
level of resolution rather than the widely available 5- or
7.5-MHz units used for abdominal studies.!%>%* With a
10-MHz linear transducer, the parathyroid glands of
normal dogs can routinely be identified especially in
larger dogs.*?¢ Parathyroid gland masses greater than 5
mm can usually be identified, and some masses as small
as 2 mm may be detected. Enlarged parathyroid glands
are expected to be hypoechoic or anechoic, well mar-
ginated, and easily contrasted with thyroid tissue. False-
positive results are rare, but false-negative findings may
occur. Ultrasonography correctly identified the presence
and location of a solitary parathyroid gland mass in 10 of
11 dogs in a prospective study in which the mass was
confirmed at surgery.!”? Sonography identifies the loca-
tion of the parathyroid gland tumor and allows presurgi-
cal planning.

Double-phase scintigraphy of the parathyroid glands
using #"Tc sestamibi was useful in the diagnosis of
parathyroid gland adenoma in initial reports from two
dogs.333570 In a study of 15 dogs with hypercalcemia,
scintigraphy correctly identified 3 of 3 dogs with hyper-
calcemia of malignancy as negative for hyperfunctioning
parathyroid glands.33? Scintigraphy identified only one of
six dogs with parathyroid gland adenoma and only one
of six dogs with parathyroid hyperplasia. Based on these
results, parathyroid gland scintigraphy is not recom-
mended to identify abnormal parathyroid glands because
of very poor sensitivity and specificity.

Surgical exploration of the cervical region in patients
with parathyroid gland adenoma or carcinoma usually
reveals enlargement of one parathyroid gland, and the
remaining three are small or impossible to identify
because hypercalcemia results in atrophy of normal
parathyroid tissue. Primary parathyroid gland hyperplasia
may affect more than one gland, and clinical signs can
recur if only the largest gland is removed surgically.
Parathyroid gland tumors may be difficult to identify if
the tumor is embedded in fat or if it arises from the
internal parathyroid gland. Failure to visualize a parathy-
roid gland tumor is rarely attributed to the occurrence of
a tumor in ectopic parathyroid tissue. Methylene blue
infusion to enhance visualization of parathyroid glands
should be reserved for patients in whom a tumor is
strongly suspected but not readily identified during sur-
gery because clinically relevant side effects of methylene
blue administration include hemolytic anemia and acute
renal failure.'”?

Ultrasound-guided chemical ablation was used safely
and effectively as an alternative treatment to surgery in
cight dogs with a solitary parathyroid gland mass and
hypercalcemia.3!? Serum tCa and iCa concentrations were
within reference ranges 24 hours after treatment in seven
dogs and within 5 days in one dog. Transient hypocal-
cemia developed in four dogs during the first 5 days after
treatment; one dog required treatment for hypocalcemic



DisorRDERS OF CALCIUM: HYPERCALCEMIA AND HYPOCALCEMIA | 155

tetany. Dysphonia was noted in two of eight dogs in this
study, but Horner’s syndrome, laryngeal paralysis, and
death were not encountered as has been described with
cthanol injection of thyroid glands of hyperthyroid
cats.200:540.558 Tt jg likely that the low volume of ethanol
injected into a single parathyroid mass provides less poten-
tial for leakage beyond the parathyroid mass.

Ultrasonographically guided radiofrequency heat abla-
tion of parathyroid masses in dogs has become the pre-
ferred treatment at some referral hospitals. In one study,
11 dogs with either one or two masses on ultrasonogra-
phy were treated by radiofrequency heat following anes-
thesia and insertion of a 20-gauge over-the-needle
catheter into the mass.#'> Hypocalcemia developed in five
of the eight successfully treated dogs, all of which required
treatment. The only other adverse effect was a transient
voice change in one dog.

Hypervitaminosis D

Hypervitaminosis D refers to toxicity resulting from
excess cholecalciferol (vitamin D,) or ergocalciferol (vita-
min D,). Metabolites of vitamin D can also exert toxicity,
and the term hypervitaminosis D has been extended clin-
ically to include toxicity from 25-hydroxyvitamin D, dihy-
drotachysterol, and 1,25-dihydroxyvitamin D (calcitriol),
as well as newer analogues of calcitriol. Vitamin D toxic-
ity is better referred to as 25-hydroxyvitamin D toxicity
because vitamin D is rapidly transformed into this
metabolite in vivo.!¥® Vitamin D and its immediate
metabolite, 25-hydroxyvitamin D, have little biologic
activity at physiologic concentrations because they have
low binding affinity for the VDR. Pharmacologic concen-
trations of 25-hydroxyvitamin D that occur during hyper-
vitaminosis D exert hypercalcemic effects because
25-hydroxyvitamin D competes with calcitriol for binding
to the VDR in target tissues.!5336¢ Hypercalcemia results
from increased intestinal absorption of calcium, but
increased osteoclastic bone resorption and calcium reab-
sorption from renal distal tubules may also contribute.
Vitamin D intoxication and hypercalcemia may result
from excessive dietary supplementation or may be caused
iatrogenically during the treatment of hypoparathy-
roidism. Accurate dosing with cholecalciferol and ergo-
calciferol is difficult because they have a slow onset and
prolonged duration of action.?”*8 Hypercalcemia devel-
oped in 7 of 16 hypoparathyroid dogs during treatment
with vitamin D and calcium salt supplementation.3”
Ingestion of toxic plants that contain glycosides of cal-
citriol (e.g., Cestrum dinrnum, Solanum malacoxylon,
and Trisetum flavescens) is a potential cause of hypercal-
cemia in small animals.3*° Vitamin D toxicity associated
with ingestion of C. diurnum has been reported in a
cat.'*? C. diurnum, day-blooming jessamine, has
achieved increasing popularity as a house plant and
should not be confused with jasmine, which is an indoor
climbing plant without active vitamin D metabolites.3°

A diagnosis of hypervitaminosis D in dogs and cats
increased with the introduction of cholecalciferol-
containing rodenticides in 1985, but this source of intox-
ication is less common today. Cholecalciferol bait is
delivered as pellets that are palatable to some animals and
are very toxic when ingested. One manufacturer claimed
a low hazard to dogs (oral median lethal dose, 88 mg/kg),
but toxicity at a lower dosage (10 mg/kg) was demon-
strated.!®321* High-risk groups include dogs weighing
12 kg or less and those younger than 9 months. Recovery
from previous cholecalciferol toxicity can be a risk factor
for subsequent occurrence because removal of the source
from the premises may not be possible.1% Toxicity in four
cats has also been reported.3>34%1 One reason for the few
reports of vitamin D toxicity in cats is that they appear to
be resistant to cholecalciferol toxicity when the diet is
otherwise complete and balanced.*38

Clinical signs are usually vague and include anorexia,
lethargy, vomiting, tremors, constipation, and polyuria.
These signs are usually attributed to the effects of hyper-
calcemia. Hypercalcemia is reversible with early and
aggressive therapy by providing enough time for 25-
hydroxyvitamin D to be eliminated from the body.102:140:153
Death occurred in approximately 45% of dogs after devel-
oping hypercalcemia from hypervitaminosis D in early
reports, 123214318457 byt the survival rate was higher in dogs
of a later series.!??

Hypercalcemia usually develops within 24 hours after
ingestion,?!* and hypercalcemia is often severe unless
serum samples were obtained within 24 hours of inges-
tion. Mild hyperphosphatemia is often noted. Azotemia
is initially absent but can develop subsequently. Serum
creatinine concentration usually is less than 3 mg/dL
unless treatment has been delayed, in which case
azotemia may be marked. It may take as long as 72 hours
for azotemia to develop as a result of renal lesions caused
by hypercalcemia. Measurement of serum 25-hydroxyvi-
tamin D concentration can provide conclusive evidence
for hypervitaminosis D after exposure to cholecalciferol
or ergocalciferol. Serum concentrations of 25-hydroxyvi-
tamin D were increased to at least twice the upper limit
of normal, with a mean concentration approximately
10 times normal in dogs with hypervitaminosis D,1%2 and
were increased for weeks to months in some instances.!40
In 10 episodes of cholecalciferol intoxication, concentra-
tions of cholecalciferol were increased above the normal
range for 10 to 61 days.1%® The half-life for cholecalcif-
erol was 29 days in experimental dogs.*®” Serum cal-
citriol concentrations were also increased early in the
syndrome,'92 but suppression of calcitriol synthesis
occurs later. Hypervitaminosis D with hypercalcemia,
azotemia, high concentrations of 25-hydroxyvitamin D,
and /or renal calcification has been described in cats from
Japan fed fish-based commercial cat food.?20-354:465
Cholecalciferol content of these diets exceeded the dietary
requirements of vitamin D by more than 100 times.
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Renal disease and failure occurred within 4 to 14 months
in a large number of cats fed a commercial cat food con-
taining 30 times the vitamin D requirement.3*® All com-
mercial cat foods provide vitamin D in excess of the
minimal requirements, and there is no regulated upper
limit on the quantity of vitamin D that can be included.
Other factors may modulate the toxicity of hypervita-
minosis D, such as increased dietary calcium and phos-
phorus or dietary reduction in magnesium.*38
Hypercalcemia attributed to the effects of increased
calcitriol occasionally occurs during calcitriol treatment
in animals with hypoparathyroidism and rarely during
treatment of renal secondary hyperparathyroidism.
When hypercalcemia is observed, it is usually in patients
given doses more than 3.5 ng/kg daily. Discontinuation
of calcitriol should result in normocalcemia within
1 week. Dosing with calcitriol at twice the daily dosage
every other day up-regulates fewer intestinal epithelial
cells for calcium absorption and decreases the chance for
further development of hypercalcemia. Formulation
errors have also been encountered in which the concen-
tration of calcitriol in a compounded product was too
high. There are no veterinary preparations of calcitriol;
thus the available preparations of calcitriol must be
diluted in pharmaceutical oils for appropriate dosing.
Hypercalcemia has also been encountered when dosing
errors have been made (mg/kg amounts given as
opposed to ng/kg amounts). High serum concentra-
tions of calcitriol have been observed in some dogs with
lymphoma and hypercalcemia,**® but it is not clear
whether the excess calcitriol was synthesized by the
tumor or by the kidneys under stimulation of PTHrP.
Topical ointments containing potent vitamin D ana-
logues (calcipotriene) for treatment of human psoriasis
can result in hypercalcemia when toxic quantities are
ingested by dogs.” Minimal toxic dose is 10 pug/kg; min-
imal lethal dose is 65 pg/kg; and the oral LD50 is
between 100 and 150 pg/kg in dogs.?!8 In 25 dogs with
calcipotriene ingestion, 28% died, and 50% experienced
AIRF. Phosphorus, tCa, and iCa are elevated with cal-
cipotriene toxicity.?!%2!8 The affinity of calcipotriene for
vitamin D-binding protein is much lower than that of
calcitriol; thus free calcipotriene is readily available for
binding to VDRs. The rapid binding to VDRs accounts
for the rapid onset of hypercalcemia and hyperphos-
phatemia and also for the rapid catabolism of cal-
cipotriene. Hypercalcemia decreases after several days
rather than being prolonged for weeks to months as seen
in cholecalciferol toxicity. Exposure to calcipotriene has
not yet been reported in cats, although there are two
anecdotal reports (one in Ireland and one in Australia;
Boyd Jones, personal communication) of cats that devel-
oped hypercalcemia after licking calcipotriene from their

*References 91,163,218,231,252-254,525.

owner’s skin. Telephone calls to animal poison control
centers indicate that exposure to this ointment has been
increasing in dogs.3?” Whether calcipotriene cross-reacts
with calcitriol in the measurement of vitamin D metabo-
lites has not yet been determined, but it is not detected
by methods to measure 25-hydroxyvitamin D.

Granulomatous Disease

Hypercalcemia can result from calcitriol synthesis by
activated macrophages during granulomatous inflamma-
tion. Normal macrophages express 1a-hydroxylase activ-
ity (which converts 25-hydroxyvitamin D to calcitriol)
when stimulated by interferon or lipopolysaccharide.
Macrophages in granulomatous inflammation express
such activity without stimulation.!®® Blastomycosis is
a granulomatous disease in dogs that is occasionally
(6% to 14% of cases) associated with hypercalcemia.
Hypercalcemia is usually mild but can be severe.!3:141
Reports of granulomatous diseases associated with
hypercalcemia include two cats with disseminated histo-
plasmosis??* and dogs with coccidioidomycosis or schis-
tosomiasis.'%852° In one dog with schistosomiasis,
PTHrP levels were undetectable,*3 but in two other
dogs with schistosomiasis, PTHrD levels were increased
with no malignancy found at necropsy.!® In cats, ele-
vated calcitriol concentrations were documented in cases
of Nocardia and atypical mycobacteria infection.33% Cats
with blastomycosis, cryptococcosis, actinomyces, and
injection site granulomas (Chew and Peterson, unpub-
lished observations on injection site granuloma)338:467,500
have been noted with hypercalcemia possibly because of
enhanced synthesis of calcitriol.'*! Severe hypercalcemia
was observed in association with noninfectious granulo-
matous dermatitis in two dogs in which excess synthesis
of calcitriol was suspected (Kwochka and Chew, unpub-
lished observations). PTH, PTHrP, and 25-hydroxyvita-
min D concentrations were not increased. Hypercalcemia
resolved as the inflammation subsided. Nodular panni-
culitis with hypercalcemia has been reported in dogs, and
calcitriol concentrations were two to three times normal
in one instance.!%7:408

Idiopathic Hypercalcemia of Cats

Hypercalcemia may be less common in cats than in dogs,
although the incidence of hypercalcemia from primary
care practices is not reported. Within the past 10 years,
IHC has been recognized in cats33%34¢ and is now the
most common cause of ionized hypercalcemia in cats in
the United States. Even though some suggest that THC
is a local geographic phenomenon,'®® it is widespread
across the United States and is being recognized in other
parts of the world.

In THC, serum calcium concentration may be
increased for months to more than 1 year. In 427 cases
of feline IHC, 46% had no clinical signs, 18% had mild
weight loss with no other clinical signs, 6% had inflam-
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matory bowel disease, 5% had chronic constipation, 4%
were vomiting, and 1% were anorectic.*’¢ Uroliths or
renoliths were observed in 15%, and calcium oxalate
stones were noted in 10% of cases. Cats ranged in age
from 0.5 to 20 years, and longhaired cats accounted for
27% of the cases (compared with an overall submission
rate of 14% from longhaired cats). There was no sex
predilection. Serum iCa concentration was increased;
PTH concentration was in the lower half of the refer-
ence range; and PTHrP was negative in all samples.
Concentration of iMg was normal, and mean concen-
tration of 25-hydroxyvitamin D was within the refer-
ence range. Calcitriol was measured in a small number
of these cats and was suppressed. In another study, 1 of
7 cats exhibited an increased concentration of calcitriol,
and 2 of 11 cats had increased PTHrP in the absence of
underlying neoplasia following extensive diagnostic
evaluation, survival for many months, and necropsy.34¢
It appears that excessive PTH, 25-hydroxyvitamin D, or
calcitriol concentration is not the cause of IHC in most
cats. However, normal concentrations of calcitriol could
result in hypercalcemia if there are mutations of the
VDR or an increase in number of calcitriol receptors.
Normal concentrations of iMg indicate that PTH secre-
tion is not inhibited by decreased or excess iMg.*”¢
Renal function, based on BUN and serum creatinine
concentration, is usually normal initially, but some cats
develop CRF secondary to long-standing IHC.34¢
Results of serology testing for feline leukemia virus and
feline immunodeficiency virus have been negative, and
serum thyroxine concentrations have been normal.
Chronic acidosis could explain chronic elevations of
iCa,!1% but venous blood gas analysis has not revealed
significant acid-base disturbances. Exploration of the
cervical region has not identified primary hyperparathy-
roidism, and subtotal parathyroidectomy has not
resolved hypercalcemia in cats in which this procedure
was performed.346

As many as 35% of cats with calcium oxalate urinary
stones have hypercalcemia. Even though the specifics of
the underlying diagnoses were not detailed,38 it is likely
that most had IHC. The occurrence of ureterolithiasis in
cats was very uncommon before 1993. Eleven cases of
calcium oxalate ureterolithiasis were recently described
in cats, and four had mild to moderate hypercalcemia.?”®
It appears that the frequency of hypercalcemia in calcium
oxalate stone-forming cats has decreased substantially
(Lulich, personal communications, 2003).

Specific treatment for IHC is impossible because the
pathogenesis remains unknown. Increased bone resorp-
tion, increased intestinal absorption, or decreased renal
excretion of calcium or combinations of these mecha-
nisms could be responsible for hypercalcemia. The feed-
ing of increased dietary fiber decreased serum calcium in
some cats®3¢ but not in others.?*® The beneficial effect of
a higher fiber diet may be because of decreased intestinal

absorption of dietary calcium. The effects of fiber on
intestinal absorption are complex and depend on the
types and amounts of fiber in the diet and other nutri-
ents present.

The feeding of veterinary renal diets may result in nor-
mocalcemia in some cats with IHC. These diets are gen-
erally low in calcium and phosphorus and are considered
alkalinizing or at least less acidifying than maintenance
diets. Some cats that show an initial decrease in serum
calcium concentration following any type of dietary
change will have a return to hypercalcemia over time.

In those cats that do not respond to a change in diet,
prednisone therapy may result in a long-term decrease in
iCa. The effects of glucocorticosteroid treatment may
last for months to years in some cats with doses of 5 to
20 mg prednisone/cat/day. There is an escape from the
effects of glucocorticosteroid treatment in some cats and
a return to hypercalcemia despite maximal doses of pred-
nisone. When dietary modification and treatment with
prednisolone have been unsuccesstul in resolving IHC,
intravenous pamidronate treatment can be considered.

Beneficial effects from the chronic administration of
subcutaneous fluids or oral furosemide to cats with THC
have not been evaluated. Treatment with calcimimetics
could be of benefit. Calcimimetics interact with the cal-
cium receptor and are effective in decreasing calcium,
phosphorus, and PTH in human patients.*

Uncommon Causes of Hypercalcemia

AIRF in dogs is occasionally associated with mild hyper-
calcemia. Hypercalcemia may occur more commonly
after conversion of oliguria to polyuria, possibly as cal-
cium salts that were deposited during oliguria are mobi-
lized from soft tissues. Sudden improvement in renal
function also may result in rapid decrease of serum
phosphorus concentration, changing mass law interac-
tions between phosphorus and calcium and resulting in
transient hypercalcemia. Mild hypercalcemia (11.5 to
12.5 mg/dL) is observed uncommonly in some dogs
with severe oliguria and decreased GFR during intrinsic
renal failure. Animals with severe hyperphosphatemia
during AIRF usually have normal or low serum calcium
concentrations.

Nonmalignant skeletal lesions are occasionally associ-
ated with hypercalcemia in dogs. Bacterial and fungal
osteomyelitis can potentially result in hypercalcemia if the
rate of osteolysis is sufficient.!% Neonatal septicemia has
been associated with hypercalcemia on rare occasion in
puppies after septic embolization of bone and subsequent
osteolysis.1% Mild hypercalcemia occurs in some dogs
with hypertrophic osteodystrophy, and the hypercalcemia
may be aggravated by ascorbic acid supplementation.?®
Hypothermia has caused hypercalcemia in one cat.®!
One cat with pancreatitis and hypercalcemia has been
described, even though hypocalcemia is more common in
cases of pancreatitis.?®! In one report, a dog receiving
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intermittent calcium therapy for hypocalcemia developed
hypercalcemia and acute pancreatic hemorrhage that may
have been related to excessive calcium therapy.3”!
Dehydration may cause mild and reversible hypercal-
cemia, especially with normal kidney function. Disuse
osteoporosis after prolonged immobilization can rarely
contribute to the development of mild hypercalcemia
because weight bearing is necessary to maintain the bal-
ance between new bone formation and resorption of old
bone. Serum total hypercalcemia has been noted in a
small percentage of hyperthyroid cats,2>#%” but iCa con-
centration is normal. In cats with untreated hyperthy-
roidism, mild ionized hypercalcemia that resolved
following conversion to euthyroidism with treatment has
been uncommonly noted (Chew, unpublished observa-
tions). Overuse of calcium-containing intestinal phos-
phate binders can occasionally cause hypercalcemia.l% An
unusual case of hypercalcemia was attributed to the
chronic ingestion of calcium carbonate in the form of
limestone rocks.?”3 Malignant histiocytosis in dogs was
reported in association with hypercalcemia in one dog.>3*

The ingestion of large amounts of grapes or raisins
may result in hypercalcemia. Seven of 10 dogs with renal
failure associated with grape or raisin ingestion had
increased serum tCa concentrations (12.3 to 26 mg/dL)
and increased serum phosphorus (6.4 to 22 mg/dL)
24 hours to several days following ingestion.?!> In four
dogs, ingestion was estimated to be from 0.41 to 1.1
ounces of grapes or raisins per kilogram of body weight.
Oliguria or anuria was noted in 5 of 10 dogs, and 5 of
10 dogs survived. These cases were clustered from 1999
to 2001, and raisin/grape toxicity has not been previ-
ously reported.

Vomiting following ingestion of what appears to be
a trivial quantity of raisins or grapes in some dogs leads
to the development of AIRF usually within 48 hours.
Not all dogs that consume grapes or raisins develop clin-
ical signs or acute renal failure. Of 132 dogs reported
with raisin or grape ingestion, 33 developed no clinical
signs or azotemia, and 14 of 133 dogs developed clinical
signs but no azotemia.!® Of 132 cases, 43 dogs devel-
oped clinical signs and AIRF. The pathogenesis of
nephrotoxicity associated with raisins and grapes remains
unknown, but it is speculated that ochratoxin may be
a toxic component.*?” Tubular degeneration and necro-
sis of varying severity are consistently described and most
pronounced in proximal tubules.!6%-3%7

In some cases of grape/raisin ingestion with AIRF,
mild to severe hypercalcemia develops, and in some
dogs, serum tCa concentration can change dramatically
from day to day during various treatments.3** With acute
renal failure following ingestion of raisins or grapes,
hypercalcemia was detected in 93% of affected dogs, and
tCa ranged from 8 to 26 mg/dL.1*%21> Of 40 dogs, 23
(57.5%) survived, and 17 (42.5%) failed to survive; 15 of
23 underwent complete resolution of azotemia. Initial

and peak serum tCa concentration and initial and peak
calcium X phosphorus product were significantly higher
in those that did not survive as compared with those that
did survive. Hypercalcemia was documented in 1 of 3
dogs evaluated within 24 hours of ingestion, in 2 of
8 dogs within 24 to 48 hours, and in 12 of 13 dogs eval-
uated for the first time 48 to 72 hours after ingestion.
Total calcium concentration returned to the normal
range in a median of 11 days (range, 2 to 51 days).
Unfortunately, iCa measurements have yet to be
reported for any dogs with raisin toxicity, AIRF, and
hypercalcemia based on serum tCa. Because many dogs
with severe AIRF have hyperphosphatemia, some of the
increased serum tCa may be because of complex forma-
tion with phosphate. The observation that serum tCa
concentration can dramatically increase or decrease daily
during treatment suggests that its origin is related to
extracellular or intravascular fluid volume dynamics.

A favorable outcome is possible in about 50% of cases,
but several weeks of hospitalization with intensive fluid
treatment is often needed in those with AIRF, especially
it oliguric. About 50% of affected dogs can be expected
to develop oliguria or anuria.!%21533% A case of AIRF
with a fatal outcome occurred after ingestion of 450 g of
raisins in a vizsla dog despite intensive treatment includ-
ing peritoneal dialysis.?*” Aggressive treatment has been
recommended for any dogs suspected of having ingested
large, or even small, quantities of grapes or raisins,
including induction of emesis, gastric lavage, and admin-
istration of activated charcoal, followed by intravenous
fluid therapy for a minimum of 48 hours.?!> However,
some dogs may consume relatively large quantities of
grapes or raisins without development of ill effects.

Hypercalcemia was reported in a dog with a retained
fetus and endometritis.?3? Serum PTH was suppressed,
and 25-hydroxyvitamin D concentration was within the
normal range. Biopsy of the removed uterus documented
neutrophilic inflammation but no granulomatous inflam-
mation as a possible cause of the hypercalcemia. Serum
iCa was normal 4 days after surgical removal of the
uterus, and serum tCa was normal 6 weeks later.

Humoral hypercalcemia of benignancy is a phrase
used to describe the association of humoral factors such
as PTHrP and hypercalcemia in the absence of malig-
nancy.!¥627? One dog with massive mammary gland
hyperplasia, severe ionized hypercalcemia, and increased
PTHrP in the absence of malignancy at necropsy has
been observed (Chew, unpublished observations). This
phenomenon has rarely been described in humans.?58:269

TREATMENT OF HYPERCALCEMIA
Philosophy of Treatment

There is no absolute serum calcium concentration that
can be used as a guideline for the decision to treat hyper-
calcemia aggressively.19%17% The magnitude of hypercal-
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cemia, its rate of development, whether the serum cal-
cium concentration is stable or progressively increasing,
and the modifying effects of other electrolyte and acid-
base disturbances must all be considered when deciding
on a treatment plan. The clinical condition of the animal
ultimately dictates how aggressive treatment should be,
but a serum calcium concentration of 16 mg/dL or
greater has been recommended as a basis for aggressive
therapy.!”* Animals with serum calcium concentrations
approaching 20 mg/dL should be considered candidates
for crisis management. Animals with serum calcium con-
centrations less than 16 mg/dL may also require aggres-
sive treatment, depending on the degree of neurologic,
cardiac, and renal dysfunction induced by the hypercal-
cemia and concurrent deleterious factors. Acidosis can
magnify the effects of hypercalcemia at all serum calcium
concentrations by shifting more calcium to the ionized
fraction. The serum phosphorus concentration at the
time of hypercalcemia is also an important modulating
factor in clinical decision making because soft tissue min-
eralization is potentiated by hyperphosphatemia.
Animals with rapid and progressive development of
hypercalcemia usually display serious clinical signs that
require aggressive therapy.

Definitive Therapy

Removal of the underlying cause is the definitive treat-
ment for hypercalcemia. Most animals with pathologic
hypercalcemia have an associated malignancy that is
quickly diagnosed but often not readily treated.
Complete excision of isolated neoplasms (e.g., apocrine
gland adenocarcinoma of the anal sac and parathyroid
gland adenoma) abolishes hypercalcemia. In animals
with disseminated metastases, multicentric neoplasia, or
nonresectable primary malignancy, the tumor burden
and hypercalcemia may be decreased by appropriate
chemotherapy, radiation therapy, and immunotherapy.
Chemotherapy may disrupt neoplastic cellular metabo-
lism to such an extent that the tumor may no longer be
able to synthesize enough humoral factors to sustain
hypercalcemia. Decreased serum calcium concentrations
can occur despite lack of obvious reduction in tumor size
in these instances.

Antifungal treatment with amphotericin B, ketocona-
zole, or itraconazole effectively lowers increased serum
calcium concentrations in dogs with systemic mycoses as
the infectious agent is eradicated and inflammation
resolves. For animals with hypercalcemia associated with
hypoadrenocorticism, replacement therapy with mineralo-
corticoids and glucocorticoids after fluid volume replace-
ment definitively manages the condition. Discontinuing
all vitamin D supplementation in animals with hypervita-
minosis D and hypercalcemia removes the external cause
of intoxication, but excessive body stores of vitamin D
may continue to contribute to hypercalcemia for several
weeks.

Supportive Therapy

Supportive therapy is often necessary to decrease serum
calcium concentration to a less toxic level while waiting
for a definitive diagnosis to be established, for definitive
treatment to reduce serum calcium concentration per-
manently, or for chronic management of hypercalcemia
when the underlying cause cannot be removed. Box 6-3
and Table 6-3 list general and specific treatments for the
management of hypercalcemia. Unfortunately, no single
treatment protocol is consistently effective for all causes
of hypercalcemia. Consequently, regimens must be tai-
lored for the individual patient. Supportive treatments
reduce the magnitude of hypercalcemia by increasing
renal calcium excretion, inhibiting bone resorption, pro-
moting soft tissue deposition of calcium, causing a shift
of intravascular calcium to other body compartments,
promoting extrarenal calcium loss, reducing calcium
transport across the gut, or some combination of these
effects 109,291,327

Initial Considerations for Treatment

Parenteral fluids, furosemide, sodium bicarbonate, glu-
cocorticoids, or combinations of these treatments effec-
tively reduce serum calcium concentrations in most
animals. Repeatable serum hypercalcemia should be con-
firmed before prescribing aggressive treatments. It is not
necessary to reduce serum calcium concentration to
within normal limits, but substantial resolution of serious
clinical signs may occur when serum tCa concentration
decreases by as little as 1 to 3 mg/dL.

Box 6-3 General Treatment of

Hypercalcemia

Definitive
Remove underlying cause

Supportive

Initial considerations
Fluids (0.9% sodium chloride)
Furosemide
Calcitonin

Secondary considerations
Glucorticosteroids
Bisphosphonates

Tertiary considerations
Sodium bicarbonate
Mithramycin (severe toxicity)
Ethylenediamine tetraacetic acid (EDTA) (severe

toxicity)

Dialysis

Future considerations
Calcium channel blockers
Somatostatin congeners
Calcium receptor agonists
Nonhypercalcemic calcitriol analogues
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TABLE 6-3 Specific Treatment of Hypercalcemia

Treatment

Dose

Indications

Comments

Volume Expansion
Subcutaneous saline (0.9%)"

Intravenous saline (0.9%)"

Diuretics
Furosemide

Alkalinizing Agent
Sodium bicarbonate

Glucocorticoids
Prednisone

Dexamethasone

Bone Resorption Inhibitors
Calcitonin

Bisphosphonates
EHDDP—-didronel

Clodronate

Pamidronate

Mithramycin

Miscellaneous
Sodium EDTA
Peritoneal dialysis

75-100 mL/kg/day

100-125 mL/kg/day

2-4 mg/kg BID to TID
1V, SQ, PO

1 mEq/kg IV slow bolus;
may give up to 4 mEq/kg
total dose

1-2.2 mg/kg BID PO, SQ, IV

0.1-0.22 mg/kg BID IV, SQ

4-6 IU/kg SQ BID to TID

15 mg/kg SID to BID

20-25 mg/kg in a 4-hr IV
infusion

1.3 mg/kg in 150 mL
0.9% saline a 2-hr IV
infusion; can repeat
in 1 week

25 pg/kg IV in 5% dextrose
over 2 to 4 hr every 2 to
4 weeks

25-75 mg/kg/hr
Low calcium dialysate

Mild hypercalcemia

Moderate to severe
hypercalcemia

Moderate to severe
hypercalcemia

Severe hypercalcemia

Moderate to severe
hypercalcemia

Hypervitaminosis D

Moderate to severe
hypercalcemia

Severe hypercalcemia,
refractory HHM

Severe hypercalcemia
Severe hypercalcemia

Contraindicated if peripheral
edema is present.

Contraindicated in congestive
heart failure and hypertension.
Minimal decreases of calcium
as single therapy when cause
is severe pathologic
hypercalcemia.

Volume expansion is necessary
before use of this drug. Rapid
onset of action.

Requires close monitoring.
Rapid onset of action.

Use of these drugs before
identification of etiology may
make definitive diagnosis
difficult or impossible.

Response may be short-lived.
Vomiting may occur. Rapid
onset of action.

Delayed onset of action.

Clodronate is approved for use
in humans in Europe;
availability in U.S. may be
limited.

Very expensive

Limited use in dogs and cats.
Nephrotoxicity, hepatoxicity,
thrombocytopenia.

Nephrotoxicity

Short duration of response.
Use in hypercalcemia
not reported.

*Potassium supplementation is necessary. Add 5 to 40 mEq KCI/L depending on serum potassium concentration.

BID, Twice daily; TID, thrice daily; PO, oral; IV, intravenous; SQ, subcutanous; SID, once dailyy HHM, humoral hypercalcemin of malignancy.
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Fluid Therapy. Parenteral fluid therapy is an impor-
tant first treatment for all animals with hypercalcemia.
The first goal of fluid therapy is to correct dehydration
because hemoconcentration contributes to increased
serum calcium concentration. In addition, the kidney
responds during ECF volume contraction with more avid
reabsorption of sodium and calcium from the glomerular
ultrafiltrate. Correction of dehydration abrogates this
effect and allows calciuresis and natriuresis to occur.

Dehydration should be corrected with intravenous
fluids within 4 to 6 hours of presentation in animals with
severe clinical signs attributable to hypercalcemia.
Additional expansion of ECF volume with parenteral flu-
ids is then indicated, but sufficient fluid for rehydration
and volume expansion is often provided simultaneously.
Fluid therapy alone may be sufficient in some animals to
reduce the magnitude of hypercalcemia adequately when
the initial serum calcium concentration is less than 14
mg/dL, but often other treatments must be added.
Normocalcemia may be restored by fluid therapy alone if
hypercalcemia was initially mild (12 to 13 mg/dL).

Physiologic saline (0.9% NaCl) is the solution of
choice for correction of the intravascular volume deficit
and for further slight volume expansion. Slight volume
expansion with 0.9% NaCl promotes calcium loss in
urine secondary to increased GFR and increased filtered
load of calcium, and competition from the additional
sodium ions results in reduced renal tubular calcium
reabsorption and enhanced calciuresis.

ECF volume expansion with lactated Ringer’s solu-
tion (6 mg/dL calcium) in dogs results in decreased
total protein, tCa, and iCa concentrations. Decreases in
tCa concentration were greater (12.4%) than those
observed for iCa concentration (3.5%).#2> Thus volume
expansion with solutions that contain some calcium can
be beneficial because the dilutional effect supersedes the
effect of the additional calcium that is administered.
However, physiologic saline (0.9% NaCl) is preferred
because it is devoid of additional calcium and contains
more sodium than that in lactated Ringer’s solution
(154 versus 130 mEq/L). Consequently, 0.9% NaCl
results in a more rapid reduction in serum calcium con-
centration. An initial fluid volume of two to three times
maintenance needs (120 to 180 mL/kg/day) usually
corrects dehydration, provides maintenance needs, and
results in mild volume expansion. The use of sodium
phosphate is not recommended because of the potential
detrimental effects of soft tissue mineralization.!”#

Diuretics (Calciuretics). Administration of furose-
mide follows rehydration and fluid volume expansion as
second in importance for treatment of persistent hyper-
calcemia. Furosemide promotes enhanced urinary cal-
cium loss, but calciuresis does not follow the use of all
diuretics. In particular, thiazides should not be used
because they may result in hypocalciuria and potentially

may aggravate hypercalcemia. Furosemide (5 mg/kg
intravenously, followed by 5 mg/kg/hr as an infusion)
acutely decreases serum tCa by a maximum of approxi-
mately 3 mg/dL.3* It is important to match the
increased volume of urine lost with an increased volume
of parenteral fluids to prevent dehydration and to gain
maximal calciuresis. Less aggressive regimens of
furosemide administration may be effective in combina-
tion with other treatments or for chronic management of
hypercalcemia. Adequate hydration before and during
furosemide administration is essential; otherwise, diure-
sis may increase serum calcium concentration through
hemoconcentration. Diuresis, natriuresis, and calciuresis
were greater in greyhounds given a continuous rate infu-
sion of furosemide (0.66 mg/kg bolus, followed by
0.66 mg/kg/hr for 8 hours) compared with intermit-
tent furosemide (3 mg/kg at 0 and 4 hours).’

Sodium Bicarbonate. Infusion of sodium bicarbon-
ate has been advocated for acute or crisis management of
hypercalcemia, but most often it is mentioned for use in
the presence of metabolic acidosis.>!%?2%0 Serum iCa
concentration is reduced as acidosis is corrected or mild
alkalosis is created because more calcium becomes
bound to serum proteins, and there is increased binding
of calcium to bicarbonate.*?® Decreases in ionized and
tCa concentrations after bicarbonate infusions have been
observed in dogs®*® and cats.!'® A dosage of 1 to 4
mEq/kg sodium bicarbonate has been recommended to
obtain the desired reduction in calcium concentra-
tion,'1%2% but it may not be necessary to provide con-
tinuous bicarbonate infusion because the effect can last
for as long as 3 hours after a single dose of bicarbonate
in normal cats.}? Reduction in serum calcium concen-
tration is slight after administration of sodium bicarbon-
ate alone, but the effect increases with larger doses.
Sodium bicarbonate infusion is most likely to be helpful
in combination with other treatments.

Steroids. Glucocorticosteroids can contribute to a
significant reduction in serum iCa concentration in
hypercalcemic animals with lymphoma, apocrine gland
adenocarcinoma of the anal sac, multiple myeloma,
thymoma, hypoadrenocorticism, hypervitaminosis D,
hypervitaminosis A, or granulomatous disease, but they
have little effect on serum iCa concentration in animals
with other causes of hypercalcemia (Box 6-4). Some cats
with THC also have a substantial decrease in serum iCa
concentration after glucocorticoid treatment. Steroids
exert their effect mainly by reducing bone resorption,
decreasing intestinal calcium absorption, and increasing
renal calcium excretion.!97:302

Cytotoxicity against neoplastic lymphocytes after glu-
cocorticoids can result in a dramatic and rapid reduction
in serum calcium concentration in dogs with lymphoma.
Whenever possible, however, glucocorticoids should be
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Box 6-4 Steroid-Sensitive Causes

of Hypercalcemia

Lymphoma or leukemia
Multiple myeloma

Thymoma

Vitamin D toxicity

Vitamin A toxicity
Granulomatous disease
Hypoadrenocorticism
Idiopathic hypercalcemia in cats

withheld from animals for which a diagnosis has not yet
been established because lymphocytolysis can make a
definitive histopathologic diagnosis of lymphoma much
more difficult or impossible. A challenge test for the
diagnosis of occult lymphoma has been proposed using
L-asparaginase at 20,000 TU/m? intravenously in an
effort to disturb tumor cell metabolism but not cause
cytolysis. Calcium concentrations are measured at base-
line and then every 12 to 24 hours for 72 hours. A com-
plete return of serum calcium concentration to normal
suggests occult lymphoma.!%® Once a diagnosis of lym-
phoma has been made, prednisone is usually adminis-
tered at 1 to 2 mg/kg twice daily concomitant with
chemotherapy.

Decreased bone resorption after administration of
glucocorticoids may be the result of impaired osteoclast
maturation and decreased numbers of calcitriol receptors
in bone.**® Cortisol antagonizes the effects of vitamin D
on the intestine in rats.?! In dogs, chronic oral adminis-
tration of prednisone (1.2 to 1.5 mg/kg/day) resulted
in decreased serum calcitriol concentrations but caused
no change in the number of calcitriol receptors or cal-
cium-binding proteins in enterocytes.?8% Granulomatous
diseases associated with increased calcitriol synthesis and
hypercalcemia are often sensitive to the effects of gluco-
corticoids in reducing the serum calcium concentra-
tion.*?4483 However, caution is advised because the
underlying disease (e.g., systemic mycosis) may be wors-
ened. Hypercalcemia associated with hypervitaminosis A
can also be steroid responsive.?®

Calcitonin. Calcitonin treatment may be useful in
animals with severe hypercalcemia. Calcitonin should be
considered instead of prednisone for treatment of ani-
mals without a definitive diagnosis. Calcitonin rapidly
decreases the magnitude of hypercalcemia primarily by
reducing the activity and formation of osteoclasts. A max-
imal decrement in serum tCa concentration of approxi-
mately 3 mg/dL can be expected.!!! The only known
adverse effects of calcitonin are anorexia and vomiting,
but relatively few treated dogs and cats have been evalu-
ated. Calcitonin treatment is expensive; the magnitude

of'its effect is unpredictable; its effects may be short-lived
(hours); and resistance often develops in a few days.
Receptor down-regulation is thought to be responsible
for development of resistance, a phenomenon that may
be delayed by concurrent glucocorticoid treatment. The
effectiveness of calcitonin may be restored after discon-
tinuing treatment for 24 to 48 hours.3?” Despite these
limitations, calcitonin in combination with pamidronate
is considered the best therapy for severe malignancy-
associated hypercalcemia in humans.!18:480

The dosage of calcitonin in animals has been extrapo-
lated from that used in humans (4 IU /kg intravenously,
followed by 4 to 8 IU/kg subcutaneously once or twice
daily).?*! Calcitonin is listed as an antidote on packages
of cholecalciferol-containing (vitamin D) rat poison, and
treatment with calcitonin has been reported in dogs with
hypercalcemia resulting from cholecalciferol toxicity.
The dosage of calcitonin used in these dogs was 8 IU /kg
subcutaneously every 24 hours,!®3 5 TU/kg subcuta-
neously every 6 hours,'”* and 4 to 7 IU/kg subcuta-
neously every 6 to 8 hours.'*® Short-term calcitonin
treatment (6 U/kg subcutaneously every 8 hours for 2
days) was not effective in controlling hypercalcemia in
dogs when measured 4 days after ingestion of cholecal-
ciferol.**” Vomiting was common within 2 hours of cal-
citonin administration. Calcitonin (4 U/kg every 4
hours for the first day and then 8 mg/kg twice daily for
the next 3 days) decreased serum tCa from nearly 18
mg/dL to 13 to 15 mg/dL, but the effect only lasted 4
to 8 hours.?3? Calcitonin has also been used as part of
combination therapy for treatment of hypercalcemia in a
cat with granulomatous disease.338

Bisphosphonates. Bisphosphonates (formerly mis-
named diphosphonates) are drugs (pyrophosphate ana-
logues) that have been developed to inhibit bone
resorption.®®*3! The hypocalcemic effects of bisphos-
phonates during malignancy are bone related because
there is no effect on tumor mass. Bisphosphonates
decrease osteoclast activity and function, despite
increased numbers of osteoclasts present as a result of
local or humoral mechanisms of osteolysis. Inhibition of
resorption requires 1 to 2 days. Long-term bisphospho-
nate administration can lead to decreased osteoclast
numbers through lethal injury of osteoclasts and
decreased recruitment of new osteoclasts. Etidronate was
the first bisphosphonate to be used clinically, and the
activity of newer bisphosphonates is often compared
with that of etidronate. Etidronate and clodronate are
non-amino bisphosphonates. The addition of an amine
group to one of the side chains increases the antiresorp-
tive action in bone (alendronate, residronate, iban-
dronate, and zoledronate). The greatest potency to date
has been obtained in those compounds containing a ter-
tiary amine (zoledronate).3* Clodronate, pamidronate,
alendronate, and residronate have potencies 10, 100,
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1000, and 5000 times as great as that of etidronate,
respectively.!8! Ibandronate is approximately 5000 times
and zoledronate is more than 10,000 times the potency
of etidronate.?”237% Zoledronate is 100 to 850 times
more active than pamidronate.®*

Inhibition of bone resorption by pamidronate occurs
carlier and is maintained longer than that induced by
etidronate. Intravenous infusion of pamidronate has
been the treatment of choice for severe hypercalcemia
associated with malignancy in humans,®>!18125 control-
ling cancer-induced hypercalcemia in more than 70%%*6¢
to 90% of human patients.®® The use of intravenous zole-
dronate is the new treatment of choice because of its
increased potency over pamidronate, as well as the more
convenient infusion protocol of only 15 minutes.” Serum
tCa decreases more rapidly, and maintenance of normo-
calcemia is nearly twice as long when treated with zole-
dronate compared with pamidronate.5%”

Bisphosphonate treatment occasionally has been asso-
ciated with the development of renal impairment in
humans and AIRF in experimental animals.3!® This effect
was seen after multiple doses and in some with preexist-
ing renal disease.?>31%:32539 Renal toxicity in dogs may
be more likely when doses of 10 mg/kg or more of
pamidronate are given.**® The rate of infusion and the
particular bisphosphonate chosen influence the possibil-
ities for nephrotoxicity.33*° Dehydration should be cor-
rected before bisphosphonates are administered to lessen
chances of renal injury. Depending on the bisphospho-
nate used, several hours of 0.9% saline infusion may
be required to attenuate potential adverse effects.
Pamidronate infusion in humans with hypercalcemia and
underlying renal failure was shown to be safe in some
studies.3%-315,533

In a model of cholecalciferol-induced hypercalcemia,
dogs treated with pamidronate (1.3 mg/kg in 150 mL
saline administered intravenously over 2 hours) starting
1 day following ingestion lost less weight and had signif-
icantly lower serum concentrations of phosphorus, tCa,
and iCa than those treated with saline or calcitonin.
Mean serum tCa decreased to within the reference
range, and values for iCa decreased but not to the same
degree as that for tCa following pamidronate treat-
ment.*5” In a subsequent study, three different doses of
pamidronate were given to dogs after a single dose of
cholecalciferol.#°¢ Clinical signs were fewest in dogs
given the two higher doses of pamidronate. All dogs
given any dosage of pamidronate were alert and lost less
weight compared with saline treatment. The decreases in
serum tCa were dose dependent. Pamidronate lessened
the reduction in GFR in a dose-dependent manner, but
GFR was still reduced by 20% to 25% on day 14 (end of
study). Minimal histopathologic lesions were seen in

“References 35,78,321,322,373,399,557.

dogs treated with the low and intermediate doses of
pamidronate; no lesions were detected in dogs treated
with the high dose of pamidronate. It appears that doses
of pamidronate at 2.0 mg/kg are most effective in dogs
with cholecalciferol toxicity.

Clodronate was used clinically to treat hypercalcemia
of malignancy in one dog and hypervitaminosis D in
another dog.*%® Serum iCa and tCa concentrations were
normal at 36 and 48 hours after a 4-hour infusion of
clodronate (20 to 25 mg/kg), but long-term results
were not reported. In a dog with severe hypercalcemia
associated with adenocarcinoma of the anal sac, a single
2-hour infusion of pamidronate rapidly reduced serum
tCa and iCa that had not previously responded to intra-
venous fluids, calcitonin, and furosemide.?%? In seven
dogs with clinical calcipotriene toxicity, pamidronate
(1.3 to 2.0 mg/kg intravenously) resulted in a decrease
in tCa, phosphorus, and creatinine.?'® In another
clinical report, seven dogs and two cats were given
pamidronate (1.05 to 2.0 mg/kg intravenously) for a
variety of disease processes, and treatment rapidly
decreased serum calcium without evidence of tox-
icosis.?** In dogs with bone tumors, intravenous
pamidronate (1 mg/kg given over 2 hours as a constant
rate infusion) was administered every 28 days depend-
ing on progression of the bone tumor.!®? One hundred
thirty-three doses of intravenous pamidronate were
given to this group of 33 dogs. Only one dog developed
renal toxicity 16 days following the second pamidronate
treatment; this dog also had paraneoplastic hypercal-
cemia. Based on these findings, pamidronate at multiple
doses may safely and effectively lower both serum total
and iCa concentrations in patients with hypercalcemia
resulting from various disease processes.

Oral bisphosphonate therapy is generally designed
for maintenance treatment after a course of intravenous
bisphosphonates has been effective in the control of
hypercalcemia. Less than 5% of orally administered
bisphosphonate is absorbed from the gastrointestinal
tract,’82 which limits the usefulness of oral forms of
etidronate, clodronate, and alendronate.?® Food in the
stomach markedly reduces the oral absorption of some
bisphosphonates.!® Increasing the dose can slightly increase
the oral absorption of bisphosphonates.?*® Etidronate
is generally administered orally to dogs at 10 to 40
mg,/kg/day in divided doses, and it has had some effective-
ness in reduction of hypercalcemia associated with
lymphoma, myeloma, primary hyperparathyroidism, and
hypervitaminosis D in dogs (Chew and Couto, unpublished
observations). A puppy with hypercalcemia and primary
hyperparathyroidism was also successfully treated using
etidronate.®” There is concern about the oral administra-
tion of some bisphosphonates to humans because nausea,
vomiting, abdominal pain, dyspepsia, esophagitis, and
esophageal reflux can be adverse effects.*” Both clodronate
and alendronate have been used orally in humans, 3% but
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there are no clinical studies in dogs or cats using these
drugs orally.

Both clodronate and pamidronate have safely and eftec-
tively been given subcutaneously for the control of hyper-
calcemia in people.!#*#32 Use of subcutaneous clodronate
was better tolerated than subcutaneous pamidronate.541:542
The subcutaneous route has not yet been investigated for
use in dogs or cats with hypercalcemia.

Other Miscellaneous Treatments. Mithramycin is
a potent inhibitor of osteoclastic bone resorption.*40:443
Significant toxicity, including thrombocytopenia, hepatic
necrosis, renal necrosis, and hypocalcemia, unfortunately
has been reported with the use of this drug.!11:174:290
Mithramycin was safe when two doses of 0.1 mg/kg
were administered intravenously 1 week apart to eight
normal beagle dogs. Mithramycin decreased serum iCa
concentration in these normal dogs without adverse side
effects such as hepatotoxicity, nephrotoxicity, or bone
marrow hypoplasia, but some shivering occurred during
the infusion. Osteoclastic bone resorption was signifi-
cantly reduced.**? Mithramycin was used to treat cancer-
associated hypercalcemia in client-owned dogs.***
A single infusion of 0.1 mg/kg to two dogs resulted in
normal serum tCa concentration within 24 hours, but
severe hepatocellular necrosis associated with marked
vomiting, diarrhea, and fever resulted in death shortly
thereafter. To decrease additional episodes of toxicity,
the dosage of mithramycin was decreased to 25 pg/kg
for the remaining dogs in this study. Serum calcium con-
centration returned to the normal range in six of nine
dogs within 24 to 48 hours of treatment. Toxicity at this
dosage was minimal, but the calcium-lowering effect
lasted only 24 to 72 hours in three dogs. PTHrP con-
centrations and tumor size remained unchanged after
treatment, and the lowering of serum calcium concen-
tration was attributed to decreased osteoclastic bone
resorption. Mithramycin is seldom prescribed because of
its toxicity in hypercalcemic dogs at higher dosages and
the short-lived effect at lower dosages.

During a hypercalcemic crisis, EDTA can be infused
at a dosage of 25 to 75 mg/kg/hr. Administered EDTA
combines with circulating calcium to form a soluble
complex that then is excreted by the kidneys.!'! This
treatment is considered a rescue method designed to
allow other modalities time to take effect. Use of EDTA
should be reserved for crisis situations because EDTA is
nephrotoxic at higher dosages. A 2-hour infusion of
EDTA in normal dogs at 25 mg/kg/hr did not have
detrimental effects on the kidneys.5?”

Hemodialysis or peritoneal dialysis with calcium-free
dialysate may be used to lower serum calcium concen-
tration when other methods fail.?3282 Dialysis may be
particularly helpful in animals with severe intrinsic renal
failure caused by hypercalcemia. Clinical experience with
this method of treatment in animals is limited.

Future Considerations

Calcimimetics are a new class of compounds that are able
to activate the calcium receptor, stopping PTH secre-
tion.!01:536 Cinacalcet (Sensipar, Amgen Inc., Thousand
Oaks, CA) has been marketed for use in human renal
secondary hyperparathyroidism.?%187:3¢9 This drug is
expensive, and it is available only as a solid tablet, mak-
ing its use in small animals problematic because creating
smaller doses is very difficult. Despite their action on cal-
cium receptors throughout the body rather than exclu-
sively on the calcium receptors of the parathyroid glands,
calcimimetics may have promise in treating hypercal-
cemias of any type, including idiopathic hypercalcemia of
cats. In the future, calcimimetics for veterinary use may
be developed.

The calcium channel blocker diltiazem reduces the
magnitude of hypercalcemia and soft tissue mineraliza-
tion in vitamin D toxicosis in chicks!®® and may be effec-
tive in hypercalcemia of other causes. The toxic effects of
hypercalcemia on the cardiovascular system of dogs can
be blunted by verapamil,?*7%%8! and this drug may
prove useful for stabilizing dogs and cats with severe
hypercalcemia until other measures to decrease serum
calcium concentration become effective.

Most treatments for HHM have focused on counter-
acting the effects of excess PTHrP rather than inhibiting
PTHrP secretion. Somatostatin congeners inhibit secre-
tion of certain hormones, and one congener, lanreotide,
successfully reduced serum calcium and PTHrP concen-
trations in a human patient with HHM.!? Similar results
were observed in other tumors in humans treated with
octreotide 348:358,410,532

Nonhypercalcemic analogues of calcitriol have been
reported to inhibit cell proliferation and PTHrP produc-
tion by neoplastic tissue in vitro.337-57¢ These new modal-
ities for treating hypercalcemia in conditions associated
with increased PTHrP appear to be safe, are easy to use,
and are effective.???

Gallium nitrate is an antineoplastic, radioprotectant
drug that has hypocalcemic properties related to its
ability to reduce the solubility of hydroxyapatite in
bone and inhibit osteoclast function. Gallium nitrate
has been considered for treatment of refractory hyper-
calcemia, but it requires constant infusion.*3:291,382,547
Gallium nitrate was more effective in control of hyper-
calcemia for longer periods than etidronate or
pamidronate in a recent study of humans. Treatment
with gallium nitrate may be more effective than bis-
phosphonates in cancer-related hypercalcemia in
those with the highest concentrations of PTHrP.3" The
cytoprotectant amifostine (investigational drug WR-
2721) inhibits PTH secretion and may have effective-
ness in animals with hyperparathyroidism.*’! Use of
amifostine has been limited to humans, and its adverse
effects include nausea, vomiting, somnolence, and
hypotension.*?
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Additional Specific Treatments for
Hypervitaminosis D

In hypervitaminosis D associated with cholecalciferol
intoxication, treatment may be necessary for several
weeks because of the long half-lives of cholecalciferol
and vitamin D metabolites. Consequently, aggressive
fluid therapy for 1 week or more may be required to cor-
rect the severe hypercalcemia that is often encountered.
Prednisone and furosemide therapy should be continued
as maintenance therapy for 1 month. In addition, a low-
calcium diet is important to reduce intestinal absorption
of calcium. The diet provided can be a commercially
available veterinary food or a homemade diet consisting
mostly of macaroni and lean ground beef. Dairy prod-
ucts should be strictly avoided. Non—calcium-containing
intestinal phosphorus binders may also be beneficial to
counteract the effects of hyperphosphatemia. This treat-
ment may be particularly important because the magni-
tude of soft tissue mineralization is most severe in
animals with hypercalcemia induced by vitamin D toxi-
cosis. Aluminum hydroxide at 30 to 90 mg/kg/day in
divided doses is recommended during the first 2 weeks,
with dosage and duration of treatment adjusted based on
serial measurements of serum phosphorus concentration.
Other unproven methods for treatment include anticon-
vulsants to increase hepatic metabolism of cholecalcif-
erol, intestinal calcium binders to reduce intestinal
calcium absorption, and calcium channel blockers to
decrease the toxic intracellular effects of persistent hyper-
calcemia.!®3

When hypervitaminosis D is caused by excess calcitriol
in patients with granulomatous disease, chloroquine,
hydroxychloroquine, and ketoconazole may be used as
supplemental therapeutic agents or as substitutes for
glucocorticoids because they impair conversion of
25-hydroxyvitamin D to 1,25-dihydroxyvitamin D by
macrophages. 155435

HYPOCALCEMIA

INTRODUCTION

Hypocalcemia based on serum tCa is a relatively com-
mon laboratory abnormality and was observed in 13.5%
of serum biochemical profiles of dogs in one clinical
study.!!! Based on serum iCa measurement in 1633 sick
dogs, the prevalence of hypocalcemia was 31%,*”® and
in 434 sick cats, the prevalence was 27%.1°2 On the
basis of serum tCa concentration, hypocalcemia is usu-
ally defined as a concentration less than 8.0 mg/dL in
dogs and less than 7.0 mg/dL in cats. When serum iCa
concentration is used, hypocalcemia is generally defined
as a concentration less than 5.0 mg/dL (1.25 mmol /L)
in dogs and less than 4.5 mg/dL (1.1 mmol /L) in cats.
The most likely reason for submission of samples to
measure calcium regulatory hormones in animals with

hypocalcemia is for those with persistent hypocalcemia
that is moderate to severe in magnitude and for which
a known cause cannot be identified; most will be sub-
mitted with suspicion for a diagnosis of primary
hypoparathyroidism.

In human patients, large and unexplained differences
between ionized and tCa concentrations have been
found in hypocalcemic conditions.??¢ This discordance is
also seen in dogs and cats and is not predictable. Based
on serum tCa measurement in 1633 sick dogs, 27% were
classified hypocalcemic, but when iCa was measured,
31% were hypocalcemic.*’> Using serum tCa measure-
ment in 434 sick cats, 49% were classified hypocalcemic,
but when iCa was measured, only 27% were actually
hypocalcemic. Thus in dogs, tCa measurement underes-
timated ionized hypocalcemia, and in cats, hypocalcemia
was overestimated when using serum tCa concentration
to predict iCa status.

CONSEQUENCES OF HYPOCALCEMIA
AND CLINICAL SIGNS

Clinical signs related to hypocalcemia are identical
regardless of the underlying cause (Box 6-5). Low serum
iCa increases excitability of neuromuscular tissue, which
accounts for many of the clinical signs of hypocalcemia.

Box 6-5 Clinical Signs Associated
with Hypocalcemia
Common
None

Muscle tremors or fasciculations
Facial rubbing (paresthesia?)
Muscle cramping
Stiff gait
Behavioral change
Restlessness or excitation
Aggression
Hypersensitivity to stimuli
Disorientation

Occasional
Panting
Pyrexia
Lethargy
Anorexia
Prolapse of third eyelid (cats)
Posterior lenticular cataracts
Tachycardia or electrocardiographic alterations
(prolonged QT interval)

Uncommon
Polyuria or polydipsia
Hypotension
Respiratory arrest or death
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Animals with mild decreases in iCa concentration may
display no obvious clinical signs. The duration and mag-
nitude of ionized hypocalcemia and the rate of decline in
iCa concentration interact to determine the severity of
clinical signs. Clinical signs in dogs often are not obvious
until serum tCa concentration is less than 6.5 mg/dL,
and some dogs show surprisingly few signs despite severe
hypocalcemia (serum tCa concentration, <5.0 mg/dL),
especially if the underlying disease has been chronic and
there has been sufficient time for physiologic adaptation.
Acute development of hypocalcemia is usually associated
with severe clinical signs. In its most severe forms,
hypocalcemia can cause death as a result of circulatory
effects (e.g., hypotension and decreased myocardial con-
tractility) and respiratory arrest from paralysis of respira-
tory muscles. Serum tCa concentration less than 4.0
mg/dL can cause left-sided myocardial failure!*® and
death,'%? especially if the decline in serum calcium con-
centration was rapid.

Other electrolyte and acid-base abnormalities can
either magnify or diminish the signs of hypocalcemia.
Correction of hypokalemia in cats with concurrent
hypocalcemia may precipitate the onset of clinical signs
of hypocalcemia.!3370 Patients with chronic hypocal-
cemia often display intermittent clinical signs despite
seemingly stable serum tCa concentrations. Although
unpredictable, clinical signs often follow periods of exer-
cise or excitement that may be associated with respira-
tory alkalosis and subsequent decreases in iCa
concentration. Rapid infusion of alkali to correct meta-
bolic acidosis can cause seizures in animals with marginal
or previously compensated hypocalcemia through fur-
ther reduction in iCa concentration.

Clinical signs in dogs with chronic hypocalcemia
(primary hypoparathyroidism) include seizures, muscle
tremors or fasciculations, muscle cramping, stiff gait,
and behavioral changes (e.g., restlessness, excitation,
aggression, hypersensitivity to stimuli, and disorienta-
tion). 82111136485 Gejzures often begin as focal muscle
tremors that become more widespread. Most dogs in one
series had a seizure during the initial 24 to 48 hours of
hospitalization, a much higher frequency than encoun-
tered with idiopathic epilepsy.l® Seizure activity associ-
ated with hypocalcemia may not be similar to that in
idiopathic epilepsy because affected dogs may remain par-
tially conscious and retain urinary continence during the
seizure. 199406 Seizures are often preceded by apprehen-
sion or nervousness. The seizures may be as short as 60
seconds or as long as 30 minutes in some dogs. Most
seizures resolve without treatment but often recur despite
treatment with anticonvulsants. Growling attributable to
pain or behavior change occurred in approximately 40%
of dogs, and intense rubbing of the face with the paws or
on the ground was observed in more than 50% of dogs.
These signs were attributed to either paresthesias or pain
from facial muscle spasms.8216

Pyrexia may be caused by increased muscular activity
with or without seizures. Lethargy and weakness are seen
in approximately 33%, and polyuria and polydipsia occur
in about 25% of cases, as a result of psychogenic mecha-
nisms or renal injury (nephrocalcinosis) from hypercalci-
uria associated with PTH deficiency in animals with
hypoparathyroidism.*%485Anterior and posterior lentic-
ular cataracts occurred in more than 33% of affected
dogs®2284 and also in cats.!%%40* Tachycardia and electro-
cardiographic abnormalities (increased QT interval) may
also be encountered. Both hypertension and hypoten-
sion have been reported during hypocalcemia in
humans.?145

Neuromuscular signs in cats with chronic hypocal-
cemia associated with primary hypoparathyroidism are
similar to those in dogs (e.g., muscle tremors, weakness,
and generalized seizures).*** Anorexia and lethargy
appear to be more common in cats than in dogs with pri-
mary hypoparathyroidism, but seizures have not been
reported to be induced by excitement, as occurs in dogs.
Prolapse of the third eyelid is occasionally observed in
cats with acute hypocalcemia but is not a prominent
finding during chronic hypocalcemia.

Clinical signs associated with acute postoperative
hypocalcemia are similar in dogs and cats and are related
to neuromuscular excitability. Focal twitching of facial
muscles and vibrissae may be noticed before more gen-
eralized muscle tremors or seizures develop. Tetany or
facial twitching has not been observed in cats after thy-
roidectomy until serum tCa concentration is less than
6.9 mg/dL.169404:406 Severe hypocalcemia (<6.5 mg/dL)
is often associated with muscular twitching, tetany, or
seizures. Anorexia and lethargy are not often considered
primary signs of hypocalcemia, but both signs decrease
in cats during calcium infusion after thyroidectomy,
suggesting a relationship between hypocalcemia and
these signs.

APPROACH TO HYPOCALCEMIA

Hypocalcemia develops when bone mobilization of cal-
cium is reduced, skeletal calcium accretion is enhanced,
urinary losses of calcium are increased, gastrointestinal
absorption of calcium is reduced, calcium is translocated
intracellularly, or as a result of a combination of these
mechanisms. Much like the initial approach to hypercal-
cemia, it is helpful to make the initial distinction as to
whether hypocalcemia is parathyroid dependent or
parathyroid independent. Ionized calcium concentration
must be evaluated in conjunction with PTH concentra-
tion to determine whether PTH production is appropri-
ate. Patients with low iCa and low PTH concentrations
have absolute hypoparathyroidism (parathyroid depend-
ent). A normal reference range PTH when iCa is low is
inappropriate because normal parathyroid glands should
respond with increased PTH. Hypocalcemic patients
with increased PTH are classified as having parathyroid-
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independent hypocalcemia. Normograms to determine
the adequacy of the increased response of PTH to low
iCa have not been established for dogs or cats. In cases of
parathyroid-independent hypocalcemia, hypocalcemia
exists from redistribution of calcium into other body
spaces, excess phosphorus effects, or from deficiencies of
vitamin D or dietary calcium. Patients with persistent
moderate to severe hypocalcemia based on serum tCa
should be evaluated for iCa and PTH concentrations;
measurement of 25-hydroxyvitamin D and serum phos-
phorus is also helpful, and in rare circumstances, meas-
urement of calcitriol may help provide a definitive
diagnosis. The conditions associated with hypocalcemia
in dogs and cats are listed in Box 6-6 according to their
relative frequency regardless of clinical signs or severity of
decreased serum calcium concentration. The anticipated
changes in calcium hormones and serum biochemistry in
disorders causing hypocalcemia are noted in Table 6-4.

DIFFERENTIAL DIAGNOSIS AND MECHANISMS
oF HyrPocALCEMIA

Hypoalbuminemia

Hypoalbuminemia is the most common associated con-
dition but perhaps the least important for clinical conse-
quences, and it occurs in nearly one half of the dogs with
hypocalcemia.!'! Hypocalcemia associated with hypoal-
buminemia is usually mild (serum tCa concentration, 7.5
to 9.0 mg/dL in dogs), and no signs referable to the
functional effects of low serum calcium concentration
are observed. Application of calcium correction formulas
to serum tCa concentrations in dogs or cats with
hypoproteinemia or hypoalbuminemia has been advo-
cated in the past. However, these correction formulas do
not improve the prediction of actual iCa concentration
and in many cases increase the level of diagnostic discor-
dance.*”5 Use of correction formulas to adjust serum tCa
concentration to serum total protein or albumin concen-
tration is not recommended.

Renal Failure

Renal failure is the second most common disorder asso-
ciated with hypocalcemia in dogs.!!! Decreased calcitriol
synthesis by diseased kidneys and, to a lesser extent,
mass law interactions of calcium with markedly increased
serum phosphorus concentration are probable causes
of the hypocalcemia observed in dogs and cats with
CREF. To decrease iCa concentration by 0.1 mg/dL,
serum phosphorus concentration must increase by
3.7 mg/dL.S Calcitriol deficits are more important
because hypocalcemia results from reduced intestinal cal-
cium absorption and increased skeletal resistance to
PTH.3%¢ Animals with CRF and decreased serum tCa
concentration are most often asymptomatic, possibly
because of an increase in iCa concentration that accom-
panies metabolic acidosis.

Box 6-6 Conditions Associated
with Hypocalcemia
Common
Hypoalbuminemia

Chronic renal failure

Puerperal tetany (eclampsia)

Acute renal failure

Acute pancreatitis

Undefined cause (mild hypocalcemia)

Occasional
Soft tissue trauma or rhabdomyolysis
Hypoparathyroidism
Primary
Idiopathic or spontaneous
Postoperative bilateral thyroidectomy
After sudden reversal of chronic hypercalcemia
Secondary to magnesium depletion or excess
Ethylene glycol intoxication
Phosphate enema
After NaHCO, administration

Uncommon
Laboratory error
Improper sample anticoagulant (EDTA)
Infarction of parathyroid gland adenoma
Rapid intravenous infusion of phosphates
Acute calcium-free intravenous infusion (dilutional)
Intestinal malabsorption or severe starvation
Hypovitaminosis D
Blood transfusion (citrated anticoagulant)
Hypomagnesemia
Nutritional secondary hyperparathyroidism
Tumor lysis syndrome

Human
Pseudohypoparathyroidism
Drug-induced
Hypercalcitonism
Osteoblastic bone neoplasia (prostate cancer)

Serum tCa concentration was 8.0 mg/dL or less in
10% of 268 dogs with clinical CRF, whereas low serum
iCa concentrations were detected in 40% of affected
dogs.1* In 23 dogs with CRF, iCa represented 40% of
tCa as compared with 51% of tCa in normal dogs.?8°
Serum iCa was low in 56%, normal in 26%, and high in
17% of the dogs with CRF. Thus iCa concentration was
low in the majority of dogs despite the presence of meta-
bolic acidosis in 83% of dogs, which would be expected
to increase iCa.?8° Hypocalcemia was diagnosed more
frequently in a study of 489 dogs with CRF when deter-
mined by iCa measurement. Based on serum tCa meas-
urement, hypocalcemia was noted in only 19% of dogs
with CRF; when iCa concentration was measured,
hypocalcemia was observed in 29% of dogs with CRE.#75
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In 74 cats with clinical CRE, 15% were hypocalcemic
based on serum tCa.!®8 In cats with CRF, hypocalcemia
was found more commonly with higher magnitudes of
azotemia.?* In 73 cats with CRF, none had hypocalcemia
based on tCa, but 3% of cats with moderate CRF and
23% of cats with advanced CRF did have hypocalcemia.
In 47 cats with CRF, 14% with moderate CRF and 56%
with advanced CRF had ionized hypocalcemia. Mean
iCa for cats with advanced CRF was significantly lower
than values from normal cats or cats with mild and mod-
erate CRF. Hypocalcemia was underappreciated when
based on results of tCa measurement, especially with
advancing azotemia.

AIRF and postrenal failure can result in hypocalcemia
that is more likely to be symptomatic because the degree
of hyperphosphatemia is often greater than that
observed in CRFE. Dogs with AIRF had a mean serum
tCa concentration of 9.8 + 1.7 mg/dL, but iCa was not
reported.>?”

Emergency and Critical Care

Ionized hypocalcemia is common in critically ill
humans in the intensive care setting and is more com-
mon in septic patients.!01:30758% The magnitude of
hypocalcemia is correlated to severity of illness.
Hypocalcemia with critical illness probably also occurs
in veterinary patients.!3¢ The causes of hypocalcemia in
critical illness appear to be multifactorial because sepsis,
systemic inflammatory response syndrome, hypomag-
nesemia, blood transfusions, and AIRF have been asso-
ciated with hypocalcemia.!36:306:578:584 Ty humans,
hypocalcemia associated with critical illness involves
decreased PTH secretion, hypercalcitonism, and altered
calcium binding to proteins.*?2 The cause of the
hypocalcemia is not related to enhanced urinary cal-
cium excretion, decreased bone mobilization, or
blunted secretion of PTH in septic patients.?®” The
presence of proinflammatory cytokines during sepsis is
related to the development of hypocalcemia in septic
patients.3%” PTH is commonly elevated in this popula-
tion even when normocalcemia exists.!01:397

Up to 88% of hospitalized human patients had
decreased iCa that correlated to severity of illness but not
any specific diagnosis.>®* The impact of hypocalcemia on
patient survival has not yet been determined, although in
one study, hypocalcemia and higher levels of PTH were
more frequently associated with fatality.1%!

Ionized calcium concentration decreased in experi-
mental dogs with hemorrhage-caused hypotension and
continued to decline during replacement of blood vol-
ume with citrated whole blood.>! Hemorrhage also
decreases iCa concentration in clinical dogs. Massive
transfusions in 10 dogs resulted in significant ionized
hypocalcemia.26!

Cardiopulmonary resuscitation (CPR) may result in
hypocalcemia. Dogs developed ionized hypocalcemia

within 5 minutes of starting CPR in dogs with pro-
longed cardiac arrest and continued to decrease after 20
minutes.3$377 Serum tCa was not concordant with
changes in iCa because mean serum tCa did not change,
and iCa concentrations were negatively associated with
lactate concentrations. Decreased iCa was most likely
related to formation of complexes with lactate.

In horses with enterocolitis, decreased iCa was identi-
fied in nearly 80% of patients.®** Ionized hypocalcemia
was associated with decreased iMg, increased serum
phosphorus, decreased fractional urinary excretion of cal-
cium, and increased PTH in 71% of cases. Hypocalcemia
in 29% of these horses was a result of inadequate secre-
tion of PTH, although impaired mobilization of calcium
from bone and loss or sequestration of calcium within the
gastrointestinal tract could not be excluded.

Acute pancreatitis may be associated with hypocal-
cemia. In 46 cats with acute pancreatitis, iCa concentra-
tion was low in 61% of cats.?”? Suggested mechanisms to
account for low iCa in acute pancreatitis include seques-
tration of calcium into peripancreatic fat (saponifica-
tion), increased free fatty acids, increased calcitonin
secondary to increased glucagonemia, and PTH resist-
ance or deficit resulting from the effects of hypomagne-
semia, 40,136,257 461

In dogs with diabetes mellitus, 47% had ionized
hypocalcemia.??® Normal iCa concentrations were noted
in 49.4% of dogs from this study, and 3.5% had ionized
hypercalcemia. Acute pancreatitis was diagnosed in 13%
of these dogs, which could be the mechanism in some
but not all of those with hypocalcemia.

Puerperal tetany (eclampsia) typically occurs
between 1 and 3 weeks postpartum in females of small
dog breeds and is attributed to loss of calcium into milk
during lactation, although parathyroid gland dysfunc-
tion has not been conclusively excluded.!*:!®* Proposed
mechanisms for hypocalcemia include a poor dietary
source of calcium, major loss of calcium during lacta-
tion, fetal skeletal ossification, and abnormal parathy-
roid gland function, including parathyroid gland
atrophy. Hypophosphatemia may accompany the
hypocalcemia, and clinical signs rarely occur before
whelping.®® In 31 dogs with periparturient hypocal-
cemia, iCa was less than the reference range, and small
breed dogs with large litters were typical.!*3 Median
time from whelping to detection of clinical signs was 14
days, but variation was wide. Clinical signs most often
included seizures, trembling, twitching, shaking, and
stiffness. Nontypical signs included panting, behavioral
changes, collapse, and whining; vomiting, diarrhea, and
choking were rare. Rectal temperature was eclevated,
attributable to increased muscle activity. After treat-
ment with intravenous calcium gluconate (mean dose,
115 mg/kg), iCa concentration normalized within
25 minutes in 90% of dogs. Most dogs received more
than one injection of calcium gluconate, but the total
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calcium dose given did not correlate to initial iCa
concentration. In one lactating bitch, severe hypocal-
cemia and hypomagnesemia occurred in association
with acute onset of gastric and bladder atony, conges-
tive heart failure, weakness, and paresis without muscle
fasciculation or seizures.!*

Puerperal tetany is rare in cats.’® Eclampsia was
described in four cats in which hypocalcemia developed
3 to 17 days before parturition.'®® Signs of depression,
weakness, tachypnea, and mild muscle tremors were
most common; vomiting and anorexia were less com-
mon, and prolapse of the third eyelid occurred in some
cats. Hypothermia, instead of hyperthermia as seen in
dogs, was observed. All cats responded to parenteral cal-
cium gluconate initially and to oral calcium supplemen-
tation throughout gestation and lactation.

Tonized hypocalcemia is common in cats with ure-
thral obstruction and is likely to develop in cats that also
have hyperkalemia and metabolic acidosis. Cats with
severe ionized hypocalcemia can exhibit compromised
vital functions, although most survive with relief of ure-
thral obstruction. In 199 cats with urethral obstruction,
iCa was below the reference range in 34%, normal in
47%, and above the reference range in 19%.2%° Of those
with low iCa, 14% had moderate and 6% had severe
hypocalcemia. In an earlier study, 75% of cats with ure-
thral obstruction exhibited low iCa.'** Most of these
cats had clevated tMg probably from reduced renal
function at the time of obstruction. Hypomagnesemia is
not likely to account for the development of hypocal-
cemia in these cats, but iMg was not measured. Calcium
regulatory hormones were not evaluated in either of
these studies. Alkalinizing infusions designed to correct
metabolic acidosis or for translocation of potassium into
cells are often considered for treatment of cats with ure-
thral obstruction, but these can decrease tCa and iCa
concentrations.!1?

Rhabdomyolysis is sometimes associated with
hypocalcemia, but clinical signs of hypocalcemia are
rare. Mild hypocalcemia in dogs and cats with severe
vehicular muscle trauma is occasionally observed (Chew,
personal observations). Hypocalcemia likely occurs as a
consequence of translocation of calcium into the dam-
aged muscles. Symptomatic hypocalcemia resulting in
death of three dystrophin-deficient cats occurred fol-
lowing anesthesia or mild exertion during restraint and
subsequent acute rhabdomyolysis.!”® Hypocalcemia was
documented along with hyperphosphatemia, increased
liver transaminases, and massive increases in creatine
kinase. Hypocalcemia has been described in some dogs
with fatal Vipera xanthina palestinae envenomation.'®
The origin of the hypocalcemia may be multifactorial,
including muscle necrosis. Renal transplantation in 14
cats resulted in decreased iCa in the 5-day postoperative
period.>® All cats also had decreased serum iMg but
normal tMg.

Small Intestinal Diseases

Hypocalcemia may occur in association with gastroin-
testinal disease. Ionized calcium concentration was
below the reference range (mean, 0.99 + 0.19 mmol/L;
reference range, 1.13 to 1.33 mmol/L) in 12 dogs with
intestinal lymphangiectasia.??® Ten of 13 dogs had
hypoalbuminemia with a mean of 2.12 + 0.70 g/dL, and
“corrected” serum tCa was discordant with iCa meas-
urement. Mechanisms for hypocalcemia could include
calcium/fatty acid complexes in the intestinal lumen
that could decrease intestinal calcium absorption.
Hypovitaminosis D from malabsorption or hypomagne-
semia may have contributed to hypocalcemia but was not
evaluated. No dogs had clinical signs associated with
hypocalcemia.

In five Yorkshire terriers and a shih tzu with protein-
losing enteropathy, iCa and tMg concentrations were
moderately to severely low.8”-?”! Concentration of PTH
was increased (secondary hyperparathyroidism), and 25-
hydroxyvitamin D concentration was below the refer-
ence range. It is not clear whether the apparent elevation
in PTH was increased to an appropriate level in the face
of low iCa, or whether maximum production was sup-
pressed because of the effects of hypomagnesemia.
Intravenous supplementation with fluids containing
magnesium salts resulted in increases in PTH and iCa;
25-hydroxyvitamin D remained below the reference
range.” Following 8 weeks of treatment for inflamma-
tory bowel disease, calcium homeostasis was normal
based on normal iCa, PTH, tMg, and 25-hydroxyvita-
min D concentrations. Magnesium repletion apparently
resulted in resolution of hypocalcemia largely because of
increased PTH secretion, whereas 25-hydroxyvitamin D
concentration was still low. Resolution of weakness may
have been the result of correction of hypocalcemia,
hypomagnesemia, or both.

Alkali Administration

The administration of alkaline agents may result in the
development of hypocalcemia. Symptomatic hypocal-
cemia was documented in a cat treated for salicylate
intoxication with sodium bicarbonate.? Muscle fascicula-
tion increased during treatment with sodium bicarbon-
ate, and serum tCa was low. A single dose of intravenous
sodium bicarbonate at 4 mEq/L to cats resulted in a
maximal decrease of iCa 10 minutes following infusion;
iCa remained below baseline for 3 hours.!? Part of the
decrease in iCa was attributed to dilution and part to
increased pH of serum, but most of the decrease was the
result of unidentified factors. Similar findings were noted
in dogs receiving sodium bicarbonate infusion.345
Twitching has been observed on rare occasion during or
shortly after infusion of sodium bicarbonate solutions to
cats with urethral obstruction and to dogs or cats with
renal failure (Chew, personal observations) presumably
because of decreases in serum iCa.
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Acute Reversal of Chronic Hypercalcemia

The sudden correction of chronic hypercalcemia can
result in hypocalcemia as a result of parathyroid gland
atrophy and inadequate ability to synthesize and secrete
PTH. This happens frequently in dogs with primary
hyperparathyroidism caused by parathyroid gland ade-
noma following surgical excision of the affected parathy-
roid gland(s). The degree of parathyroid gland atrophy
depends on the magnitude of hypercalcemia and its
duration before correction. Two dogs with spontaneous
infarction of a parathyroid gland adenoma have been
reported with the development of hypocalcemia and
clinical signs.**? Rapid correction of hypercalcemia fol-
lowing chemotherapy for lymphosarcoma or surgical
excision of anal sac adenocarcinoma often results in mild
hypocalcemia that is usually not associated with clinical
signs, but clinical signs of hypocalcemia may occur.?*!
Persistent hypocalcemia has been observed in dogs fol-
lowing parathyroidectomy in association with hypomag-
nesemia. In three dogs, hypocalcemia resolved following
supplementation with magnesium salts, but calcium reg-
ulatory hormones were not measured (Chew, unpub-
lished observations).

Tumor Lysis Syndrome

Tumor lysis syndrome occurs when there is rapid
destruction of sensitive tumor cells (usually lymphoid or
bone marrow tumors) following chemotherapy.*%°
Release of intracellular products can result in hyper-
kalemia, hyperphosphatemia, and hyperuricemia.
Hypocalcemia can develop as calcium-phosphate salts are
deposited into soft tissues by mass-law effects from
markedly increased serum phosphorus?®388413 and may
be associated with the development of AIRF. Tumor lysis
syndrome is a rarely reported cause of symptomatic
hypocalcemia in dogs,38413 although it may be more
common than previously reported because The Ohio
State University oncology service has documented seven
cases (Couto, personal communication, 2004).

Nutritional Secondary Hyperparathyroidism

Vitamin D deficiency and nutritional secondary hyper-
parathyroidism associated with low calcium and /or high
phosphorus concentrations in the diet results in low
serum iCa and phosphorus concentrations, with an
increase in PTH secretion. Nutritional secondary hyper-
parathyroidism may also occur when severe gastrointesti-
nal disease is present, limiting the absorption of calcium
and vitamin D. Increased PTH secretion tends to return
serum iCa concentration to normal, but decreases serum
phosphorus concentration.?®” The occurrence of nutri-
tional secondary hyperparathyroidism has decreased dra-
matically since the advent of feeding commercially
available, nutritionally complete and balanced pet
food.2** Nutritional secondary hyperparathyroidism was
induced in adult beagles by feeding a diet high in phos-

phorus and low in calcium, with a calcium to phospho-
rus ratio of 1:10.12% A significant increase in PTH pro-
duction was seen at 10 weeks of feeding, and cancellous
bone volume was reduced by 20% to 30%. Under exper-
imental conditions, puppies fed a low-calcium, normal
phosphorus content diet exhibited increased concentra-
tions of PTH and calcitriol, with a decrease in 24,25-
dihydroxyvitamin D concentration.??® In five German
shepherd dog puppies fed a diet consisting of 80%
steamed rice and 20% raw meat, nutritional secondary
hyperparathyroidism was observed.?®” This diet appar-
ently had an adequate calcium concentration but con-
tained an excess of phosphorus. All puppies showed
moderate to marked fibrous osteodystrophy.

Serum iCa and phosphorus concentrations were
below the reference range in six young cats with nutri-
tional secondary hyperparathyroidism.>?? Clinical signs
referable to hypocalcemia (excitation, muscle twitching,
seizures) and spontaneous fractures of bones were pres-
ent in most cats. Renal secondary hyperparathyroidism
preferentially affects the bones of the face (fibrous
osteodystrophy), whereas nutritional secondary hyper-
parathyroidism tends to cause osteopenia of the long
bones and vertebrae. Calcitriol concentration was mildly
increased in three of four cats in which it was measured,
whereas 25-hydroxyvitamin D was mildly decreased in
three of three cats. PTH concentrations were increased
in all cats and ranged from a minimal increase in one cat
to a marked increase of 4 to 9.7 times the upper range in
the remaining five cats. Cats had been fed meat only
(three cats), meat combined with vegetables (two cats),
or vegetables only (one cat). Dietary calcium intake was
less than one tenth of the minimal nutritional require-
ment; dietary intake of phosphorus was mildly below the
minimal requirements in five of six cats. An unfavorable
calcium to phosphorus ratio existed for all diets. A case
of type 2 vitamin D—-dependent rickets was described in
a 4-month-old cat examined because of vomiting, diar-
rhea, muscle tremors, and mydriasis of acute onset.*”8
Serum tCa and tMg concentrations were decreased, and
serum phosphorus, calcitriol, and PTH concentrations
were increased, excluding hypoparathyroidism as the
cause of hypocalcemia. Calcitriol and calcium salt sup-
plementation resulted in the return to normocalcemia.

Exotic animals may be at increased risk for the devel-
opment of nutritional secondary hyperparathyroidism
because nutritional requirements are not always known.
Nutritional secondary hyperparathyroidism was docu-
mented in a 3-month-old tiger cub that was fed only
beef with no calcium or vitamin supplementation.>®¢
This tiger cub was reluctant to walk, exhibited osteody-
strophy of the lumbosacral vertebrae, and had an ele-
vated serum PTH concentration. Clinical signs improved
after administration of vitamin D and calcium.

With the feeding of BARF (biologically appropriate
raw food, or bones and raw food) and other homemade
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diets, the occurrence of nutritional secondary hyper-
parathyroidism is more likely. In a recent report, 6-week-
old, large-breed puppies from two litters were fed a BARF
diet on weaning.!3° Puppies were weak, exhibited pain,
and had abnormal-appearing joints, and some were
unable to stand. In puppies that were radiographed,
osteopenia was noted, with pathologic fractures apparent
in multiple long bones. In euthanized puppies, the long
bones were pliable, and cortices were thin. Parathyroid
glands were prominent, and histologically, fibrous
osteodystrophy was present in bones. Nutritional second-
ary hyperparathyroidism was attributable to a diet low in
calcium and an inappropriate calcium to phosphorus ratio.

EFFecTs oF DRuUGS

Drug administration may cause a decrease in iCa. A sig-
nificant decrease in iCa was observed in dogs adminis-
tered enrofloxacin at 5 mg/kg intramuscularly once daily
for 14 days.!3% Mean iCa decreased to its nadir on day 3,
remained below normal at day 10, and normalized by
day 14 despite continued administration of enrofloxacin.

The administration of mithramycin or bisphospho-
nates can cause mild hypocalcemia as a side effect in
humans, but symptomatic hypocalcemia is rare.12>51°
The potential for development of hypocalcemia exists in
dogs following mithramycin administration because nor-
mal dogs and those with malignancy-associated hyper-
calcemia undergo significant decreases in serum iCa and
tCa. #3444 Use of mithramycin is reserved for emergency
management of hypercalcemia refractory to other treat-
ments because of severe toxicity in some dogs.

Phosphate enema administration can result in
hypocalcemia after rapid absorption of phosphate, hyper-
phosphatemia, and subsequent mass law interaction with
serum calcium. This is particularly a problem in cats and
small dogs in which death can occur.!6:260:468523 Serym
tCa decreased within 45 minutes of administration of a
hypertonic phosphate enema to cats and persisted for
4 hours.!'® Mean serum phosphorus was more than
14 mg/dL within 15 minutes, and increases persisted
for 4 hours. Serum tCa concentrations were negatively
correlated to serum phosphorus. Mild hypernatremia,
severe hyperphosphatemia (mean, 37.6 mg/dL), and
hypocalcemia were noted in five cats. Phosphate enemas
should not be used in small dogs, cats, or in debilitated
patients of any size.

Hypoparathyroidism

Hypoparathyroidism is an absolute or relative deficiency
of PTH secretion that can be permanent or transient.
Hypocalcemia and clinical signs referable to low iCa con-
centration are the hallmarks of advanced hypoparathy-
roidism. Hypoparathyroidism in dogs is most commonly
idiopathic, whereas surgical removal of or injury to the
parathyroid gland during thyroidectomy to correct
hyperthyroidism is the most common cause in cats.

Idiopathic chronic inflammation of parathyroid tissue
occurs sporadically in both dogs and cats but more com-
monly in dogs. It is presumed that parathyroiditis has an
immune-mediated mechanism. Histopathologic study of
affected parathyroid glands reveals inflammatory cell
infiltration (lymphocytes, plasma cells, and neutrophils),
fibrosis, and loss of secretory cells.82169:404:406.485 Clinjcal
signs occurred 1 to 26 weeks (mean, 7 weeks) before
diagnosis of primary hypoparathyroidism in cats*** and
1 day to 25 weeks (mean, 3 weeks) before diagnosis in
dogs.8? Primary hypoparathyroidism and parathyroiditis
occur in dogs and cats of any age but more frequently in
female dogs and male cats. In 735 dogs with primary
hypoparathyroidism, 62% were female and 38% were
male.*23 Mean age was 7.0 = 3.9 years, with 71% of diag-
noses occurring in purebred dogs. The highest odds
ratios for hypoparathyroidism correcting for breed pop-
ularity occurred in the standard schnauzer, Scottish ter-
rier, miniature schnauzer, West Highland white terrier,
and dachshund. Reduced risk was identified for the
German shepherd dog, shih tzu, and Labrador retriever.
In another study, 357 dogs were diagnosed with primary
hypoparathyroidism over a 2-year period.*”” Mixed-
breed dogs accounted for 25% of the cases, with 13%
schnauzers, 7% Labrador retrievers, 5% dachshunds, 4%
Yorkshire terriers, 4% poodles, 3% golden retrievers, and
3% Scottish terriers without correction for breed popu-
larity. There were 59 other dog breeds represented with
an incidence of less than 3% each.

Serum tCa concentration is usually less than 6.5
mg/dL (often 4.0 to 4.9 mg/dL) in dogs with primary
hypoparathyroidism. Dogs that have episodes of tetany
or seizures often have serum tCa concentration less than
6.0 mg/dL. Serum phosphorus concentration is greater
than serum calcium concentration in nearly all affected
dogs and cats, and most have hyperphosphatemia.
Parathyroid gland biopsy may confirm the diagnosis of
lymphocytic parathyroiditis as the cause of primary
hypoparathyroidism, but the parathyroid glands can be
difficult or impossible to locate during surgical explo-
ration because of atrophy and fibrosis. Parathyroid gland
biopsy is not recommended to confirm hypoparathy-
roidism since the advent of validated PTH assays for use
in the dog and cat.

Diagnosis of Hypoparathyroidism. Inappropriately
low concentrations of PTH result in hypocalcemia,
hyperphosphatemia, and decreased concentrations of
1,25-dihydroxyvitamin D (calcitriol). Hypocalcemia
results from increased urinary loss of calcium (hypercal-
ciuria), reduced bone resorption, and decreased intes-
tinal absorption of calcium. Hyperphosphatemia results
from decreased urinary loss of phosphorus (hypophos-
phaturia) that overrides the effects of decreased bone
resorption and decreased intestinal absorption of phos-
phorus (secondary to calcitriol deficit) on serum phos-
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phorus concentration. PTH is a potent stimulator and
phosphorus is a potent inhibitor of the 25-hydroxyvita-
min D-lo-hydroxylase enzyme system in renal tubules.
Consequently, the absence of PTH and the presence of
hyperphosphatemia act together to decrease renal syn-
thesis of calcitriol. Decreased concentrations of calcitriol
contribute to hypocalcemia via decreased intestinal cal-
cium absorption. Hypocalcemia unrelated to low PTH
concentrations may arise from increased uptake of cal-
cium by bone after rapid correction of long-standing
hyperparathyroidism or hyperthyroidism, both of which
are associated with loss of bone calcium before treatment
(“hungry bone” syndrome).>01,516,563

Definitive diagnosis of primary hypoparathyroidism is
based on the combination of clinical signs (see Box 6-5),
low iCa concentration, and PTH concentration inappro-
priately low to the magnitude of ionized hypocalcemia.
Hypoparathyroidism is the only possible diagnosis when
low serum calcium concentration, high serum phospho-
rus concentration, normal renal function, and low PTH
concentration are present in combination. Low serum
calcium and high serum phosphorus concentrations can
be encountered during nutritional and renal secondary
hyperparathyroidism, after phosphate-containing ene-
mas, and during tumor lysis syndrome, but PTH is
increased in all of these conditions.

PTH should be measured in patients with chronic
hypocalcemia of undetermined etiology. Primary
hypoparathyroidism requires lifelong treatment, and
confirmation of the diagnosis with PTH measurement is
recommended. It is not necessary to measure PTH rou-
tinely in patients with postsurgical hypocalcemia because
this effect is usually transient and the cause obvious.
PTH concentrations should be determined for patients
in which hypocalcemia does not resolve. Absolute
hypoparathyroidism is present if a PTH concentration
below the reference range is detected simultaneously
with hypocalcemia. Relative hypoparathyroidism is pres-
ent if PTH concentration is inappropriately low but
remains within the normal reference range. Increased
serum phosphorus and decreased calcitriol concentra-
tions provide further support for a diagnosis of
hypoparathyroidism.?!”

Causes of Hypoparathyroidism. The causes of
hypoparathyroidism can be divided into three categories:
(1) suppressed secretion of PTH without parathyroid
gland destruction,!1-13¢ (2) sudden correction of chronic
hypercalcemia, and (3) absence or destruction of the
parathyroid glands. The most common category of hypo-
parathyroidism in dogs and cats is absence or destruction
of the parathyroid glands.

Postoperative hypocalcemia develops 1 to 3 days after
thyroidectomy in approximately 20% to 30% of
cats.46:177,180,209.555 Some cats developed hypocalcemia as
late as 1 to 2 weeks after surgery. The surgical technique

used for thyroidectomy influences the chances that
hypocalcemia will develop, and hypocalcemia occurred
in more than 80% of cats when original extracapsular
technique was used.!”” Bilateral thyroidectomy results in
loss of the two internal parathyroid glands, and
hypoparathyroidism is permanent in patients in which
the external parathyroid glands are completely removed
during bilateral thyroidectomy. Hypocalcemia and
hypoparathyroidism do not develop if the two external
parathyroid glands are not excised or damaged during
thyroidectomy. Normocalcemia can be maintained with
one completely functional parathyroid gland.

Hypoparathyroidism is usually transient when the
external parathyroid glands are retained but have their
blood supply disrupted (parathyroid gland ischemia after
physical trauma, vessel stretching, suture, cautery, or
transection) during surgery. Permanent hypoparathy-
roidism is rare, but it may take as long as 3 months to be
certain whether remaining parathyroid tissue can recover
by hyperplasia. 6496460 Similar injury to parathyroid
glands can occur during any extensive surgery of the
neck in dogs??>?78 or cats or after exploration of the neck
for unilateral parathyroid gland removal. Restored vascu-
lar supply to damaged parathyroid tissue seems unlikely
as the mechanism for recovery from hypocalcemia. It is
more likely that hyperplasia and hypertrophy of parathy-
roid gland remnants left behind during surgery or
ectopic parathyroid tissue achieve sufficient mass to syn-
thesize adequate amounts of PTH. Experimental cats
subjected to parathyroidectomy predictably developed
hypocalcemia and low serum PTH concentration, but,
interestingly, the hypocalcemia resolved, although the
PTH concentrations remained low.!”® Autotransplanta-
tion of parathyroid tissue after bilateral thyroparathy-
roidectomy was associated with reduced morbidity and
rapid return of serum calcium concentrations to normal
in experimental cats.3%”

Long-standing ionized hypercalcemia causes normal
parathyroid tissue to atrophy. If hypercalcemia is nonpara-
thyroid in origin, PTH concentrations will already be low.
Rapid correction of hypercalcemia results in hypocalcemia
because the atrophic parathyroid glands cannot respond
immediately to the need for increased PTH secretion.
Surgical removal of a single parathyroid gland tumor
(usually an adenoma) commonly causes postoperative
hypocalcemia in this manner. Hypocalcemia severe
enough to require treatment is likely to develop within
24 to 48 hours. Nearly 50% of dogs with primary hyper-
parathyroidism can be expected to develop clinical signs of
hypocalcemia 3 to 6 days after surgical removal of a
parathyroid gland tumor. Hypocalcemia is more likely to
develop in dogs with higher presurgical iCa concentra-
tions. More than one half of hyperparathyroid dogs
exhibit a rapid decrease in serum iCa concentration that
normalizes within 24 hours of surgery. Serum iCa
concentrations in the remaining dogs usually normalize by
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2 or 3 days after surgery, but some require as long as 5
days. Hypoparathyroidism resolves for most affected dogs
in 8 to 12 weeks. Cats develop hypocalcemia less fre-
quently than dogs after surgical correction of primary
hyperparathyroidism.!33263

Hypoparathyroidism following spontaneous infarc-
tion of a parathyroid gland tumor previously causing
hypercalcemia is a rare condition that can result in acute
hypocalcemia in dogs.*#? The rapid correction of cancer-
associated hypercalcemia (e.g., with tumor excision and
chemotherapy) can be associated with hypocalcemia and
low PTH concentration, but hypocalcemia is usually
minor and transient.

Both acute hypermagnesemia and severe magnesium
depletion may suppress PTH secretion.?$422521 Ag with
hypocalcemia, mild acute hypomagnesemia stimulates
PTH secretion, but severe magnesium depletion
decreases PTH secretion, increases end-organ resistance
to PTH, and may impair calcitriol synthesis. The end-
organ resistance to PTH that develops during magne-
sium depletion may persist for days after magnesium
repletion and resumption of normal PTH concentrations
in humans. Until recently, hypomagnesemia has been
reported rarely in dogs and cats with hypoparathy-
roidism. Normal serum tMg does not guarantee a nor-
mal iMg concentration because there is substantial
discordance between these two measurements.

Magnesium depletion can cause functional hypo-
parathyroidism, and measurement of serum iMg con-
centration is recommended to exclude or identify this
form of hypoparathyroidism. Serum tMg concentrations
in dogs and cats with primary hypoparathyroidism usu-
ally have been normal when measured.?21%° In 357 dogs
with primary hypoparathyroidism, mean iCa and mean
PTH concentrations were below the reference range.*””
The iMg concentration was below the reference range
in 39%, within the reference range in 55%, and above
the reference range in 6% of dogs with hypoparathy-
roidism. Of the 55% of dogs with iMg within the refer-
ence range, 69% had an iMg concentration within the
lower half of the reference range, and only 31% had an
iMg concentration within the upper half of the reference
range.

Despite the relative paucity of published reports from
cats, hypoparathyroidism was diagnosed in 27 cats dur-
ing a 2-year period.*”” Of cats with hypoparathyroidism,
59% were domestic shorthairs, 22% were an unspecified
breed, and 15% were Siamese. Mean serum iCa concen-
tration was below the reference range, and mean PTH
concentration was in the lower half of the reference
range. The iMg concentration was below the reference
range in 37%, within the reference range in 59%, and
above the reference range in 4%. Of the 59% of cats with
iMg within the reference range, 88% had an iMg con-
centration within the lower half of the reference range,

and only 12% had an iMg concentration within the
upper half of the reference range. These results suggest
that a large number of dogs and cats with hypoparathy-
roidism also exhibit subnormal or marginal iMg concen-
trations. The impact of magnesium supplementation in
the treatment of hypoparathyroidism should be investi-
gated. Although primary hypoparathyroidism is usually
diagnosed in older cats, it has been reported in a
6-month-old kitten initially evaluated for lethargy, inap-
petence, muscle tremors, and seizures.3!

Most causes of primary hypoparathyroidism have
been attributed to immune destruction of parathyroid
tissue. Early reports of hypoparathyroidism in dogs and
cats did not consistently evaluate magnesium status and
used tMg when it was reported. Based on discordance of
magnesium status using iMg versus tMg, hypomagne-
semia based on tMg assessments may have underesti-
mated a role for hypomagnesemia in the genesis of
hypoparathyroidism in animals. Hypomagnesemia may
decrease cell membrane receptor sensitivity to iCa and
PTH, as well as decrease PTH synthesis.3?° Serum iMg
concentration should be measured when iCa and PTH
concentrations are determined.

The potential role of magnesium depletion in the
development of postthyroidectomy hypocalcemia in cats
has not been explored. Magnesium depletion could play
a role in the development of postoperative hypocalcemia
in cats with hyperthyroidism because hyperthyroidism
can be associated with magnesium depletion.!®®

Canine distemper virus (CDV)-induced parathyroid
hypofunction may contribute to development of
hypocalcemia. Dogs infected with CDV had reduced
serum tCa concentrations associated with ultrastructural
evidence of parathyroid gland inactivity, degeneration,
and viral inclusions.>>*

Miscellaneous Causes of Hypocalcemia

Metabolites of ethylene glycol can chelate calcium and
become deposited in soft tissues, resulting in hypocal-
cemia. Both dogs and cats exhibit hypocalcemia after
ethylene glycol ingestion.’'® Secizures have been
observed in dogs within hours of ingestion; renal func-
tion was normal at this time (Chew, personal observa-
tions). Hypocalcemia often develops later when renal
function is severely reduced from acute renal failure and
when hyperphosphatemia is severe.

Acute decreases in iCa concentrations are most com-
monly caused by acute respiratory alkalosis in humans.*22
It is likely that this phenomenon also occurs in dogs and
cats subjected to the stresses of hypocalcemia and a visit
to a veterinary clinic. This could explain the phenome-
non of mild stress-induced seizures or tetany in dogs that
have hypocalcemia, as the alkalosis shifts some calcium to
the protein-bound state, causing more severe ionized
hypocalcemia.
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TREATMENT OF HYPOCALCEMIA

Puerperal tetany is the condition most likely to require
correction of hypocalcemia acutely, but chronic treat-
ment is not needed. Hypoparathyroidism is the only
condition requiring acute and chronic treatment to alle-
viate clinical signs of hypocalcemia. Other conditions
associated with hypocalcemia are transient or result in
minimal decreases in serum calcium concentration, do
not cause obvious clinical signs, and only occasionally
necessitate calcium replacement therapy. No treatment is
indicated for hypocalcemia attributable entirely to
hypoalbuminemia or hypoproteinemia, assuming that
the iCa fraction is normal.

Treatment is individualized based on severity of clini-
cal signs, magnitude of hypocalcemia, rapidity of decline
in serum calcium concentration, and trend of serial
serum calcium measurements (i.e., further decrease or
stability). Aggressive treatment is prescribed for patients
with severe clinical signs of hypocalcemia, patients with
severe ionized hypocalcemia with or without signs, and
patients in which serum calcium concentration is steadily
or rapidly declining. Acute, subacute, and chronic rescue
treatment regimens are available using supplementation
with calcium salts and vitamin D metabolites. The goal
of therapy is to increase serum calcium concentration to
a level that alleviates the signs of hypocalcemia, mini-
mizes the likelihood of the development of hypercal-
cemia, and reduces the magnitude of hypercalciuria
(especially in patients with hypoparathyroidism). It is
usually not necessary or desirable to return serum cal-
cium concentration completely to normal because many
clinical signs improve dramatically with slight increases in
serum calcium concentration, and the consequences of
overcorrection can be serious. For suspected temporary
postsurgical hypoparathyroidism, it is desirable to keep
the serum calcium concentration relatively low to maxi-
mize compensatory hypertrophy of remaining parathy-
roid glands.

In patients with hypoparathyroidism, no treatment
regimen completely compensates for the full range of
physiologic actions of the absent PTH. Vitamin D
metabolite treatment corrects the low intestinal absorp-
tion of calcium but does not completely protect the kid-
neys from hypercalciuria as would occur in the presence
of PTH. Similarly, vitamin D metabolites do not exert as
powerful an effect on bone in the absence of PTH.
Replacement therapy with once-daily subcutaneous
injections of human PTH (1-34) in human subjects was
highly effective in providing good 24-hour control of
serum calcium concentration.?® Use of synthetic
human amino-terminal PTH for treatment of veterinary
patients is possible because the amino-terminal portions
of PTH are highly conserved, function iz vivo in
animals, and would be unlikely to elicit an immune
response.

Hypocalcemia severe enough to cause clinical signs
should be anticipated in dogs undergoing parathy-
roidectomy as treatment for hypercalcemia related to a
parathyroid gland adenoma. Animals with very high con-
centrations of serum calcium, PTH, and serum ALP may
be at greater risk of developing postoperative hypocal-
cemia. Postoperative hypocalcemia in this instance is the
consequence of acute hypoparathyroidism resulting from
chronic suppression of remaining parathyroid glands and
calcium uptake into “hungry” bones. Hypocalcemia
should be anticipated in cats that undergo bilateral thy-
roidectomy because up to 30% of cats can be expected to
have transiently lowered serum calcium concentrations.

Therapy should be instituted before the development
of tetany. Preemptive therapy to increase serum calcium
concentration may be a good choice for animals with
marked hypocalcemia with no apparent clinical signs or
for those in which serum calcium concentration is
steadily or rapidly declining. Prophylactic therapy to pre-
vent hypocalcemia in dogs undergoing surgery for
hyperparathyroidism should be considered, especially in
dogs with severe hypercalcemia. Active vitamin D
metabolites should be started before surgery in these
instances because there is a lag time until maximal effect
is achieved. Vitamin D metabolites given at the time of
surgery or just after surgery fail to prevent development
of hypocalcemia.

Autotransplantation of normal parathyroid glands is a
treatment option to minimize postoperative hypocal-
cemia when it is obvious that damage has been done to
the parathyroid glands during surgery (bilateral extra-
capsular thyroidectomy). Autotransplantation of normal
parathyroid glands was studied in experimental cats fol-
lowing Dbilateral extracapsular thyroparathyroidec-
tomy.*8” External parathyroid glands were harvested and
dissected from thyroid tissue, and small pieces of
parathyroid tissue were embedded into the sternohy-
oideus muscle. Cats showed an average decrease of 44%
in serum tCa with the nadir occurring 1.9 days following
surgery. Hypocalcemia was present a median of 14 days
in cats having parathyroidectomy and autotransplanta-
tion in this study compared with a median of 71 days in
cats of a previous report involving parathyroidectomy
without autotransplantation.1”® Seven of eight cats with
autotransplantation of parathyroid glands regained nor-
mocalcemia within 20 days without oral calcium salt sup-
plementation.3%”

Acute Management of Hypocalcemia Causing
Tetany or Seizures

Tetany or seizures caused by hypocalcemia require treat-
ment with intravenously administered calcium salts.
Calcium is administered to effect, at a dosage of 5 to
15 mg/kg of elemental calcium (0.5 to 1.5 mL/kg of
10% calcium gluconate) over a 10- to 20-minute
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period. 111169406407 The calcium content of different cal-
cium salts varies considerably (Table 6-5). There is no
difference in effectiveness of calcium salts administered
intravenously to correct hypocalcemia when the dose is
based on elemental calcium content. Calcium gluconate
is often the calcium salt of choice because it is nonirri-
tating if the solution is inadvertently injected perivascu-
larly. In contrast, calcium chloride is extremely irritating
to tissues but provides more elemental calcium in each
milliliter of solution (see Table 6-5).

The heart rate and electrocardiogram should be mon-
itored during acute infusions of calcium salts.
Bradycardia may signal the onset of cardiotoxicity arising
from excessively rapid infusion of calcium. Sudden eleva-
tion of the ST segment or shortening of the QT interval
also may indicate cardiotoxicity resulting from the cal-
cium infusion. Not all clinical signs abate immediately
after acute correction of hypocalcemia; some may persist
for 30 to 60 minutes. Nervousness, panting, and behav-
ioral changes may persist despite return of normocal-
cemia during this period, perhaps reflecting a lag in
equilibration between cerebrospinal fluid and ECF cal-
cium concentrations.!0%274460  Hyperthermia that
resulted from increased muscle activity or seizures may
also take time to dissipate.

Subacute Management of Hypocalcemia

The initial bolus injection of elemental calcium can be
expected to decrease signs of hypocalcemia for as little as
1 hour to as long as 12 hours if the underlying cause of
hypocalcemia has not been corrected. Vitamin D
metabolites should be administered as soon as possible
because some of them require a few days before intes-
tinal calcium transport is maximized. Calcitriol exerts
initial effects on the intestine within 3 to 4 hours.5*
Additional parenteral calcium salt administration is nec-
essary until therapy with vitamin D metabolites is effec-
tive at maintaining serum calcium concentration at an
acceptable level.

Multiple intermittent intravenous injections of cal-
cium salts can be administered to control clinical signs,
but this method is not recommended because wide fluc-
tuations in serum calcium concentration are observed.
Instead, continuous intravenous infusion of calcium
is recommended at 60 to 90 mg/kg/day elemental
calcium (2.5 to 3.75 mg/kg/hr) until oral medica-
tions provide control of serum calcium concentra-
tion.82:169:406407 Tpitial doses in the higher range are
administered to patients with more severe hypocalcemia,
and the dose decreased according to the serum calcium
concentration achieved. The intravenous dose of calcium
is further reduced as oral calcium salts and vitamin D
metabolites become more effective.

Ten milliliters of 10% calcium gluconate provides 93
mg of elemental calcium. A convenient method for
infusing calcium is available when intravenous fluids are

given at a maintenance volume of 60 mL/kg/day (2.5
mL/kg/hr). Approximately 1, 2, or 3 mg/kg/hr ele-
mental calcium is provided by adding 10, 20, or 30 mL
of 10% calcium gluconate, respectively, to each 250-mL
bag of fluids. Calcium salts should not be added to flu-
ids that contain lactate, acetate, bicarbonate, or phos-
phates because calcium salt precipitates can occur.
Alkalinizing fluids that contain or generate bicarbonate
should be avoided because they can decrease iCa and
may unmask clinical signs of hypocalcemia in animals
with borderline hypocalcemia.

Subcutaneous administration of calcium gluconate
has been regarded as safe for use in dogs with hypocal-
cemia when diluted to at least 1:1 by volume. The use of
calcium chloride is too caustic to ever be given subcuta-
neously. However, a recent report raises concerns about
the safety of calcium gluconate administration subcuta-
neously. A 6-month-old border collie with hypoparathy-
roidism was initially treated with intravenous calcium
gluconate, followed by oral calcitriol and calcium car-
bonate.*® This dog then received subcutaneous calcium
gluconate three times daily for 2 days, and calcium glu-
conate was diluted as previously recommended. Fever
and pain, swelling, and erythema of the ventral abdomen
were obvious after 2 days of subcutaneous calcium glu-
conate treatments. Initial skin biopsy revealed calcinosis
cutis with pyogranulomatous dermatitis and dermoepi-
dermal separation. The dog’s condition worsened; ulcer-
ation involving about 80% of the skin developed over the
trunk; and the dog was euthanized. A second skin biopsy
revealed severe pyogranulomatous panniculitis with
mineralization of adipocytes.

Reports of this reaction to the subcutaneous admin-
istration of calcium gluconate had not previously been
reported in dogs despite its extensive use by some insti-
tutions (Feldman, personal communication, 2005).
Unfortunately, we are aware of at least three other dogs
with similar severe reactions to the subcutaneous admin-
istration of properly diluted calcium gluconate as treat-
ment for primary hypoparathyroidism, resulting in
euthanasia for most (Chew, personal communications,
2003, 2004). Difterences in an individual animal’s sus-
ceptibility to the effects of calcium salts on subcuta-
neous tissues could account for severe reactions in some
dogs. All dogs with this severe tissue reaction were also
receiving calcitriol, which may potentiate more local
dramatic effects in the subcutaneous tissues as compared
with less active vitamin D metabolites (cholecalciferol,
ergocalciferol, and dihydrotachysterol) commonly used
in the past.

There are only two reports of cats with primary
hypoparathyroidism that were treated with subcutaneous
administration of calcium gluconate. No adverse effects
were noted in one report.!3* Iatrogenic calcinosis cutis,
skin necrosis, and scarring occurred at sites of diluted
calcium gluconate injection and sites where injected
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TABLE 6-5 Treatment of Hypocalcemia

Drug

Preparation

Calcium Content

Dose

Comment

Parenteral Calcium*

Calcium gluconate

Calcium chloride

Oral Calciumf
Calcium carbonate

Calcium lactate

10% solution

10% solution

Many sizes

325- and 650-mg
tablets

9.3 mg of Ca/mL

27.2 mg of Ca/mL

40% tablet

13% tablet

a. Slow IV to effect
(0.5-1.5 mL/kg IV)

b. 5-15 mg/kg/hr IV

¢. SQ diluted calcium
salts

5-15 mg/kg/hr IV

25-50 mg/kg/day

25-50 mg/kg/day

Stop if bradycardia or
shortened QT interval
occurs

Infusion to maintain
normal Ca

SQ calcium salts can
cause severe skin
necrosis/minerali-
zation; no longer
recommended
as safe

Only given IV because
extremely caustic
perivascularly

Most common calcium
supplement

Calcium chloride Powder 27.2% 25-50 mg/kg/day May cause gastric
irritation
Calcium gluconate Many sizes 10% 25-50 mg/kg/day
Time for Time for
maximal toxicity
effect effect
Vitamin D to occur: to resolve:
Vitamin D, Initial: 4000-6000 5-21 days 1-18 weeks
(ergocalciferol) U/kg/day;
Maintenance:
1000-2000
U/kg once daily
to once weekly
Dihydrotachysterol Initial: 0.02-0.03 1-7 days 1-3 weeks
mg/kg/day
Maintenance:
0.01-0.02
mg/kg every
24-48 hours
1,25-(OH),D, Initial: 20-30 1-4 days 2-14 days
(calcitriol) ng/kg/day for
3-4 days
Maintenance:

5-15 ng/kg/day

*Do not mix calcium solutions with bicavbonate-containing fluids as precipitation may occur.

1Calculate dose on elemental calcium content. IV, Intravenous; SQ, subcutaneous.

fluids pooled in one cat.**® This cat survived. Because of
the severity of adverse reactions that have recently been
observed in dogs and a cat, the administration of subcu-
taneous fluids containing calcium gluconate is no longer
recommended as a safe and predictable treatment.

Subacute and Chronic Maintenance

Supplemental elemental calcium is administered orally
(see Table 6-5) to guarantee adequate calcium for intes-
tinal absorption after treatment with vitamin D metabo-
lites. Oral calcium administered by pill or slurry is most
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important during initial treatment, especially if the ani-
mal is not eating. Active intestinal transport of calcium is
under the control of calcitriol when calcium intake is
low, but vitamin D-independent (passive) intestinal
absorption of calcium occurs when calcium intake is
high. The passive mechanisms for intestinal calcium
transport can be used therapeutically before the actions
of vitamin D take effect in the intestine. In most patients,
normal dietary intake of calcium is sufficient to maintain
adequate serum calcium concentrations in the presence
of vitamin D metabolite treatment. Consequently, oral
calcium salt supplementation can be tapered and discon-
tinued in many instances as vitamin D compounds reach
maximal effect.

Calcium carbonate is the most widely used oral prepa-
ration of the calcium salts because it contains the great-
est percentage of elemental calcium. This approach
allows fewer pills to be administered. The degree of cal-
cium ionization from its salt and its bioavailability for
absorption vary for each calcium salt and with conditions
in the intestine. Consequently, it is not a simple matter
to determine the bioavailable elemental calcium content
of a specific oral calcium salt. Oral calcium is usually
administered at 25 to 50 mg/kg/day elemental calcium
in divided doses. Oral calcium carbonate serves as an
intestinal phosphate binder in addition to providing cal-
cium for intestinal absorption. It is advisable to continue
oral calcium carbonate therapy for its intestinal phos-
phate-binding effects if serum phosphorus concentration
remains increased. Lower serum phosphorus concentra-
tions may allow increased endogenous synthesis of
calcitriol because phosphate inhibits renal synthesis of
calcitriol.

Vitamin D preparations (see Table 6-5) include ergo-
calciferol, cholecalciferol, dihydrotachysterol (DHT),
25-hydroxycholecalciferol (calcidiol), 1o-hydroxychole-
calciferol, and calcitriol. Ergocalciferol, DHT, and cal-
citriol are the preparations most commonly used in
veterinary medicine. Lifelong treatment with some form
of vitamin D metabolite is necessary for patients with
primary hypoparathyroidism or postoperative hypocal-
cemia that fails to resolve spontaneously.

Ergocalciferol is favored by some because of its low
cost,*?2 but it has several features that make it the least
attractive agent for treatment of hypocalcemia.
Ergocalciferol and its immediate metabolite, 25-hydrox-
yergocalciferol, have low VDR avidity; thus high doses
are necessary. Ergocalciferol is highly lipid soluble, and
several weeks are required to saturate body stores and
achieve a maximal effect. It also has a long half-life.
Consequently, prolonged periods of hypercalcemia
occur after overdose with ergocalciferol. In addition,
there is extreme individual variation in the dose of ergo-
calciferol required to achieve a target serum calcium
concentration. Use of loading doses reduces the time
required to achieve a maximal effect (see Table 6-5).

DHT is a synthetic vitamin D analogue with onset of
maximal effect and biologic half-life between those of
ergocalciferol and calcitriol. The polarity and lower dose
requirements of DHT limit its storage in fat compared
with ergocalciferol. Toxicity resulting from hypercal-
cemia still can be prolonged (up to 30 days), and there
is wide variation in the dose required to achieve a target
serum calcium concentration. Use of loading doses
reduces the time to maximal effect.

Calcitriol is the vitamin D metabolite of choice to
provide calcemic actions because it has the most rapid
onset of maximal action and the shortest biologic half-
life. Calcitriol is approximately 1000 times as effective
as parent vitamin D and 500 times as effective as its pre-
cursor, calcidiol (25-hydroxyvitamin D), in binding to
the VDR. The dose of calcitriol can be adjusted fre-
quently because of its short half-life and rapid effects on
serum calcium concentration. If hypercalcemia occurs,
it abates quickly after dose reduction. The half-life of
calcitriol in blood is 4 to 6 hours, whereas its biologic
half-life is 2 to 4 days. Loading protocols for use of
calcitriol in animals have not been reported, but it is
logical to use a loading protocol when more rapid cor-
rection of serum calcium concentration is desirable. A
calcitriol dosage of 30 to 60 ng/kg/day has been rec-
ommended.8>1%° This dosage may be satisfactory as a
loading dose, but in our experience it is too high for
chronic maintenance therapy. Calcitriol dosages for
chronic maintenance therapy in humans range from 10
to 40 ng/kg/day, and doses are divided and given
twice daily.217422:562 We have used loading dosages of
20 to 30 ng/kg/day for 3 to 4 days and maintenance
dosages of 10 to 20 ng/kg/day in most patients. The
dose of calcitriol is divided and given twice daily to
ensure sustained priming effects on intestinal epithe-
lium for calcium transport. Calcitriol is commercially
available in 0.25- and 0.50-pg capsules (250 and 500
ng per capsule, respectively; Rocaltrol, Hoffman-
LaRoche, Basel, Switzerland). It is likely that reformu-
lation of calcitriol in doses suitable for a variety of
animal sizes will be necessary. It may be useful to pre-
scribe calcitriol in liquid formulation so that small
adjustments in dosage can be made accurately. A num-
ber of specialty pharmacies reformulate human drugs
for veterinary use and can create any calcitriol dose
needed.

CLINICAL FOLLOW-UP AND
POTENTIAL COMPLICATIONS

Periods of hypocalcemia and hypercalcemia occur spo-
radically in patients during initial efforts to manage
serum calcium concentration. Daily measurement of
serum tCa concentration during stabilization is neces-
sary. Weekly serum calcium measurements should suffice
during maintenance therapy until target serum calcium
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concentration has been achieved and maintained.
Measurement of serum tCa concentration is recom-
mended every 3 months thereafter in animals with
permanent hypoparathyroidism. Serum calcium concen-
tration should be adjusted to just below the reference
range. This not only lessens the likelihood that hypercal-
cemia will develop but also reduces the magnitude of
hypercalciuria that occurs in patients with PTH defi-
ciency. Maintaining a mildly decreased serum calcium
concentration also ensures a continued stimulus for
hypertrophy of the remaining parathyroid tissue in
patients with postoperative hypoparathyroidism.

A change in dosage of vitamin D metabolites should
only occur after maximal effect has occurred and should
be altered gradually. The time lag for maximal effect
varies with the different vitamin D metabolites (see Table
6-5). Dosage increases of 10% to 25% are recommended
when serum calcium concentration is still below the tar-
get level 206497 Vitamin D metabolite and calcium salt
supplementation should be discontinued temporarily in
patients that develop hypercalcemia.

Hypercalcemia is a serious adverse effect of treatment
that can result in death or renal damage causing acute or
CRE.106,111,290 Early signs of hypercalcemia should be
explained to owners, who should be instructed to seek
veterinary attention immediately if clinical signs suggest
hypercalcemia. Clinical signs of hypercalcemia that
clients are likely to recognize include polydipsia,
polyuria, anorexia, vomiting, and lethargy. Animals with
severe hypercalcemia require hospitalization. Fluids,
furosemide, corticosteroids, bisphosphonates, calcitonin,
or some combination may be required. All patients with
symptomatic, vitamin D metabolite-induced hypercal-
cemia should be given a calcium-restricted diet because
increased intestinal absorption of calcium contributes
substantially to the development of hypercalcemia in
hypervitaminosis D.

Patients that maintain serum iCa concentrations in
the target zone are often managed successfully for years.
Twenty-four of 25 dogs with primary hypopara-
thyroidism were managed successfully for more than
5 years,'® and long-term management was successful in
a small number of cats.*%* Patients that develop episodic
or prolonged hypercalcemia during treatment have a
poor prognosis. Management with calcitriol is easier and
more successful in inducing and maintaining serum iCa
concentrations in the target zone than are older thera-
peutic approaches.

Hypercalciuria, nephrocalcinosis, urolithiasis, and
reduced renal function have occurred in humans treated
for chronic hypoparathyroidism.2!7521,562 As many as
80% of human patients treated for 2 years or longer have
decreased creatinine clearance.®? These abnormalities
can be attributed to episodes of hypercalcemia and
hyperphosphatemia and to hypercalciuria that occurs in
the absence of the actions of PTH on the renal tubules.

In the absence of PTH, hypercalciuria occurs more read-
ily at all serum iCa concentrations and is especially severe
as iCa concentrations approach the normal range, which
increases the filtered load of calcium. Nephrocalcinosis,
reduced renal function, and CRF have also been sus-
pected in veterinary patients receiving long-term treat-
ment for hypoparathyroidism, but the risk for these
disorders has not been critically evaluated.*%

Vitamin D metabolite treatment is gradually tapered
and then discontinued in patients with postsurgical
hypoparathyroidism because hypocalcemia is usually tran-
sient. Most cats are able to maintain normal serum iCa
concentrations 2 weeks after thyroidectomy, although
some may take as long as 3 months. Dogs with hypocal-
cemia usually require 6 to 12 weeks of treatment after
removal of a parathyroid gland adenoma. A reduction in
dose of vitamin D metabolites is usually begun 1 month
after initiation of therapy. If serum iCa concentration
declines substantially, the previous dose is resumed, and
reduction is attempted again 1 or 2 months later.
Permanent hypoparathyroidism is likely if failure to main-
tain acceptable serum iCa concentration occurs after
reduction of the vitamin D metabolite dose at 3 months.
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