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     Parathyroid disease is one of the most common endocrine disorders in  general 
medical practice. It is generally manifested by hyperparathyroidism and less 
often by hypoparathyroidism. Hyperparathyroid disease is seen more often 
than previously. It is usually present as solitary disease but can rarely be asso-
ciated with multiple endocrine neoplastic disorders. It is generally sporadic in 
nature but a genetic component is now appreciated in many families. Due to 
automated chemical testing procedures run in general medical practice, 
hypercalcemia, the telltale sign of the disorder, is found very frequently in the 
early stage of the disease when it is generally asymptomatic in most patients. 
Although kidney stones, osteoporosis, fractures, gastrointestinal disease, and 
psychological problems are the classic textbook fi ndings once considered 
pathognomonic of the disorder, these problems are now relatively rare. The 
presence of hypercalcemia and increased parathyroid hormone levels is 
 generally considered diagnostic for the disease. Nowadays, however, normal 
levels of calcium in the blood along with elevated, or inappropriate levels of 
parathyroid hormone with respect to the ambient serum calcium, may be 
characteristic of the entity called eucalcemic or normocalcemic hyperpara-
thyroidism. This is an especially challenging entity to diagnose because of 
the sporadic fl uctuations in serum calcium levels seen in patients from  
 day-to-day. Coupling this with the commonly seen Vitamin D defi ciency 
wherein a high serum PTH level and normal serum calcium is very frequently 
seen, makes this eucalcemic entity harder to diagnose. 

 Another entity that involves hyperfunctioning of the parathyroid gland is 
secondary hyperparathyroidism (also traditionally referred to as renal osteo-
dystrophy), and its relation to chronic kidney disease. It has been recognized 
that as kidney function deteriorates, there is a progressive alteration in normal 
mineral homeostasis, with a disruption of serum and tissue concentrations of 
phosphorus and calcium, and changes in circulating levels of hormones which 
include parathyroid hormone (PTH), 25-hydroxyvitamin D (25(OH)D), 
1,25-dihydroxyvitamin D (1,25(OH) 

2
 D), and other Vitamin D metabolites, 

fi broblast growth factor-23 (FGF-23), and growth hormone. Even in moder-
ately advanced kidney disease (Stage 3 CKD), the ability of the kidneys to 
appropriately excrete a phosphate load is compromised, thereby leading to 
hyperphosphatemia, elevated PTH, and decreased 1,25(OH) 

2
 D with associ-

ated elevations in the levels of FGF-23. The conversion of 25(OH)D to 
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1,25(OH) 
2
 D is also impaired, leading to decreased intestinal calcium 

 absorption and increased PTH. The kidney fails to respond (resistance) 
 adequately to PTH, which normally promotes phosphaturia and calcium 
reabsorption, or to FGF-23, which also enhances phosphate excretion. At the 
tissue level, there is also downregulation of Vitamin D receptor and of resis-
tance to the actions of PTH. In fact, therapy is generally centered on correct-
ing these biochemical and hormonal abnormalities in an effort to limit the 
complications that arise there from. 

 The mineral and endocrine functions disrupted in CKD are critically 
important in the regulation of both initial bone formation during growth (bone 
modeling) and bone structure and function during adulthood (bone remodel-
ing). As a result, bone abnormalities are found almost universally in patients 
with advanced stages of CKD (stage 5 CKD; or those requiring dialysis), and 
in the majority of patients with CKD stages 3–5. More recently, there has 
been an increasing concern of extraskeletal calcifi cation, i.e. calciphylaxis, 
that may result from the deranged mineral and bone metabolism of CKD and 
from the therapies used to correct these abnormalities. 

 Hypoparathyroidism, on the other hand, tends to be a more symptomatic 
problem in most cases because it is associated with hypocalcemia and its 
resulting muscular and neurological problems. Most of these cases follow 
from postoperative sequellae of neck surgery and resulting parathyroid 
gland(s) injury; congenital problems are seen, but rarely so. Hypocalcemia, 
the hallmark of this particular disorder, is not generally missed on routine 
laboratory testing. Corroboration of its existence by adjusting for serum albu-
min is well appreciated by all practitioners. Failure to fi nd increased parathy-
roid hormone levels in this scenario is the hallmark of hypoparathyroidism. 
Rare problems such as pseudo-hypoparathyroidism can clinically mimic true 
hypoparathyroidism. Attention to clinical history and symptoms usually aides 
clinicians in recognizing the distinction. But with the advent of the new assays 
for parathyroid hormone, these particular problems have become easier to 
diagnose. The assay for intact parathyroid hormone has made it possible to 
accurately discern excess of the hormone in the pseudo-state and defi ciency 
of the hormone in real hypoparathyroid state. 

 For practitioners of all stages of experience, diseases of the parathyroid 
glands are not as easily deciphered as most textbooks would indicate. There 
are many subtleties to its pathology and diagnosis. The wealth of new infor-
mation from molecular medicine makes it very challenging for the individual 
practitioner to have a total picture of these entities. To help clinicians, this 
book was developed. It is a small user-friendly text. It provides a present day 
background on mineral physiology and its regulation and couples this with a 
variety of clinical topics on parathyroid gland pathology. 

 Introductory chapters cover calcium regulation and parathyroid gland 
physiology, drawing upon many of the new aspects of glandular control 
mechanisms beyond the classical ones associated with calcium alone. The 
majority of the text covers clinical problems. Although most chapters address 
problems in adult medicine, three separate chapters are devoted to pediatric 
problems of hyper- and hypoparathyroidsm and parathormone resistance 
states. The clinical material for adults is introduced with a general chapter 
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about the patient with calcium problems. The following chapters cover a 
broad spectrum of topics, such as diseases of the calcium receptor, new 
aspects of primary and secondary parathyroid disease, the hypoparathyroid 
and pseudohypoparathyroid patient, pathophysiology of PTH-related protein 
and its diseases, multiple endocrine neoplasia, and familial hypocalcuric 
hypercalcemia. There are several chapters on less common but equally chal-
lenging problems, such as parathyroid cancer, calciphylaxis, cystic lesions of 
the glands, and ectopic glandular disease. The fi nal chapters of the text detail 
the techniques of parathyroid gland imaging and surgical treatment. 

 From personal experience, we know that very few people read a textbook 
from cover to cover. For a variety of reasons, the majority would read only 
one or a few chapters at any given time. Therefore, we tried to ensure that 
each chapter would be complete in itself. As a consequence, there is unavoid-
able overlap among some of the information provided in some chapters; we, 
however, feel that this was truly necessary, at least from an information-
retrieval standpoint, and in this way it will not be necessary for readers to read 
bits of information between one or more chapters just to get complete infor-
mation regarding a particular subject. 

 We trust our readers will refer to this text often in the course of their clini-
cal experiences. As it is with any text of this type, the fl ow of new material 
outpaces publishing deadlines. New information accumulates even as the 
book goes to press. As a result, we welcome useful comments from our audi-
ence about what directions future editions should take.

Cleveland, OH, USA Angelo A. Licata
Chicago, IL, USA Edgar V. Lerma  
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  Abstract 

 Parathyroid hormone (PTH) is central for the hormonal and cellular 
responses that determine mineral metabolism and bone strength. Small 
changes in serum calcium are sensed by the parathyroid G-protein coupled 
calcium-sensing receptor (CaR) and alter PTH secretion, gene expression, 
and if prolonged parathyroid cell proliferation. The major trigger for PTH 
secretion is a low extracellular calcium. PTH then binds to its receptor on 
its target tissues, the bone, and kidney to correct serum calcium. The para-
thyroid also responds to changes in serum phosphate (Pi), 1,25(OH) 2  vita-
min D (1,25D), and fi broblast growth factor-23 (FGF23). The regulation 
of PTH gene expression by dietary-induced changes in serum calcium, 
phosphate, and in chronic kidney failure is post-transcriptional and is 
mediated by the regulated binding of  trans -acting proteins to a defi ned  cis  
element in the PTH mRNA 3 ¢ -untranslated region (UTR). These protein–
PTH mRNA interactions are orchestrated by the peptidylprolyl isomerase 
Pin1. In contrast, 1,25D decreases PTH gene transcription. This chapter 
discusses the molecular mechanisms of regulation of PTH gene expres-
sion that determine serum PTH levels and mineral metabolism.  

  Keywords 

 Parathyroid hormone  •  G-protein  •  Calcium-sensing receptor  •  Serum 
phosphate  •  1,25 (OH) 2  vitamin D  •  Fibroblastic growth factor  •  FGF23  • 
 PTH gene  •  Gene expression  •  Chronic kidney failure  •  CKD  •   Trans -
acting proteins  •   Cis  element  •  Messenger RNA  •  mRNA  •  Peptidylprolyl 
isomerase P  •  Secretory granules  •  Phosphaturic hormone  •  Klotho  • 
 Transmembrane  •  MAP kinase pathway  •  Feedback loop  •  PTH mRNA  • 
 VDR  •  DNA sequence  •  5 ¢ Flanking region  •  Oligonucleotide  •  Osteocalcin  
•  Osteosarcoma  •  VDRE  •  Upregulatory 1,25D response element  •  Retinoid 
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X receptor  •  Heterodimer  •  Chloramphenicol acetyltransferase  •  Histone 
deacetylase  •  Transrepression  •  Hypocalcemia  •  Calreticulin  •  Post-
transcriptional regulation  •  Hypophosphatemia  •  Lanthanum carbonate  • 
 Calcimimetic  •  AU-rich elements  •  ARE  •  Pentanucleotide  •  Exoribonuclease  
•  Exosome  •  Proto-oncogenes  •  Exon  •  Eukaryotic  •  In vitro degradation 
assay  •  mRNA  cis -acting protein binding element  •  mRNA  trans -acting 
stabilizing protein  •  Isoforms  •  Chimeric  •  KSRP decay promoting protein  
•  RNA immunoprecipitation  •  RIP  •  TGF b   •  GM-CSF  •  Dephosphorylation  
•  AUF1  •  AU rich binding protein-1  •  PMR1  •  un-translated region  •  UTR  
•  5′-UTR  •  3′-UTR  •  chronic kidney disease    

   Introduction 

 Parathyroid hormone (PTH) regulates serum cal-
cium and phosphate levels and bone strength. 
The parathyroid is unique in that the trigger for 
PTH secretion is a low extracellular calcium 
rather than high calcium as for other hormones. 
Small decreases in serum calcium and more pro-
longed increases in serum phosphate (Pi) stimu-
late the parathyroid to secrete PTH which then 
acts on its target organs, the kidney and bone, 
to correct serum calcium and Pi levels  [  1  ] . 
Parathyroid cells have few secretory granules as 
compared to other endocrine cells and, therefore, 
PTH production is regulated largely at the levels 
of PTH gene expression and parathyroid cell pro-
liferation  [  2  ] . The regulation of PTH gene expres-
sion by changes in calcium, Pi levels, and chronic 
kidney disease (CKD) is post-transcriptional 
involving regulated protein–PTH mRNA interac-
tions  [  3  ] . The parathyroid also responds to 
changes in serum 1,25(OH) 

2
  vitamin D (1,25D) 

which decreases PTH levels. In contrast to the 
post-transcriptional regulation of PTH gene 
expression by changes in serum calcium and Pi 
levels, 1,25D decreases PTH gene transcription 
 [  4  ] . Fibroblast growth factor-23 (FGF23) is a 
bone-derived phosphaturic hormone that acts on 
the kidney to increase Pi excretion and suppress 
biosynthesis of 1,25D. FGF23 signals through 
fi broblast growth factor receptors (FGFRs) bound 
by the transmembrane protein Klotho  [  5  ] . We 
have identifi ed the parathyroid as a new target 
organ for FGF23  [  6  ] . Recombinant FGF23 

decreases PTH gene expression and secretion 
in vivo and in vitro by activation of the MAP 
kinase pathway. In this chapter, we discuss the 
molecular mechanisms of regulation of PTH 
gene expression by 1,25D, calcium, Pi, and 
FGF23.  

   Regulation of PTH Gene Transcription 
by 1,25(OH) 

2
  Vitamin D 

 1,25(OH) 
2
  vitamin D (1,25D) has independent 

effects on calcium and Pi levels and also partici-
pates in a well-defi ned feedback loop with PTH. 
PTH increases the renal synthesis of 1,25D. 
1,25D then increases blood calcium largely by 
increasing the effi ciency of intestinal calcium 
absorption. The increased serum calcium would 
shut down PTH secretion by activating the para-
thyroid cell 7  trans  membrane G-protein coupled 
calcium-sensing receptor (CaR)  [  7  ] . 1,25D also 
potently decreases PTH gene transcription. This 
action was fi rst demonstrated in vitro in bovine 
parathyroid cells in primary culture, where 1,25D 
led to a marked decrease in PTH mRNA levels 
and a consequent decrease in PTH secretion  [  8  ] . 
The physiological relevance of these fi ndings was 
established by in vivo studies in rats  [  4  ] . Rats 
injected with 1,25D at concentrations that did not 
increase serum calcium showed a marked decrease 
in PTH mRNA levels, reaching <4% of control at 
48 h. This effect was shown to be transcriptional 
both in vivo in rats  [  4  ]  and in vitro in primary 
cultures of bovine parathyroid cells  [  9  ] . In situ 
hybridization fi rst showed the expression of the 
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1,25D receptor (VDR) mRNA in the rat parathy-
roid, confi rming that the parathyroid is indeed a 
target organ for vitamin D  [  10  ] . 

 Several groups have identifi ed DNA sequences 
in the 5 ¢ -fl anking region of the PTH gene that 
may mediate the negative regulation of PTH gene 
transcription by 1,25D. Demay et al.  [  11  ]  identi-
fi ed DNA sequences in the human PTH gene that 
bind the 1,25D receptor (VDR). A 25-bp oligo-
nucleotide containing sequences from −125 to 
−101 relative to the transcription start site bound 
nuclear proteins that were recognized by mono-
clonal antibodies against the VDR. The sequence 
contained a single copy of a motif (AGGTTCA) 
that is homologous to the motifs repeated in the 
upregulatory 1,25D response element (VDRE) of 
the osteocalcin gene. This 25-bp oligonucleotide 
mediated transcriptional repression in response 
to 1,25D in GH4C1 cells but not in a rat osteosar-
coma cell line ROS 17/2.8  [  11  ] . Russell et al. 
 [  12  ]  have shown that there are two negative 
VDREs in the rat PTH gene. One is situated at 
−793 to −779 and bound a VDR/RXR (retinoid X 
receptor) heterodimer with high affi nity and the 
other at −760 to −746 bound the heterodimer 
with a lower affi nity. Transfection studies with a 
VDRE-CAT (chloramphenicol acetyltransferase) 
constructs showed that they had an additive 
effect. Liu et al.  [  13  ]  have identifi ed such 
sequences in the chicken PTH gene and demon-
strated their functionality after transfection into 
the opossum kidney (OK) cell line. They showed 
that there was a p160 protein that specifi cally 
interacted with a heterodimer complex bound to 
the wild-type VDRE, but was absent from com-
plexes bound to response elements associated 
with positive transcriptional activity. Thus, the 
sequence of the individual VDRE appears to play 
an active role in dictating transcriptional 
responses that may be mediated by altering the 
ability of a VDR/RXR heterodimer to interact 
with accessory factor proteins. Further work is 
needed to demonstrate that any of these differing 
negative VDREs function in this fashion in para-
thyroid cells. The  trans -repression by 1,25D has 
also been shown to be dependent upon another 
promoter element. Kato et al. have identifi ed an 
E-box (CANNTG)-like motif as another class of 

negative VDRE (nVDRE) in the human 1 a (OH)
ase promoter  [  14,   15  ] . In sharp contrast to the 
previously reported motif in the hPTH gene pro-
moter, a basic helix–loop–helix factor, designated 
VDR interacting repressor (VDIR), transactivates 
through direct binding to this E-box-type element 
(1 a nVDRE). The functions of VDIR and E-box 
motifs in the human (h) PTH and PTH related 
protein hPTHrP gene promoters have been char-
acterized  [  16  ]  in a mouse renal tubule cell line. 
The hPTH nVDRE alone was enough to direct 
ligand-induced  trans  repression mediated through 
VDR/RXR and VDIR. It was concluded that neg-
ative regulation of the hPTH gene by liganded 
VDR is mediated by VDIR directly binding to 
the E-box-type nVDRE at the promoter, together 
with recruitment of a histone deacetylase (HDAC) 
co-repressor for ligand-induced transrepression 
 [  16  ] . These studies were specifi c to a mouse 
proximal tubule cell line and await the develop-
ment of a parathyroid cell line to confi rm them in 
a homologous cell system. 

 A further level at which 1,25D may regulate 
the PTH gene would be at the level of the VDR. 
1,25D in physiologically relevant doses led to an 
increase in VDR mRNA levels in the parathyroid 
glands in contrast to the decrease in PTH mRNA 
levels  [  10  ] . 1,25D may also amplify its effect on 
the parathyroid by increasing the CaR protein 
levels. Functional VDREs have been identifi ed in 
the CaR gene promoter and probably provide the 
mechanism, whereby 1,25D upregulates parathy-
roid CaR expression  [  17  ] . 

 Weanling rats fed a diet defi cient in calcium 
were markedly hypocalcemic at 3 weeks and had 
very high serum 1,25D levels. Despite the chron-
ically high serum 1,25D levels, serum PTH and 
PTH mRNA levels did not fall and were increased 
markedly  [  18  ] . Calreticulin is a calcium-binding 
protein present in the cell endoplasmic reticulum 
that may also have a nuclear function to regulate 
gene transcription. Calreticulin has been shown 
to bind a protein motif in the DNA-binding 
domain of nuclear hormone receptors of sterol 
hormones. Calreticulin prevents vitamin D’s 
binding and action on the osteocalcin gene 
in vitro  [  19  ] . Sela-Brown et al.  [  20  ]  showed that 
calreticulin may inhibit the action of vitamin D 
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on the PTH gene in hypocalcemic rats. These rats 
had increased levels of calreticulin protein in 
their parathyroid nuclear fraction. It was postu-
lated that the high calreticulin levels would pre-
vent the effect of 1,25D to suppress the PTH 
gene. The lack of suppression of PTH synthesis 
in the setting of hypocalcemia and increased 
serum 1,25D is relevant physiologically because 
it allows an increase in both PTH and 1,25D at a 
time of chronic hypocalcemic stress. Extracellular 
calcium increases parathyroid VDR mRNA 
in vitro suggesting that the activation of the CaR 
upregulates the parathyroid VDR mRNA  [  21  ] . 

 The action of 1,25D to decrease serum PTH is 
used therapeutically in the management of 
patients with chronic kidney disease (CKD). They 
are given 1,25D or its prodrug 1 a (OH)-vitamin 
D 

3
  to treat or prevent the secondary hyperpara-

thyroidism (2HPT) of CKD. The poor response to 
this treatment in some patients may well result 
from poor control of serum Pi, decreased VDR 
concentration in the patients’ parathyroids  [  22  ] , 
an inhibitory effect of a uremic toxin(s) on VDR-
VDRE binding  [  23  ] , or tertiary hyperparathyroid-
ism with monoclonal parathyroid tumors  [  24  ] .  

   Post-Transcriptional Regulation 
of PTH Gene Expression by Calcium, 
Phosphate, and CKD 

 In contrast to the transcriptional effect of 1,25D 
on PTH gene expression described above, the 
regulation of PTH gene expression by hypocalce-
mia, hypophosphatemia, and CKD is post-tran-
scriptional. Dietary-induced hypocalcemia and 
experimental CKD markedly increases PTH 
secretion, mRNA levels, and after prolonged stim-
ulation, parathyroid cell proliferation  [  25,   26  ] . In 
the rat, hypocalcemia leads to a >tenfold increase 
in PTH mRNA levels and this increase in mRNA 
levels is post-transcriptional affecting mRNA sta-
bility  [  25  ] . Serum Pi also has a direct effect on 
PTH secretion, PTH mRNA levels, and parathy-
roid cell proliferation  [  26,   27  ] . Careful in vivo 
studies showed that the regulation of PTH gene 
expression by dietary-induced hypophosphatemia 
is independent of changes in serum calcium and 

1,25D  [  27  ] . In vitro studies, when tissue architec-
ture was maintained, confi rmed the direct effect of 
Pi on the parathyroid. This was shown in whole 
glands or tissue slices of parathyroids from differ-
ent species, but not in isolated cells  [  28–  32  ] . In 
vivo studies showed that Pi depletion leads to a 
dramatic decrease in rat PTH mRNA levels and 
that this effect is post-transcriptional as is the 
effect of hypocalcemia to increase PTH mRNA 
levels  [  25,   27  ] . There is a ~60-fold difference in 
PTH mRNA levels between hypocalcemic and 
hypophosphatemic rats and these dietary models 
were used as tools to defi ne the mechanism of the 
post-transcriptional regulation of PTH gene 
expression  [  25,   33  ] . 

 2HPT is a common disorder in patients with 
CKD  [  34  ] . Experimental kidney failure induces 
an increase in PTH gene expression, secretion, 
and parathyroid hyperplasia which are primarily 
attributed to the retention of Pi and the decreased 
renal capacity to produce 1,25D. Low serum 
1,25D reduces intestinal calcium transport, and 
high serum Pi further decreases the levels of 
serum calcium. The resulting hypocalcemia as 
itself is a strong stimulus to increase PTH gene 
expression and secretion  [  18  ] . However, as men-
tioned, the parathyroid glands also respond 
directly to changes in serum Pi. The high Pi lev-
els can increase PTH synthesis directly, enhance 
PTH mRNA levels, and stimulate parathyroid 
cell proliferation  [  26  ] . 

 In CKD patients with 2HPT, calcimimetics 
and oral Pi binders are effective drugs used to 
control the high serum PTH levels  [  35–  38  ] . In a 
rat model of CKD induced by an adenine high 
phosphate diet, PTH mRNA levels were increased 
already after 3 days of the diet and more so at 
7 and 21 days  [  39  ] . The addition of the calcimi-
metic R568 or an oral Pi binder, lanthanum car-
bonate (La), decreased PTH mRNA and serum 
PTH levels in the CKD rats at both 7 and 21 days 
 [  40  ] . The effects of the adenine diet and the calci-
mimetic or La, as the effects of calcium or Pi 
depletion, on PTH gene expression are all post-
transcriptional  [  25,   41,   42  ] . This regulation of 
PTH mRNA stability is mediated by protein–
PTH mRNA interactions that determine the 
 susceptibility of PTH mRNA to the degradation 
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machinery. The balanced interaction of stabiliz-
ing and destabilizing proteins with the PTH 
mRNA determines PTH mRNA stability and lev-
els, serum PTH and the resultant response of the 
parathyroid to hypocalcemia, hypophosphatemia, 
and CKD  [  33,   42  ] . 

   The PTH mRNA  Cis -Acting Protein 
Binding Element 

 For many mRNAs, post-transcriptional regula-
tion involves critical  cis -acting elements, mostly 
in the untranslated regions (UTRs) that are tar-
gets for  trans -acting proteins regulating mRNA 
stability and translation  [  43  ] . AU-rich elements 
(AREs) are a well-defi ned family of  cis -acting 
elements critical for the expression of many 
unstable mRNAs that code for cytokines, tran-
scription factors, proto-oncogenes, and other 
mRNAs  [  44  ] . Three classes of AREs have been 
identifi ed, two of which contain several scattered 
or overlapping copies of the pentanucleotide 
AUUUA, while the class III AREs lack this motif 
but contain A and U rich sequences and possibly 
other unknown determinants. A number of ARE 
binding proteins have been identifi ed. KH-type 
splicing regulatory protein (KSRP) is an example 
for decay promoting factors  [  43,   45  ] . KSRP inter-
acts with the large multiprotein 3 ¢ –5 ¢  exoribonu-
clease complex, the exosome and recruits it to 
target ARE containing mRNAs thereby promot-
ing their rapid degradation  [  46,   47  ] . Other ARE 
binding proteins, such as the ELAV protein fam-
ily members (mainly HuR), are stabilizing fac-
tors and AU-rich binding factor 1 (AUF-1) 
promotes either decay or stabilization, depending 
on the mRNA and cell type  [  48  ] . 

 PTH mRNAs are typical eukaryotic mRNAs 
that contain a 7-methylguanosine cap at the 5 ¢  
terminus and a poly adenylic nucleic acid (poly 
A) stretch at the 3 ¢  terminus. PTH mRNA con-
sists of three exons coding for the 5 ¢ -UTR (exon 
I), the prepro region (exon II), and the struc-
tural PTH hormone together with the 3 ¢ -UTR 
(exon III) (Fig.  1.1 ). The PTH mRNA 3 ¢ -UTR in 
all species is rich in A and U nucleotides  [  49  ] . 

A specifi c sequence at the 3 ¢  end of the rat PTH 
mRNA 3 ¢ -UTR was identifi ed as a  cis -acting type 
III ARE that determines PTH mRNA stability 
and its regulation  [  50  ] .  

 Protein–PTH mRNA binding experiments 
demonstrated specifi c interaction of rat and human 
parathyroid extracts with transcripts for the rat 
and human PTH mRNA 3 ¢ -UTR terminal region. 
This binding was regulated by calcium or phos-
phate depletion and correlated with PTH mRNA 
levels and stability in vivo  [  25  ] . A 26-nucleotide 
sequence at the 3 ¢  end of the PTH mRNA 3 ¢ -UTR 
is the minimal protein binding region and is 
highly conserved in the PTH mRNA 3 ¢ -UTRs of 
rat, mouse, man, dog, and cat (Fig.  1.1 ). The con-
servation of sequences within a region that does 
not code for protein (UTR) suggests that the 
binding element is a functional unit that has 
been evolutionarily conserved  [  50,   51  ] . This PTH 
mRNA 3 ¢ -UTR element is a  cis -acting sequence 
that determines PTH mRNA stability and its regu-
lation by changes in serum calcium, Pi, and CKD 
(see below)  [  33,   50  ] . 

 There is no parathyroid cell line; therefore, a 
cell-free mRNA in vitro degradation assay 
(IVDA) was utilized to identify the factors 
involved in PTH mRNA decay. The IVDA has 
been shown to reproduce differences in mRNA 
stability that occur in vivo and, specifi cally, the 
differences in PTH mRNA stability induced by 
calcium, Pi, and CKD  [  25,   42,   52  ] . Parathyroid 
extracts from hypocalcemic and CKD rats stabi-
lized and extracts from hypophosphatemic rats 
destabilized transcripts for the PTH mRNA com-
pared to parathyroid extracts from control rat, 
correlating with steady-state PTH mRNA levels 
in vivo. These effects were dependent upon the 
terminal 60 nucleotides of the PTH mRNA 3 ¢ -
UTR  [  25,   41,   42  ] . A 63-nucleotide transcript 
containing the conserved 26 nucleotide ARE and 
fl anking regions was both necessary and suffi -
cient to regulate PTH mRNA stability and to con-
fer responsiveness of reporter mRNAs to changes 
in calcium and Pi  [  50  ] . Structural analysis showed 
that the PTH mRNA 3 ¢ -UTR and, in particular, 
the ARE is dominated by signifi cant open regions 
with little folded base pairing  [  53  ] .  
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   The PTH mRNA  Trans -Acting Stabilizing 
Proteins 

 Two PTH mRNA binding and stabilizing proteins 
have been identifi ed by PTH RNA affi nity chro-
matography. These  trans -acting proteins are 
AUF1 and Up-stream of N- ras  (Unr)  [  54,   55  ] . 
AUF1 consists of four isoforms (p37, p40, p42, 
and p45) that are generated by alternative pre-
mRNA splicing of the AUF1 mRNA  [  56  ] . These 
proteins bind the PTH mRNA 3 ¢ -UTR and 
are part of the PTH mRNA–parathyroid protein 
binding complex. Addition of recombinant AUF1 

isoforms to parathyroid extracts from Pi-depleted 
rats prevented the rapid degradation of PTH tran-
scripts in IVDAs  [  54  ] . AUF1 is modifi ed post-
translationally in the parathyroids of rats fed a 
calcium or a phosphate-depleted diet or CKD rats 
 [  39,   57  ] . These modifi cations could lead to dif-
ferences in AUF1–PTH mRNA binding affi nity 
and PTH mRNA stability. Overexpression of 
AUF1 or Unr in human embryonic kidney (HEK) 
293 cells co-transfected with expression plasmids 
for the PTH gene or a chimeric GH gene contain-
ing the PTH mRNA 3 ¢ -UTR 63 nucleotide  cis-
 acting element, stabilized the PTH mRNA and 
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  Fig. 1.1    Model for the regulation of parathyroid hormone 
mRNA stability by changes in calcium and Pi levels and 
CKD. Schematic representation of the PTH mRNA and 
binding proteins. The nucleotide sequence of the 26-nucle-
otide  cis  element in different species is shown. Nucleotides 
that differ from the rat sequence are in  bold . AUF1 and 
Unr stabilize and KSRP destabilizes PTH mRNA. The 
peptidylprolyl  cis/trans  isomerase Pin1 is upstream of 
KSRP and leads to KSRP dephosphorylation and activa-
tion. In hypocalcemic and experimental CKD rats, the 
enzymatic activity of Pin1 is reduced. As a result, KSRP is 
phosphorylated and hence less active. The stabilizing 

 proteins AUF1 and Unr then bind the PTH mRNA 3 ¢ -UTR 
ARE with a greater affi nity leading to increased PTH 
mRNA stability and levels. In control and more so in phos-
phate depleted rats or in CKD rats treated with a calcimi-
metic (R568) or an oral Pi binder (La), there is increased 
association of PTH mRNA with KSRP and decreased 
association with AUF1 and Unr. KSRP then recruits the 
exosome leading to PTH mRNA decay. Adapted with per-
mission from Naveh-Many T. Minireview: the play of pro-
teins on the parathyroid hormone messenger ribonucleic 
acid regulates its expression. Endocrinol 2009  [  3  ] . 
Copyright 2010, The Endocrine Society       
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chimeric reporter mRNA, but not a PTH mRNA 
lacking the  cis  element nor a reporter mRNA 
containing a truncated PTH element  [  51,   55  ] . 
Knock-down of all four AUF1 isoforms or Unr 
by siRNA led to the opposite effect, decreasing 
PTH mRNA levels  [  55,   57  ] . AUF1 also stabilized 
a reporter mRNA containing the bovine PTH 
mRNA protein-binding element that is different 
from the one characterized in rat  [  51  ] . These 
results identifi ed AUF1 and Unr as PTH mRNA 
stabilizing proteins (Fig.  1.1 ). However, the half-
life of mRNAs is determined by the coordinate 
association of both stabilizing and destabilizing 
factors with the specifi c mRNA in the cytoplasm. 
We therefore studied the relationship between the 
PTH mRNA stabilizing proteins and other ARE-
binding proteins that would affect mRNA decay.  

   KSRP Is a PTH mRNA  Trans -Acting 
Destabilizing Protein 

 We demonstrated that the decay promoting pro-
tein KSRP binds the PTH mRNA 3 ¢ -UTR ARE 
both in vivo in the parathyroid and in vitro. In 
HEK293 cells, KSRP overexpression and knock 
down experiments showed that KSRP decreases 
co-transfected PTH mRNA steady-state levels 
through the PTH mRNA ARE. Overexpression 
of the PTH mRNA stabilizing protein AUF1 iso-
form p45 blocked KSRP–PTH mRNA binding 
and partially prevented the KSRP mediated 
decrease in PTH mRNA levels  [  33  ] . KSRP and 
AUF1 protein–PTH mRNA interactions in the 
parathyroid were studied using a RNA immuno-
precipitation (RIP) assay which provides a mea-
sure of protein–mRNA interactions at a specifi c 
time point in vivo. In this assay, the parathyroid 
glands were cross-linked, AUF1 or KSRP-
containing complexes immunoprecipitated, and 
the amount of PTH mRNA associated with each 
of the proteins determined by qRT-PCR analysis. 
KSRP-PTH mRNA interaction was decreased 
in glands from calcium depleted or CKD rats, 
where PTH mRNA is more stable, and increased 
in parathyroids from phosphate depleted rats, 
where PTH mRNA is less stable. In contrast, 
AUF1–PTH mRNA interactions were increased 
by hypocalcemia and CKD and decreased in the 

phosphate depleted rat parathyroids  [  33  ] . This 
differential interaction of KSRP and AUF1 
suggests that these proteins compete for their 
interaction with the same PTH mRNA 3 ¢ -UTR 
 cis  element, having antagonistic effects on PTH 
mRNA stability (Fig.  1.1 )  [  58  ] . 

 KSRP–PTH mRNA interaction was increased 
by both the calcimimetic R568 and the oral Pi 
binder La which decrease PTH mRNA levels in 
CKD rats. IVDAs showed that PTH mRNA is 
destabilized by parathyroid extracts from CKD 
rats treated with R568 or La compared to parathy-
roid extracts from untreated CKD rats. This desta-
bilizing effect of R568 and La was dependent upon 
KSRP and the PTH mRNA 3 ¢ -UTR. Therefore, 
the calcimimetic R568 and correction of serum 
phosphorus by La determine PTH mRNA stability 
through KSRP-mediated PTH mRNA decay, 
thereby decreasing PTH expression  [  42  ] . The 
changes in binding of the  trans -acting factors to 
the PTH mRNA, therefore, determine PTH gene 
expression in CKD and after management of the 
2HPT by both calcimimetics or oral phosphorus 
binders as well as in dietary-induced hypocalcae-
mia or hypophosphatemia (Fig.  1.1 ). 

 Of interest, recent studies have shown that 
KSRP also interacts with the endoribonuclease 
polysomal ribonuclease 1 (PMR1) that facilitates 
PTH mRNA degradation. PMR1 mediated 
decrease in PTH mRNA levels involves the PTH 
mRNA 3′-UTR ARE, KSRP and the exosome. 
These fi ndings suggest that KSRP recruits a deg-
radation complex, comprising both exo- and 
endo-ribonucleases to PTH mRNA, thus control-
ling its mRNA half-life   [  59  ] .  

   The Peptidylprolyl Isomerase Pin1 
Determines PTH mRNA Levels 
and Stability in Secondary 
Hyperparathyroidism 

 The above results indicate that KSRP and AUF1 
directly or indirectly respond to changes in serum 
calcium and Pi concentrations and CKD by alter-
ing their association with PTH mRNA leading to 
differences in PTH mRNA stability and levels 
 [  33,   42  ] . These changes could be a result of post-
translational modifi cations of these ARE-binding 
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proteins, affecting their binding affi nity to the 
PTH mRNA. Indeed, AUF1 is post-translation-
ally modifi ed in the parathyroids of 2HPT rats 
and this is at least in part due to differences in 
protein phosphorylation  [  39,   57  ] . KSRP is also a 
phospho-protein with two identifi ed phosphory-
lation sites at serine 193 (S193) and threonine 
residue 692 (T692). Phosphorylation at these 
sites prevents KSRP association with the ribonu-
clease degradation complex exosome (S193) or 
compromises KSRP binding to ARE-containing 
target mRNAs and hence their decay (T692) 
 [  60,   61  ] . Therefore, the differential interaction of 
KSRP and AUF1 with PTH mRNA after changes 
in serum calcium and Pi may involve KSRP and 
AUF1 post-translational modifi cations. 

 The peptidylprolyl  cis/trans  isomerase Pin1 spe-
cifi cally binds phosphorylated serine/threonine–
proline protein motifs and catalyzes the  cis/trans  
isomerization of the peptide bonds thereby chang-
ing the biological activity, phosphorylation, and 
turn-over of its target proteins  [  62,   63  ] . Pin1-
catalyzed conformational regulation has a profound 
impact on many key proteins involved in various 
cell functions  [  64,   65  ] . Pin1 was shown to regulate 
the turnover of ARE-containing mRNAs, mainly 
cytokine mRNAs, through the interaction and 
isomerization of ARE-binding proteins. Pin1 inter-
acts with AUF1 and thereby stabilizes both 
GM-CSF and TGF b  mRNAs  [  66,   67  ] . These obser-
vations led us to speculate that Pin1 may be involved 
in PTH gene expression through AUF1 and/or 
KSRP interaction and isomerization. Indeed, we 
have recently identifi ed Pin1 as a PTH mRNA 
destabilizing protein in rat parathyroids and in 
transfected cells  [  68  ] . The regulation of PTH 
mRNA stability by Pin1 was mediated by the PTH 
mRNA 3 ¢ -UTR ARE and by the mRNA destabiliz-
ing protein KSRP. We show for the fi rst time that 
KSRP is a Pin1 target protein. Pin1 interacts with 
phosphorylated KSRP at S181, leading to KSRP 
dephosphorylation and activation. Importantly, 
Pin1 enzymatic activity was decreased in parathy-
roid extracts from rats with 2HPT due to either a 
calcium depleted diet or CKD. Pharmacological 
inhibition of Pin1 increased PTH mRNA levels and 
stability and decreased KSRP–PTH mRNA inter-
action in the parathyroid. This decreased interaction 

would contribute to the increased PTH gene expres-
sion after Pin1 inhibition. Furthermore,  Pin1   −/−   
mice display increased serum PTH and PTH mRNA 
levels. Therefore, Pin1 determines basal PTH 
expression in vivo and in vitro and decreased Pin1 
activity correlates with increased PTH mRNA lev-
els in rats with 2HPT. These results demonstrate 
that Pin1 is a key mediator of PTH mRNA stability 
and indicate a role for Pin1 in the pathogenesis of 
the 2HPT of CKD  [  68  ] . Our data suggest that phos-
phorylated KSRP at S181 is inactive. Upon interac-
tion with Pin1,  cis–trans  isomerization of the 
proline bond in KSRP leads to conformational 
change, exposing the phosphorylated S181 residue 
and possibly additional phosphorylation sites. This 
leads to KSRP dephosphorylation by a still uniden-
tifi ed phosphatase thus activating KSRP, which 
then interacts with PTH mRNA and enhances its 
decay. A low calcium diet and CKD lead to 
decreased Pin1 isomerase activity in the parathy-
roids of these rats. This decreased Pin1 activity 
would prevent KSRP dephosphorylation, resulting 
in decreased KSRP–PTH mRNA interaction, inhi-
bition of PTH mRNA degradation, and increased 
PTH mRNA levels (Fig.  1.1 ). The trigger for the 
reduced Pin1 activity in the parathyroid glands of 
2HPT rats is not known. It is possible that post-
translational modifi cations of Pin1 protein play a 
role in this regulation. It was recently shown that 
Pin1 is post-translationally modifi ed by phosphory-
lation that affects its ability to interact with target 
proteins and its activity. PKA mediated phosphory-
lation at Ser residue 16 affects Pin1 ability to inter-
act with its target proteins while phosphorylation at 
Ser residue 71 by the protein kinase DAPK1, inhib-
its Pin1 isomerization activity  [  69,   70  ] . Future stud-
ies may identify the factors that decrease Pin1 
activity in the hyper-functioning parathyroid glands 
of 2HPT. Another main challenge will be to unravel 
the cell-signaling cascade and the particular kinases 
responsible for KSRP phosphorylation at S181 that 
determine PTH mRNA–KSRP interactions and 
PTH mRNA decay. Understanding these mecha-
nisms will hopefully enhance the development of 
parathyroid-specifi c modulators of ARE-binding 
proteins which may result in drugs effective for the 
control of the high PTH mRNA stability and serum 
PTH levels of 2HPT.    
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   Fibroblast Growth Factor-23 and PTH 
Gene Expression 

 Pi homeostasis is maintained by a counterbalance 
between effl ux from the kidney and infl ux from 
intestine and bone. FGF23 is a bone-derived 
phosphaturic hormone that acts on the kidney to 
increase Pi excretion and suppress biosynthesis 
of 1,25D. FGF23 signals through FGFR bound 
by the transmembrane protein Klotho  [  5  ] . Since 
most tissues express FGFRs, expression of 
Klotho virtually determines FGF23 target organs. 
Klotho protein is expressed not only in the kid-
ney but also in the parathyroid brain, pituitary, 

and sino-atrial node  [  6,   71  ] . We have identifi ed 
the parathyroid as a new target organ for FGF23. 
We showed that the rat parathyroid gland 
expresses Klotho and that the administration of 
recombinant FGF23 leads to an increase in para-
thyroid Klotho levels. In addition, FGF23 acti-
vates the MAP kinase pathway in the parathyroid 
through ERK1/2 phosphorylation and increased 
Egr-1 mRNA levels. Importantly, FGF23 sup-
presses PTH gene expression and secretion 
in vivo and in vitro. The FGF23-induced decrease 
in PTH secretion was prevented by a MAPK 
inhibitor. These data indicate that FGF23 acts 
directly on the parathyroid through the MAPK 
pathway to decrease serum PTH. FGF23 also 
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  Fig. 1.2    Regulation of parathyroid hormone gene expres-
sion, secretion, and parathyroid cell proliferation. 
Parathyroid synthesizes and secretes PTH unless it is 
restrained by the parathyroid calcium receptor (CaR) which 
senses serum [Ca 2+ ] levels. A low serum calcium leads to 
decreased activation of the CaR and thus increased PTH 
mRNA stability and levels, PTH secretion, and parathyroid 
cell proliferation. A high serum Pi and chronic kidney dis-
ease (CKD) lead to similar changes in all these parameters. 
PTH mRNA stability is regulated by the balanced interac-
tions of the protective parathyroid  trans -acting factors 

AUF1 and Unr and the decay promoting protein KSRP, 
that bind to a defi ned  cis  element in the PTH mRNA 3 ¢ -
UTR. These interactions are regulated by the peptidylpro-
lyl  cis/trans  isomerase Pin1. 1,25D decreases PTH gene 
transcription and parathyroid cell proliferation. Fibroblast 
growth factor 23 (FGF23) is a bone-derived hormone that 
decreases PTH gene expression and secretion. Adapted 
with permission from Naveh-Many T. Minireview: the 
play of proteins on the parathyroid hormone messenger 
ribonucleic acid regulates its expression. Endocrinol 2009 
 [  3  ] . Copyright 2010, The Endocrine Society       
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leads to a decrease in PTH secretion in bovine 
parathyroid primary cultures  [  72  ] . This novel 
bone–parathyroid endocrine axis adds a new 
dimension to the understanding of mineral 
homeostasis  [  6  ]  (Fig.  1.2 ). The molecular mecha-
nisms responsible for the decrease in PTH gene 
expression by FGF23 remain to be determined.   

   Conclusion 

 The parathyroid is regulated at the levels of PTH 
secretion, gene expression, and parathyroid cell 
proliferation (Fig.  1.2 ). 1,25D decreases PTH 
gene transcription and hence PTH secretion and 
this effect is the scientifi c basis for the treatment 
of CKD patients with 1,25D analogs. Dietary-
induced hypocalcemia, hypophosphatemia, and 
CKD determine PTH gene expression post-tran-
scriptionally by the interactions of RNA binding 
protein with the PTH mRNA 3 ¢ -UTR ARE. Pin1 
enzymatic activity affects these protein–PTH 
mRNA interactions and consequently PTH 
mRNA decay (Fig.  1.1 ). The data suggest that it 
is possible to modulate PTH mRNA stability and 
levels by altering the activity of Pin1 thus chang-
ing KSRP phosphorylation status and KSRP–
AUF1–PTH mRNA interactions in the parathyroid 
cell. FGF23 decreases PTH expression through 
the MAPK pathway. The stimulus to PTH expres-
sion is a low serum calcium and high serum Pi as 
in CKD. 1,25D and FGF23 act together to sup-
press PTH levels (Fig.  1.2 ).      
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  Abstract 

 This is an up-to-date discussion of calcium and phosphorus metabolism 
and the many regulators both old and new involved in the control of 
these minerals. The author provides a discussion of dietary sources 
of these minerals, their intestinal and renal handling. He focuses on the 
well-established regulators such as parathyroid hormone and vitamin D 
and also provides new insights into this regulation by the new compounds 
FGF-23 and Klotho. The author also highlights the molecular sensors for 
calcium and phosphorus, membrane receptors, and their importance in 
controlling mineral metabolism at the intestine, kidney, and bone. He ends 
the chapter with discussions of how macronutrients such as carbohydrates 
and proteins infl uence the overall regulation of these minerals.  
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  Fig. 2.1    Partial structure of the bone mineral hydroxyapa-
tite. A view of the repeating structural unit of hydroxyapa-
tite based on the analysis in  [  269  ] . The corners of the 

repeating unit are occupied by hydroxyl ions. The hydroxyl 
groups are typically carboxylated by reaction with carbon 
dioxide. Note the presence of two distinct Ca 2+  binding sites       

•  Hormonal regulation of calcium renal transport  •  Calcitonin  •  Renal 
tubular phosphate transport  •  Renal proximal tubule  •  Cartilage and bone 
and mineral regulation  •  Bone resorption  •  Remodeling  •  Modulators bone 
resorption  •  Calcitonin  •  Estrogen  •  Leptin  •   β -adrenergic signaling  •  Bone 
formation  •  Mineralization  •  SIBLING  •  Rickets  •  Hypophosphatemic 
rickets  •  ADHR  •  XLH  •  ARHR  •  Bone calcium-sensing receptor  •  Thick 
ascending limb  •  Phosphate transporters (Npt2a and Npt2c and PiT-2)  
•  Secreted frizzled-related protein-4  •  Na/H exchanger regulatory factors  
•  Null mice  •  Apoptosis  •  Cathepsin proteases  •  Sclerostin  •  Hypocalciuric 
hypercalcemia  •  Cytokine TNF- α   •  RANK ligand  •  Tissue nonspecifi c 
alkaline phosphatase  •  Dentin matrix protein-1  •  Matrix extracellular 
phosphoglycoprotein  •  PHEX  •  Phosphatonin  •  Ossifi cation       

   Introduction 

 The metabolisms of calcium and inorganic phos-
phate are intimately connected as, respectively, 
the cationic and anionic components of crystal-
line hydroxyapatite, which confers rigidity on the 
bone matrix (Fig.  2.1 ). In this chapter, the author 
considers the biological processes that underlie 
the balances of Ca 2+  and phosphate as well as the 
key points of exchange in the gut, kidney, and 
bone, together with their regulation. These bal-
ances depend on dietary composition and the 

effectiveness with which calcium and phosphate 
are released from ingested food. They also depend 
on the effi ciencies of intestinal absorption, glom-
erular fi ltration, and renal tubular reabsorption 
along with rates of transfer between the blood 
and the bone mineral store as well as the magni-
tudes of unavoidable losses associated, for exam-
ple, with small and large intestinal secretions. 
Regulation of calcium and phosphate metabolism 
depends on several important hormones, chiefl y 
parathyroid hormone (PTH), 1,25(OH) 

2
  vitamin 

D 
3
  (calcitriol), and fi broblast growth factor-23 
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(FGF-23) as well as molecular sensors for Ca 2+ , 
including the so-called calcium-sensing receptor 
(CaSR), and phosphate. In some cases, these sen-
sors coordinate the synthesis and release of hor-
mones with actions on both Ca 2+  and phosphate 
transfers in targets including intestine, kidney, 
and bone. In other cases, they directly modulate 
Ca 2+  and/or phosphate transport in key target 
cells. In addition, macronutrients including car-
bohydrates and protein are important modulators 
of calcium and phosphate metabolism with nota-
ble positive effects on intestinal absorption.   

   Introduction to Calcium 
and Phosphate 

 In serum, calcium is present in three main forms: 
ionized, complexed with small anions such as cit-
rate, and bound to serum proteins, chiefl y albu-
min. After ingestion, calcium is released from 
foods, in part by the action of gastric acid as well 
as digestive enzymes in the stomach and small 

intestine. Calcium absorption is mediated by 
transport mechanisms in all segments of the small 
intestine. Even so it is inherently ineffi cient. 
Typically, signifi cantly less than 50% of ingested 
calcium is absorbed (Fig.  2.2 ).  

 Phosphoric acid is a strong acid with three pH 
titratable hydroxyl (OH) groups. For this reason, 
inorganic phosphate exists in three forms: H 

2
 PO  

4
  −  , 

HPO  
4
  2−  , and PO  

4
  3−  . Under standard conditions at 

25°C, the p K as that govern the equilibria between 
the species are (1) 2.13; (2) 7.20; and (3) 12.36 
 [  1  ] . At physiological ionic strength and tempera-
ture, these p K a values shift so that p K a 

2
 , for 

example, falls from 7.2 to around 6.8. Thus, in 
blood plasma at pH 7.4 with a total inorganic 
phosphate concentration of around 1.0 mM, the 
HPO  

4
  2−   concentration is approximately 0.8 mM 

and the H 
2
 PO  

4
  −   concentration is around 0.2 mM; 

the concentrations of other species are negligible. 
In the acid environment of the distal nephron, 
where pH values frequently drop below 5.5 as a 
result of proton secretion  [  2  ] , H 

2
 PO  

4
  −   becomes 

the predominant species. In general, the negative 

  Fig. 2.2    Whole body calcium and phosphate fl uxes in 
adult humans. Representative fl uxes are shown for 
 calcium and phosphate transfers between the extracellu-
lar fl uid and the gut, kidney, and bone and have been 
based on previous analyses  [  208,   270  ] . The ratio of 

the fl uxes for calcium and phosphate between bone 
and the extracellular fl uid refl ects the composition of 
hydroxyapatite. The fl uxes shown between the ECF and 
kidney refer to glomerular fi ltration and tubular reabsorp-
tion. ECF, extracellular fl uid; ICF, intracellular fl uid       
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charge on phosphate is balanced in body fl uids by 
the monovalent cations Na +  or K +  with no impli-
cations for its water solubility. However, HPO  

4
  2−   

forms insoluble precipitates with Ca 2+  ions in the 
presence of water with a solubility product of 
around 5 × 10 −7  (mol/L) 2 . At the normal ionized 
concentrations for Ca 2+  of 1.2 mM and HPO  

4
  2−   of 

0.8 mM in human plasma, this product is 
exceeded. Nevertheless, precipitation and bone 
mineral formation do not proceed spontaneously 
in body fl uids or in the interstitium due, in part, to 
the presence of Mg 2+ , which competes with Ca 2+  
 [  3  ] , and forms phosphate complexes of greater 
solubility  [  4  ] , as well as inhibitory polyphos-
phates and proteins (see below).  

   Intracellular and Extracellular Roles 
of Calcium and Phosphate 

 Ca 2+  and inorganic phosphate play multiple physi-
ological roles, many of which are independent of 
their roles in mineralization.  Intracellularly , Ca 2+  
acts as a pluripotent regulator of biochemical 
pathways via high affi nity interactions with rate-
limiting enzymes or protein modulators. 
Phosphate, on the other hand, acts as a substrate 
for the synthesis of organic phosphates in bio-
chemical interconversions, molecular recognition, 
energy storage (e.g., in ATP and creatine phos-
phate) or as a regulator of protein conformation. 

  Extracellularly , Ca 2+  also supports synaptic 
transmission, the contractile state of vascular and 
nonvascular smooth muscle, the fi nal common 
pathway of coagulation, and platelet aggregation; 
it also acts as a reservoir for the replenishment of 
intracellular Ca 2+  pools. The requirements of all 
these processes have led to the establishment of a 
tight physiological range for the extracellular 
ionized Ca 2+  concentration (1.1–1.3 mM) that is 
defended at the lower end by the secretory state 
of the four parathyroid glands under tight feed-
back control mediated by extracellular Ca 2+ -
sensing receptors (review:  [  5  ] ) and at the higher 
end by renal Ca 2+ -sensing receptors coupled to 
stimulated calcium excretion  [  6  ] . Calcitriol and 
FGF-23 modulate the parathyroid response: cal-
citriol by enhancing Ca 2+ -sensing receptor expres-
sion  [  7  ]  and suppressing PTH expression  [  8,   9  ] ; 

FGF-23 by suppressing PTH gene expression 
 [  10  ] . Interestingly, the immediate precursor of 
calcitriol, 25-hydroxyvitamin D signifi cantly 
suppresses PTH secretion and mRNA levels at 
physiologically relevant concentrations  [  11  ] , sug-
gesting either that 25-hydroxyvitamin D directly 
activates the parathyroid vitamin D receptor or 
acts as the substrate for the local generation of 
calcitriol. 

 Like Ca 2+ , the extracellular inorganic phos-
phate concentration is tightly regulated. However, 
there is greater variation in its normal range from 
around 0.7 to 1.4 mM, providing variation in the 
Ca 2+ -phosphate solubility product and, thus, in 
the potential rates of hydroxyapatite formation. 
Hypophosphatemia is a recognized cause of rick-
ets and osteomalacia (review:  [  12  ] ) as considered 
below.  

   An Overview of Calcium 
and Phosphate Metabolism 

 Calcium and phosphate exchange between the 
blood plasma and extracellular fl uid as well as 
the following major compartments: the intestinal 
lumen, the intracellular fl uid, bone mineral, and 
renal tubular fl uid (Fig.  2.2 ). In consequence, the 
overall balances for calcium and phosphate are 
determined by the rates of intestinal absorption 
and secretion, the rates of renal fi ltration and 
reabsorption, the rates of uptake and extrusion 
from the cytoplasmic compartment of all tissues, 
and the rates of bone mineralization and resorp-
tion. While the rates of calcium and phosphate 
uptake and release from bone mineral are matched 
by the structure of the repeating unit of hydroxy-
apatite, (Ca 

10
 (PO 

4
 ) 

6
 (OH) 

2
 ), in which the relative 

proportion of Ca:phosphate is 5:3, the rates of 
calcium and phosphate transfers between the 
extracellular fl uid and other compartments are 
less predictable and regulated independently. 
Nevertheless, key hormonal regulators of calcium 
metabolism also impact on phosphate metabo-
lism. Notable examples are PTH and, calcitriol. 
Major relationships between calcium, phosphate, 
PTH, calcitriol, and FGF-23, the key phosphate 
regulating hormone, as well as calcitonin are pre-
sented in Fig.  2.3  and discussed below.   
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   Parathyroid Hormone 

 PTH secretion is under the tight inhibitory control 
of the serum ionized calcium (Ca 2+ ) concentration 
acting via the CaSR (review:  [  5  ] ). Thus, PTH 
secretion is markedly stimulated by hypocalce-
mia. In addition, PTH secretion is negatively 
modulated by various factors including  l -amino 

acids  [  13  ] , which enhance the extracellular Ca 2+  
sensitivity of the CaSR (reviews:  [  14,   15  ] ), as well 
as calcitriol, which upregulates CaSR expression 
 [  7  ]  and suppresses PTH expression (review:  [  16  ] ), 
25-hydroxyvitamin D  [  11  ] , and FGF-23  [  10  ] . 
Inorganic phosphate promotes parathyroid hyper-
plasia and PTH secretion and these effects appear 
to contribute to secondary hyperparathyroidism in 
chronic kidney disease  [  17  ] . Endogenous expres-
sion of the single-pass integral membrane protein, 
 a -klotho, in the parathyroid has been reported to 
facilitate PTH secretion  [  18  ] . 

 Consistent with the stimulatory impact of 
hypocalcemia on its secretion, key actions of PTH 
are directed to elevating the serum Ca 2+  concen-
tration and restraining or suppressing the inor-
ganic phosphate concentration to prevent 
inappropriate crystallization. Thus, PTH promotes 
osteoclastic bone resorption via type-I PTH/
PTHrP receptors (PTH1Rs) on cells of the osteo-
blast–osteocyte lineage as well as T lymphocytes 
 [  19  ] . It also modulates renal tubular transport via 
independent effects to stimulate Ca 2+  reabsorption 
and inhibit phosphate reabsorption. Finally, it pro-
motes 1 a -hydroxylase activity in the renal proxi-
mal tubule to boost serum calcitriol levels  [  20  ]  
and, thus, stimulate intestinal calcium absorp-
tion. In consequence, endogenous PTH is best 
viewed as a surveillance and emergency-response 
hormone directed to the prevention and reversal 
of hypocalcemia ( [  6  ] ; review:  [  21  ] ). 

 PTH stimulates calcium reabsorption in the dis-
tal nephron  [  22  ] ; thereby, enhancing total renal 
calcium reabsorption from around 95% to 98.5% 
and thus suppressing renal calcium excretion from 
around 5% to 1.5% of a largely fi xed, fi ltered load 
 [  23  ] . On the other hand, PTH suppresses phos-
phate reabsorption in the proximal tubules  [  24  ] , 
markedly elevating renal phosphate excretion from 
around 15–20% to greater than 50% of the fi ltered 
load. Correspondingly, parathyroidectomy sup-
presses fractional phosphate excretion to around 
10%  [  25  ] . PTH-induced renal phosphate wasting 
would appear to be an appropriate compensatory 
response to calcitriol-stimulated small intestinal 
phosphate uptake and osteoclastic release of phos-
phate from resorbed hydroxyapatite in bone. 
Evidence that PTH  [  26  ]  and, indeed, calcitriol  [  27  ]  

  Fig. 2.3    Relationships between calcium and phosphate 
with key mineral-regulating hormones. The  left-hand 
panel  shows the relationships between calcium and phos-
phate with calcitriol, the key positive modulator of their 
intestinal absorption. In addition, the feedback relation-
ships between calcium and PTH ( bottom ) as well as the 
phosphate and FGF-23 ( top ) are shown. Elevated calcium 
suppresses PTH secretion within minutes; hypocalcemia 
acutely stimulates PTH secretion. Elevated phosphate, on 
the other hand, promotes the production of FGF-23 only 
after a delay of several hours. Also shown in the  left-hand 
panel  are the major reciprocal relationships between PTH 
and calcitriol, and calcitriol and FGF-23. PTH stimulates 
calcitriol synthesis; calcitriol promotes the production of 
FGF-23, thereby reducing the risk of hyperphosphatemia 
following enhanced intestinal phosphate absorption. On 
the other hand, FGF-23 suppresses calcitriol synthesis and 
calcitriol suppresses PTH synthesis. These relationships 
may contribute to a reported positive effect of PTH on 
FGF-23 synthesis and a reported negative effect of FGF-
23 on PTH synthesis. The  right-hand panels  show the 
feedback relationships between phosphate and PTH as 
well as calcium and calcitonin. PTH lowers the serum 
phosphate concentration by suppressing its reabsorption 
in the proximal tubule and calcitonin suppresses the serum 
calcium concentration by suppressing osteoclastic resorp-
tion of bone       
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promote the production of the phosphatonin 
FGF-23 in bone provides additional mechanisms 
for the activation of renal phosphate wasting under 
conditions of PTH-stimulated bone resorption and 
calcitriol synthesis. 

 Although prolonged elevations in PTH induce 
osteoclastic bone resorption, acute administra-
tion of PTH, in pharmacological doses and in the 
context of normal serum calcium levels, pro-
motes bone formation (review:  [  28  ] ), possibly 
simulating some of the effects of bone cell-
derived PTHrP (review:  [  29  ] ). Thus, acute repeti-
tive stimulation of PTH1Rs on osteoblasts and/or 
osteocytes for 1–2 h promotes bone formation 
and mineralization. Perhaps consistent with this, 
the immediate response to acute administration 
of PTH is a  fall  rather than a rise in serum Ca 2+  
concentration associated with calcium uptake by 
bone  [  30,   31  ] . 

 The outcome of PTH action is, thus, dependent 
upon context. The duration of exposure, the serum 
level of calcitriol and its precursor 25-hydroxyvi-
tamin D, the dietary intakes and serum levels of 
calcium and phosphate, together with the relative 
levels of the responses in bone and kidney all con-
tribute to the outcome. In the context of prolonged 
elevation of PTH, the serum calcium concentra-
tion rises because the effects of PTH, whether 
direct or indirect, on all key targets promote Ca 2+  
accumulation in the extracellular fl uid whether 
from bone, kidney, or gut. However, the impact of 
prolonged elevation of PTH on phosphate is less 
predictable and depends on whether the primary 
effect is on the kidney, in which case serum phos-
phate levels may drop or the gut, via calcitriol, or 
on bone in which case serum phosphate levels are 
more likely to be normal. In the setting of chronic 
kidney disease, in which there is resistance to 
PTH actions, serum phosphate levels are typically 
elevated and serum calcium levels are normal or 
suppressed (review:  [  32  ] ).  

   Calcitriol and 25-Hydroxyvitamin D 

 Calcitriol is synthesized from 25-hydroxyvitamin 
D by the action of 1 a -hydroxylase, the product 
of the  CYP27B1  gene (review:  [  33  ] ). In serum, 

calcitriol is a tightly regulated hormone arising 
from the actions of multiple nutrient and hor-
monal inputs on 1 a -hydroxylase expression in the 
renal proximal tubules. Its primary actions are to 
promote intestinal calcium and phosphate absorp-
tion via effects on duodenal and jejunal entero-
cytes, respectively (review:  [  33  ] ) and failure of 
these effects can be overcome by diets that are 
rich in calcium, phosphate, and certain macronu-
trients including lactose and protein. Its second-
ary actions include enhanced renal reabsorption 
of calcium (review:  [  33  ] ) and, possibly, phosphate 
 [  34  ] . Together, enhanced absorptions of calcium 
and phosphate ions are detected by local Ca 2+  and 
phosphate sensors in the gastrointestinal tract and, 
if suffi cient to elevate the serum calcium and/or 
phosphate levels, by sensors strategically posi-
tioned in endocrine, bone, and kidney cells. In 
this way, enhanced calcium absorption, whether 
arising from calcitriol-stimulated vitamin D 
receptors (VDRs) in the duodenum or via an alter-
native small intestinal absorption pathway can 
shut down PTH secretion via extracellular Ca 2+ -
sensing receptors on parathyroid cells (review: 
 [  5  ] ). Together with the elevated serum calcium 
and phosphate levels, suppressed PTH levels 
remove an important stimulatory drive for renal 
calcitriol synthesis (review:  [  33  ] ). 

 In company with adequate levels of serum cal-
cium, calcitriol also suppresses the growth of 
parathyroid glands in 1 a -hydroxylase null mice 
(review:  [  35  ] ). Nevertheless, the normal physio-
logical signifi cance of these effects is unclear. In 
part, this uncertainty arises from observations of 
a lack of correlation between the serum calcitriol 
and PTH levels in human subjects, and from the 
primacy of the serum Ca 2+  concentration in deter-
mining serum PTH levels. 

 25-Hydroxyvitamin D is both the substrate for 
the synthesis of calcitriol and a nutritional modu-
lator in its own right. With respect to mineral 
metabolism, its primary target appears to be the 
parathyroid where, in concert with the serum Ca 2+  
concentration, it suppresses PTH synthesis. This 
explains highly reproducible negative correla-
tions between serum 25-hydroxyvitamin D and 
PTH levels (review:  [  36  ] ) and is supported by 
evidence that 25-hydroxyvitamin D suppresses 
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PTH gene expression and secretion from cultured 
parathyroid cells in both the absence and presence 
of a 1 a -hydroxylase inhibitor  [  11  ] . Furthermore, 
in  CYP27B1  null mice, vitamin D3 supplements 
suffi cient to raise the serum 25-hydroxyvitamin D 
level to 400 nmol/L prevented hypocalcemia and 
markedly increased the expressions of the VDR-
sensitive targets, intestinal calbindin-D 

9K
 , and 

renal 24-hydroxylase on a standard diet  [  37  ] . 
Whether these effects operate at more commonly 
observed concentrations in humans (around 
30–80 nmol/L) is currently unclear. 

 The signifi cance of serum calcitriol levels and 
calcitriol-dependent activation of small intestinal 
VDRs for whole body mineral metabolism 
depends on dietary context. It is critical under 
conditions of low calcium and/or phosphate 
intake and in the absence of dietary lactose upon 
weaning in mice (review:  [  33  ] ). Under these cir-
cumstances, 1 a -hydroxylase null or VDR null 
mice develop hypocalcemia, hypophosphatemia, 
and secondary hyperparathyroidism taking the 
form of massively elevated serum PTH levels 
 [  38,   39  ] . However, calcium and phosphate 
absorption is restored, as reported by serum cal-
cium, phosphate, and PTH levels, upon the intro-
duction of a diet containing 2% calcium, 1-2% 
phosphate, and 20% lactose  [  40  ] . These fi ndings 
are consistent with the notion of a calcitriol-inde-
pendent absorption pathway linked to macronu-
trient digestion and absorption (see below). 
Under conditions in which dietary calcium and 
phosphate intake is high and intestinal absorption 
is supported by adequate levels of key macronu-
trients, as may frequently occur in humans, the 
impact of serum calcitriol on mineral metabolism 
may be limited, as extracellular Ca 2+ -dependent 
suppression of PTH removes a key drive for 
renal calcitriol synthesis. Under these conditions, 
there is no correlation between serum PTH and 
calcitriol levels and the negative impact of exog-
enously administered calcitriol on PTH synthesis 
and secretion (review:  [  41  ] ) may be primarily 
of pharmacological signifi cance. Nevertheless, 
under these conditions, serum 25-hydroxyvita-
min D retains signifi cance as a nutritional modu-
lator with the ability to suppress PTH whether 
alone or in concert with calcium  [  42  ] . 

 As bodily vitamin D stores fall in humans 
whether due to inadequate diet or intestinal absorp-
tion, poor sunlight exposure or skin biosynthesis, 
or a combination of these factors, as frequently 
occurs in the elderly (review:  [  43  ] ), serum 
25-hydroxyvitamin D levels fall with attendant 
increases in serum PTH levels. The serum calcium 
concentration typically remains in the normal 
range. Whether elevated serum PTH levels act to 
maintain or boost serum calcitriol levels under 
these circumstances is unclear—typically, serum 
calcitriol levels also remain within the normal ref-
erence range. However, there is a cost: accelerated 
consumption of 25-hydroxyvitamin D. Oral cal-
cium supplements can facilitate calcium absorption 
in the context of vitamin D defi ciency and thereby 
boost serum ionized Ca 2+  levels, typically, still 
within the normal range. This provides Ca 2+ -
dependent feedback inhibition of renal calcitriol 
synthesis as well as PTH secretion, further reliev-
ing the drive for calcitriol synthesis  [  44  ] . Conversely, 
repletion of vitamin D stores is refl ected fi rst in 
elevated 25-hydroxyvitamin D levels with corre-
sponding falls in serum PTH  [  45  ] . 

 25-Hydroxyvitamin D is converted to the key 
calcium and phosphate-elevating hormone, cal-
citriol via the action of 1 a -hydroxylase. Although 
the gene  CYP27B1  appears to universally encode 
1 a -hydroxylase in tissues including the kidney, 
testis, brain, placenta, bone, and skin, thereby 
catalyzing the local production of calcitriol 
(review:  [  46  ] ), only the renal enzyme controls the 
synthesis of calcitriol for release into the circula-
tion under physiological conditions and is selec-
tively controlled by key micronutrient and 
hormonal regulators of mineral metabolism 
(review:  [  33  ] ). These regulators include eleva-
tions in the serum levels of calcium or phosphate 
(negative), as well as the hormones FGF-23 
and calcitriol (also negative), and PTH and 
IGF-1 (both positive). Downregulation of renal 
1 a -hydroxylase by calcium, phosphate, FGF-23 
(as a delayed reporter of ingested phosphate), and 
calcitriol itself may all be viewed as physiologi-
cally appropriate forms of negative feedback. On 
the other hand, upregulation of 1 a -hydroxylase 
by PTH and IGF-1 would appear to arise in 
quite different physiological contexts with 
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 distinct implications. Thus, upregulation of 
1 a -hydroxylase by PTH may be viewed as a 
component of an “emergency response to 
hypocalcemia,” whose goal is the restoration of 
normal serum calcium levels. Upregulation of 
1 a -hydroxylase by IGF-1, on the other hand, 
would appear to provide a mechanism by which 
intestinal calcium and phosphate absorption can 
be enhanced together with their renal retention in 
the context of growth and an associated stimula-
tion of bone formation  [  47–  49  ] . 

 Together, 25-hydroxyvitamin D and calcitriol 
are carried in the circulation by a 52-kDa vitamin 
D binding protein (DBP) and both are deactivated 
by a widely expressed 24-hydroxylase, encoded by 
the CYP24A1 gene, whose expression is power-
fully upregulated by calcitriol  [  50,   51  ]  and possi-
bly 25-hydroxyvitamin D  [  52  ]  leading to the 
generation of 24,25(OH) 

2
  vitamin D or 1 a -hydroxy-

23-carboxy-24, 25, 26, 27-tetranorvitamin D 
3
  (cal-

citroic acid). Based on fi ndings in CYP24a1 null 
mice, 24-hydroxylase prevents inappropriate ele-
vation of serum calcitriol levels as well as atten-
dant hypercalcemia and hypoparathyroidism  [  53  ] . 

 In the renal synthesis of calcitriol, the DBP–25-
hydroxyvitamin D complex enters the proximal 
tubular cytoplasm following glomerular fi ltration 
and uptake via apical megalin/cubulin-mediated 
endocytosis  [  54–  56  ] . DBP null mice exhibit mark-
edly suppressed levels of circulating calcitriol and 
25-hydroxyvitamin D, and a demineralizing phe-
notype  [  57  ] . Surprisingly, serum calcium, phos-
phate, and PTH levels were normal in DBP null 
mice on control chow but administration of a vita-
min D-defi cient diet for 4 weeks induced a signifi -
cant decrease in serum phosphate and a signifi cant 
increase in serum PTH without a change in serum 
calcium  [  57  ]  indicating that the elevated PTH had 
normalized serum calcium in the context of vita-
min D defi ciency while suppressing the serum 
phosphate level. Whether serum FGF-23 levels 
changed under the conditions of these experiments 
is unknown. The results indicate that DBP pro-
vides a store of circulating vitamin D metabolites 
and prolongs their serum half-lives but is not nec-
essary for their actions (review:  [  58  ] ). 

 The signifi cance of calcitriol for normal mineral 
homeostasis has been assessed in 1 a -hydroxylase 

( CYP27B1 ) null mice and VDR null mice. Although 
the phenotypes of these mice are not identical sug-
gesting the existence of calcitriol-independent 
actions of VDR in the skin and hair follicles, and 
VDR-independent actions of calcitriol in the epi-
physeal growth plates (review:  [  33  ] ), they both 
exhibit severe rickets and osteomalacia after wean-
ing, arising from markedly impaired intestinal cal-
cium and phosphate absorption. The fi ndings 
indicate that, postweaning, adequate circulating 
levels of calcitriol together with the expression of 
its cognate VDRs in the small intestine are required 
for normal mineral metabolism (review:  [  33  ] ). 
Thus, intestinal calcium and phosphate transport 
was restored in  CYP27B1  null mice following 
administration of exogenous calcitriol  [  59  ] , and in 
global VDR null mice by intestine-specifi c trans-
genic expression of the VDR  [  60  ] . Furthermore, 
the hypo-mineralizing bone phenotype was clearly 
dependent upon impaired intestinal calcium and 
phosphate absorption because it could be overcome 
by rescue diets containing enhanced contents of 
calcium and phosphate as well as lactose (review: 
 [  33  ] ). The expression of the phenotype only after 
weaning and the striking impact of lactose in the 
rescue diet suggests the existence of a calcitriol-
independent, macronutrient-associated absorption 
pathway (see below).  

   FGF-23 and Klotho 

 FGF-23 is a “phosphatonin,” i.e., a circulating 
 factor that promotes renal proximal tubular phos-
phate wasting and thereby lowers serum phosphate 
levels (reviews:  [  61,   62  ] ). Although its impact on 
phosphate metabolism in certain pathological con-
texts seems clear, its role in the normal surveil-
lance of bodily phosphate metabolism and the 
time-scale over which it operates are uncertain. 

 The signifi cance of FGF-23 for the control of 
renal phosphate excretion and serum phosphate 
levels was fi rst established in human studies of 
inherited forms of rickets and/or osteomalacia 
including autosomal dominant hypophosphatemic 
rickets (ADHR)  [  63  ]  and X-linked hypophos-
phatemia (XLH)  [  64  ]  as well as tumor-induced 
osteomalacia  [  64  ]  in all of which serum FGF-23 



212 Regulation of Calcium and Phosphate Metabolism

levels are elevated in association with renal 
 phosphate wasting, hypophosphatemia, and inap-
propriately suppressed serum calcitriol levels 
(review:  [  41  ] ). Correspondingly, tumoral calcino-
sis in humans in the context of hyperphosphatemia 
and elevated serum calcitriol levels typically arises 
from impaired FGF-23 secretion whether associ-
ated with specifi c FGF-23 mutations  [  65  ]  or muta-
tions of UDP-GalNAc transferase 3 (GALNT3) 
that impair FGF-23 processing (review:  [  66  ] ). 

 The signifi cance of FGF-23 in the control of 
phosphate metabolism is supported by transgenic 
mouse studies, most notably  fgf-23  null mice, 
which exhibit hyperphosphatemia, elevated 
serum calcitriol levels, hypercalcemia, and wide-
spread calcifi cation  [  67  ] . Elevated serum calcit-
riol levels appear to be critical for the development 
of both hyperphosphatemia and hypercalcemia in 
these mice. Consistent with this notion, the dou-
ble mutant  fgf23  −/− / 1 a -OHase  −/−  mouse exhibits 
normal or near-normal serum calcium and phos-
phate levels as well as normal growth and mark-
edly improved lifespan  [  68  ] . 

 FGF-23 is a key negative regulator of serum 
calcitriol levels. Thus, an acute bolus intravenous 
injection of FGF-23 in mice suppressed 1 a -OHase 
expression and promoted 24-hydroxylase expres-
sion, resulting in markedly suppressed serum cal-
citriol levels  [  69  ] . The effect of FGF-23 on serum 
calcitriol levels was detected between 3 and 24 h 
(trough around 9 h) indicating that its effects are 
likely to be dependent on changes in gene expres-
sion. Interestingly, the effect of FGF-23 on the 
serum calcitriol level in these studies occurred 
several hours earlier, and was substantially greater, 
than its effect on the serum phosphate level  [  69  ] . 
Thus, although FGF-23 promotes phosphaturia 
by downregulating the expressions of Npt2a and 
Npt2c in the renal proximal tubular luminal mem-
brane  [  70  ] , and suppresses serum phosphate lev-
els, it is not yet clear whether its effects are 
mediated directly by FGF receptors in the renal 
proximal tubule or indirectly via other hormonal 
factors, e.g., arising from the processing of small 
integrin-binding ligand N-linked glycoproteins 
(SIBLINGs) to acidic serine and aspartate-rich 
motif (ASARM) peptides in bone or via paracrine 
factors, e.g., from the distal tubule (review:  [  71  ] ). 

Complicating these  considerations is an observa-
tion that FGF-23 suppresses intestinal Npt2b 
expression in wild-type but not Npt2a or Npt2c 
null mice  [  72  ]  independent of serum calcitriol 
levels, which were markedly suppressed in all 
three cases. The results point to the existence of, 
as yet unrecognized, phosphate regulatory signals 
that operate between the kidney and small intes-
tine and are mediated by Npt2a and 2c and/or one 
of their partner proteins. 

 The pronounced negative effect of serum FGF-
23 on serum calcitriol levels raised the possibility 
of a novel feedback loop involving the two hor-
mones. Consistent with this idea, calcitriol acti-
vates FGF-23 expression  [  27,   73,   74  ] . 
In addition, prolonged elevations of calcitriol 
upregulate the expression of FGF-23 and pro-
longed elevations of FGF-23 coordinately down-
regulate renal 1 a -hydroxylase and upregulate 
renal 24-hydroxylase (review:  [  41  ] ). The feedback 
loop between calcitriol and FGF-23 may contrib-
ute to the support of a natural diurnal rhythm in 
whole body calcium and phosphate metabolism, 
which in part takes the form of a coordinated 
trough in the serum levels of calcium (−2%), 
phosphate (−10%), calcitriol (−10%), and PTH 
(−20%) at around 0800  [  75  ] . In a recent study, no 
diurnal rhythm was observed in serum FGF-23 
levels, however, there was a pronounced trough in 
the level of the soluble form of its co-receptor 
 a -klotho (−40%) at around 0000  [  76  ] . The signifi -
cance of these fi ndings is currently unclear. 

 FGF-23 is synthesized in osteocytes and 
osteoblasts and its secretion depends, in part, on 
the enzyme GALNT3 which O-glycosylates the 
peptide (review:  [  41  ] ). Its expression and serum 
levels are increased by elevated dietary phos-
phate intake  [  77–  79  ]  and elevated serum calcit-
riol levels  [  27  ]  and these effects have been 
demonstrated in both mouse and human studies. 
However, serum FGF-23 levels do not appear to 
be regulated by acute changes in serum phos-
phate concentration. Data obtained in acute 
human studies, for example, suggest that serum 
FGF-23 levels do not normally respond within 
6 h of exposure to a substantial increase in either 
dietary phosphate intake or the serum phosphate 
level  [  79,   80  ]  and possibly not before 12 h  [  81  ] . 
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 PTH has been reported to promote FGF-23 
expression and elevate its serum levels. Thus, 
PTH administered subcutaneously in mice for 3 
days by osmotic mini-pump induced an elevation 
in serum FGF-23 levels in the context of elevated 
serum calcium and suppressed serum phosphate 
levels  [  26  ]  and in a study in healthy men who 
received 18-h intravenous infusions of PTH 1–34, 
serum FGF-23 levels were elevated from 6 to 
18 h in association with elevated serum levels of 
calcitriol and calcium  [  82  ] . Whether reported 
reciprocal interactions between PTH and FGF-
23  [  10,   26  ]  constitute an additional regulatory 
loop or are dependent upon the intermediary 
actions of calcitriol and/or phosphate is currently 
uncertain. 

    a -Klotho 

  a -Klotho is an important partner of FGF-23 and 
exists in both circulating and integral membrane 
forms. It contributes to the formation of high 
affi nity FGF-23 receptors by forming ternary 
complexes with FGF receptors  [  83  ]  including 
FGFR1c in the proximal tubule  [  70  ] . Consistent 
with the notion that the actions of  a -klotho and 
FGF-23 are interdependent, the phenotypes of 
 a -klotho null mice and FGF-23 null mice are 
similar and both include marked elevations of 
serum phosphate and increased serum levels of 
calcitriol  [  84  ] . In addition, FGF-23 levels are 
markedly elevated in  a -klotho null mice  [  85  ]  
suggesting the existence of a resistance state with 
dysregulated FGF23 secretion arising from ele-
vated serum calcitriol and/or serum phosphate 
levels. 

 More recent work suggests that  a -klotho may 
have additional actions on mineral metabolism 
that arise, at least in part, from its  b -glucuronidase 
activity. Thus,  a -klotho promotes the surface 
expression of distal nephron TRPV5  [  86  ]  by 
cleaving terminal sialic acid residues to expose an 
underlying galactose- N -acetylglucosamine, which 
binds to the plasma membrane lectin, galectin-1 
 [  87  ] . The outcome is enhanced renal Ca 2+  reab-
sorption (review:  [  88  ] ). Consistent with these 
fi ndings the  a -klotho null mouse exhibits impaired 

distal convoluted tubule (DCT) and connecting 
tubule Ca 2+  reabsorption and resistance to the 
stimulatory action of PTH on Ca 2+  reabsorption 
 [  89  ] . In addition, as noted above,  a -klotho expres-
sion in the parathyroid has also been linked to 
PTH secretion  [  18  ] .   

   Calcium-Sensing Mechanisms: 
Calcium-Sensing Receptors 

 Although a number of cellular calcium-sensing 
mechanisms have been defi ned based on the 
activities of ion channels and transporters, one of 
the best understood calcium-sensing mechanism 
in human biology is dependent upon the expres-
sion of a class C G-protein-coupled receptor 
known as the CaSR. The CaSR was fi rst cloned 
from the parathyroid  [  90  ] , where it mediates 
feedback control of PTH secretion and thus pro-
vides a key defense against hypocalcemia 
(review:  [  5  ] ) and subsequently the kidney  [  91  ] , 
where it regulates renal calcium excretion, pro-
viding an important defense against hypercalce-
mia  [  6  ] . The CaSR also modulates renal 
phosphate, salt, and water transport (review: 
 [  92  ] ). It is expressed in various bodily compart-
ments and organs including the gastro-intestinal 
tract, kidney, thyroid C-cells, and bone in which 
it is expressed on cells of both the osteoblast and 
osteoclast lineages  [  93  ] . The roles of the CaSR in 
the control of renal calcium and phosphate trans-
port as well as bone biology are considered 
below. In gut biology it has multiple roles that 
include the promotion of interactions between 
macronutrient and micronutrient metabolism 
(review:  [  94  ] ). 

 Heterozygous inactivating mutations of the 
CaSR underlie the uncommon, typically benign, 
hypercalcemic disorder known as familial 
hypocalciuric hypercalcemia (FHH)  [  95  ]  in 
which there is impaired inhibition of calcium 
reabsorption in the renal cortical thick ascending 
limb (TAL)  [  96  ] . The primary problem is impaired 
inhibitory control of renal calcium reabsorption 
but, in addition, the serum PTH level is typically 
inappropriately normal  [  97  ] . The rare, typically 
homozygous, form of the disorder presents as a 
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neonatal form of severe hyperparathyroidism 
with markedly elevated serum calcium levels and 
pathological fractures within the fi rst weeks of 
life  [  98  ] . The problem arises from extreme resis-
tance to the serum Ca 2+  concentration in both the 
parathyroid and kidney. 

 In addition to sensing the extracellular Ca 2+  
concentration, the CaSR is a multimodal 
chemosensor that responds to  l -amino acids and 
is, thus, sensitive to changes in protein nutrition 
(review:  [  99  ] ), as well as ionic strength, pH, 
Mg 2+ , neuromodulators including spermine, and 
glutathione analogs (reviews:  [  15,   100  ] ). Thus, 
the CaSR has roles not only in the regulation and 
modulation of calcium and phosphate metabo-
lism and bone biology but also in various other 
physiological processes. In the gastro-intestinal 
tract, these include the modulation of gastrin 
release and acid secretion (review:  [  99  ] ) as 
well as the regulation of cholecystokinin 
secretion  [  101–  103  ] . The CaSR may also con-
tribute to well-recognized positive interactions 
between protein nutrition and calcium and bone 
metabolism  [  104  ] .  

   Phosphate-Sensing Mechanisms 

 Phosphate-sensing mechanisms have been identi-
fi ed in the intestine, kidney, bone, and growth 
plate and act to regulate renal phosphate excre-
tion and skeletal development as well as bone 
mass and mineralization (see below). Biological 
effects coupled to phosphate-sensing mecha-
nisms include enhanced production of phos-
phatonins including FGF-23, and MEPE, and 
suppressed production of calcitriol, both of which 
are appropriate responses to hyperphosphatemia, 
as well as apoptosis of hypertrophic chondrocytes 
in the process of normal growth plate develop-
ment and osteoblast maturation (review:  [  105  ] ). 
In addition, a number of putative phosphate sen-
sors, e.g., based on one or more phosphate trans-
porters, and even elements of potential signaling 
pathways, e.g., ERK1/2, have been proposed 
 [  106  ] . However, the full signifi cance of these 
pathways awaits the identifi cation of the molecu-
lar sensors and their signaling partners.  

   Calcium Transport Mechanisms 

   Epithelial Calcium Transporters in 
Support of Transcellular Ca 2+  Transport 

 Expression cloning of key epithelial Ca 2+  trans-
porters of the small intestine  [  107  ]  and kidney 
 [  108  ] , permitted the identifi cation and detailed 
analyses of active transport mechanisms in the 
duodenum and distal nephron (review:  [  109  ] ). 
These transporters are now recognized as mem-
bers of the TRPV family of ion channels, i.e., 
TRPV6 and TRPV5, respectively (review:  [  110  ] ). 
In support of these transport mechanisms are the 
cytoplasmic Ca 2+ -binding proteins calbindin-D 

9k
  

(intestine and kidney) and calbindin-D 
28k

  ( kidney), 
which promote calcium uptake and transport by 
buffering the intracellular Ca 2+  concentration, as 
well as two energy-expending basolateral Ca 2+  
pump mechanisms: the Ca 2+ -ATPase isoform Ib 
and the Na + /Ca 2+ -exchanger NCX1 coupled to 
Na + –K + -ATPase activity (review:  [  109,   110  ] ). 
The Na + –K + -ATPase maintains a steep electro-
chemical gradient for Na +  ions across the basolat-
eral membrane favoring Na +  infl ux from the 
extracellular fl uid to the cytoplasm. The Na +  gra-
dient is used by NCX1 to drive Ca 2+  effl ux in 
exchange for Na +  infl ux (Fig.  2.4 ; upper cell). 
These mechanisms support calcitriol-induced 
Ca 2+  absorption in the duodenum (review:  [  110  ] ) 
and PTH and calcitriol-induced Ca 2+   reabsorp-
tion in the distal nephron (review:  [  22  ] ).  

 In addition, less well-defi ned transcellular 
Ca 2+  transport mechanisms provide a link between 
calcium absorption and the absorption of key 
macronutrients (see below).  

   Paracellular Ca 2+  Transport 
Across Epithelia 

 In addition to transcellular mechanisms of 
 calcium transport, paracellular Ca 2+  transport 
mechanisms support Ca 2+  transport in both the 
intestine and renal tubules. The key elements of 
these transport mechanisms are a transepithelial 
electrochemical gradient and a paracellular 
pathway (Fig.  2.5 ). A favorable transepithelial 
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  Fig. 2.4    Calcitriol stimulated intestinal absorption path-
ways for calcium and phosphate. The  upper cell  presents 
components of a key duodenal calcium absorptive path-
way including the luminal membrane Ca 2+  channel, 
TRPV6, the intracellular Ca 2+  binding protein, calbindin 
D 

9k
 , which buffers the cytoplasmic Ca 2+  concentration, as 

well as exit pathways via the Na + /Ca 2+  exchanger, NCX1 
and the Ca 2+ -ATPase, PMCAIb (review:  [  110  ] ). The baso-
lateral Na + /K + -ATPase, which maintains the Na +  gradient 
across the interstitium–facing membrane is not shown. 

The  lower cell  presents components of a key jejunal phos-
phate absorptive pathway (review:  [  114  ] ), including the 
luminal membrane Na + -phosphate co-transporter, Npt2b, 
basolateral Na + /K + -ATPase, and a basolateral membrane 
phosphate channel (or transporter). Calcitriol acts via 
nuclear vitamin D receptors to upregulate the synthesis of 
molecular components in both pathways. Additional path-
ways for the small intestinal absorption of calcium, and 
possibly phosphate, are linked to macronutrient uptake 
(not shown)       

  Fig. 2.5    Inhibitory control of paracellular calcium reab-
sorption in the cortical thick ascending limb by calcium-
sensing receptors. Basolateral calcium-sensing receptors 
are activated by elevated extracellular fl uid Ca 2+  concen-
tration, e.g., in the context of systemic hypercalcemia or 

in response to transient local hyper-reabsorption (review: 
 [  96  ] ). A signaling pathway linked, in part, to the produc-
tion of arachidonic acid metabolites suppresses either the 
transepithelial driving force for reabsorption or Ca 2+  per-
meation via the intercellular junctions       
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electrochemical gradient may arise from either a 
lumen positive potential difference (expressed 
with respect to a reference electrode in the inter-
stitium) and/or a transepithelial Ca 2+  concentra-
tion gradient that favors transport. In addition, 
paracellular transport requires the presence of a 
cation-selective intercellular pathway via the 
junctional complexes. The cloning and identifi ca-
tion of claudins, cation-selective proteins that are 
expressed in tight junctional complexes (review: 
 [  111  ] ) have greatly enhanced understandings of 
these mechanisms and the nature of their regula-
tion. Key sites for paracellular calcium transport 
include the renal proximal tubule and TAL of 
Henle’s loop (see below).   

   Inorganic Phosphate Transport 
Mechanisms 

   Inorganic Phosphate Transporters 

 Three families of inorganic phosphate transport-
ers have been identifi ed: so-called type-I trans-
porters of the SLC17 family, which are now 
recognized as nonselective organic anion trans-
porters (review:  [  112  ] ); type-II transporters of the 
SLC34 family, including NaPi-IIa, -IIb, and -IIc, 
also known as Npt2a, 2b, and 2c, respectively, 
which are Na + -dependent, selective for the diva-
lent HPO  

4
  2−   species and expressed in the brush 

border (luminal) membranes of the renal proxi-
mal tubules (2a and 2c) and small intestine (2b); 
and type-III transporters of the SLC20 family, 
which are widely expressed, Na + -dependent, 
selective for the monovalent H 

2
 PO  

4
  −   species and 

include PiT-1 and PiT-2 (reviews:  [  113,   114  ] ). 
 Despite the identifi cation of transporters on 

the luminal brush border membranes of transport-
ing epithelia such as small intestine and renal 
proximal tubule, the identities of phosphate trans-
porters on the basolateral membranes, which are 
required to deliver inorganic phosphate to the 
blood, are unclear. Based on energetic consider-
ations, which include a cell-negative membrane 
potential with respect to the extracellular fl uid, and 
an intracellular inorganic phosphate concentration 

that is likely to be elevated with respect to the 
extracellular fl uid, phosphate transport across 
epithelial basolateral membranes is likely to be 
passive and, thus, mediated by (1) phosphate-
permeant anion channels, (2) an electroneutral 
transporter such as the Band-3 anion exchanger 
of erythrocytes  [  115  ] , or (3) a phosphate carrier 
analogous to mitochondrial SLC25A3  [  116  ] .   

   Intestinal Calcium Absorption 

 Intestinal calcium absorption is largely confi ned 
to the small intestine and is notably ineffi cient. 
Thus, despite the existence of various mecha-
nisms to promote absorption, absorption rates are 
typically less than 50% of ingested loads 
(Fig.  2.2 ). Macronutrients including protein  [  117, 
  118  ]  and carbohydrates such as glucose  [  119  ]  
and lactose  [  40,   120  ]  promote calcium absorp-
tion. In addition, calcium absorption is power-
fully stimulated by calcitriol, which together with 
the vitamin D receptor is required to prevent 
hypocalcemia and secondary hyperparathyroid-
ism in mice after, but not prior to, weaning 
(review:  [  33  ] ). Intestinal calcium absorption is 
positively modulated by estrogens  [  121–  123  ] , as 
well as prolactin  [  124,   125  ]  and placental lacto-
gen  [  126  ] . Consistent with these effects, intesti-
nal calcium absorption is impaired in vitamin D 
defi ciency (review:  [  127  ] ), reduced in postmeno-
pausal women (review:  [  128  ] ), and enhanced in 
pregnancy  [  129  ] . The molecular bases for the 
effects of  calcitriol, estrogens, and prolactin/ pla-
cental  lactogen are not yet clear. Nevertheless, 
calcitriol and estrogens (reviews:  [  109,   110  ] ) as 
well as prolactin  [  130  ]  upregulate several recog-
nized molecular components of Ca 2+  transport. 

 Ca 2+  ions are absorbed from all three major 
segments of the small intestine: the duodenum; 
the jejunum; and the ileum. However, the mecha-
nisms of calcium absorption differ between these 
segments. In particular, active calcium absorp-
tion localizes to the duodenum  [  131  ]  where it is 
stimulated by calcitriol  [  132  ]  and calcium absorp-
tion that is coupled to the absorption of glucose 
or lactose is primarily located in the jejunum and 
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ileum  [  133,   134  ] . The location and molecular 
basis of protein-linked Ca 2+  absorption are cur-
rently unknown. 

 Several distinct transepithelial transport path-
ways support calcium absorption. One of the bet-
ter recognized pathways operates in the duodenum 
and comprises:  TRPV6 Ca   2+    channels , which 
mediate Ca 2+  uptake from the intestinal lumen 
across the enterocyte luminal brush border mem-
brane  [  107  ] ;  calbindin-D  

 9k 
 , an intracellular Ca 2+ -

binding protein, which buffers the cytoplasmic 
ionized Ca 2+  concentration and promotes trans-
cellular Ca 2+  transport; and ATP-dependent Ca 2+  
effl ux into the extracellular fl uid, including (1) 
the Na + /Ca 2+  exchanger NCX1, coupled to Na + /
K + -ATPase activity, or (2) the plasma membrane 
Ca 2+ -ATPase, PMCA1b (reviews:  [  109, 110  ] ).  

   Calcitriol-Dependent Activation 
of Calcium Absorption 

 As noted above, the primary action of calcitriol is 
to stimulate duodenal calcium absorption. The 
signifi cance of the pathway is underscored by the 
phenotypes of  CYP27B1  null mice, which lack 
1 a -hydroxylase required for calcitriol synthesis, 
as well as VDR null mice, which together exhibit 
very similar phenotypes including impaired 
intestinal calcium absorption, hypocalcemia, and 
rickets (review:  [  33  ] ). Furthermore, in global 
VDR null mice intestine-specific expression 
of VDR normalized intestinal calcium absorp-
tion, serum calcium levels, and the bone pheno-
type  [  60  ] . Calcitriol promotes the intestinal 
 expression of key components of duodenal Ca 2+  
transport including TRPV6, its isoform TRPV5, 
which is normally expressed at high levels in the 
kidney, calbindin-D 

9k
 , and PMCAIb inviting the 

conclusion that calcitriol action is wholly depen-
dent upon the upregulation of a duodenal trans-
port “system” based on these components 
(reviews:  [  109,   110  ] ). The key components of 
this transport pathway are presented in Fig.  2.4  
(upper cell). Surprisingly, however, recent stud-
ies in transgenic mice indicate that the molecular 
basis of calcitriol action is more complicated. In 
particular, calcitriol-stimulated intestinal calcium 

absorption was intact in calbindin-D 
9k

  null mice 
 [  135  ]  and, indeed, TRPV6 null mice  [  136  ] . 
Furthermore, active calcium absorption was only 
partially impaired in TRPV6/calbindin-9k double 
null mice  [  137  ] . These results suggest the exis-
tence of redundancy in the actions of calcitriol on 
intestinal calcium transport, e.g., via upregula-
tion of TRPV5 in compensation for TRPV6, or 
the existence of an alternative pathway. Consistent 
with the latter notion, recent evidence suggests 
that calcitriol promotes paracellular calcium 
transport in the small intestine by modifying the 
expression of epithelial junction proteins includ-
ing upregulation of claudins 2 and 12, which sup-
port the formation of a divalent cation-permeable 
pathway  [  138  ] .  

   Macronutrient-Dependent 
Stimulation of Intestinal Calcium 
Absorption: Carbohydrates 

 Although vitamin D defi ciency or defective VDR 
status promotes the development of hypocalce-
mia and secondary hyperparathyroidism, as well 
as rickets or osteomalacia (review:  [  33  ] ), rescue 
diets with increased contents of calcium and 
phosphate and containing lactose  [  120  ]  or glu-
cose  [  119,   134  ]  can prevent and/or restore normal 
calcium metabolism and the bone phenotype. In 
addition, the duodenal (i.e., vitamin D-dependent) 
contribution to Ca 2+  absorption appears to be 
minor, perhaps as low as 15% of the total, when 
there are plentiful supplies of calcium, phosphate, 
and macronutrients  [  134  ] . 

 Recent work suggests a distinct segmental 
pattern for macronutrient-dependent calcium 
absorption based on the jejunum and ileum, and 
an alternative molecular basis for macronutrient-
linked calcium absorption. According to one 
hypothesis, calcium absorption in the rat jejunum 
and ileum is dependent upon the expression of 
Ca 

v1.3
  voltage-operated Ca 2+  channels in the 

enterocyte brush-border membrane together with 
SGLT1 Na + -dependent glucose transporters 
 [  119  ] . SGLT1 mediates membrane depolariza-
tion secondary to Na +  infl ux as well as glucose 
transport. Depolarization activates Ca 

v1.3
  chan-
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nels to provide a pathway for Ca 2+  infl ux  [  119  ] . 
Thus, the proposed mechanism couples the trans-
ports of glucose and Ca 2+ .  

   Macronutrient-Dependent 
Stimulation of Intestinal Calcium 
Absorption: Protein 

 The intake of dietary protein, like that of carbohy-
drates, promotes intestinal calcium absorption 
 [  117,   118,   139  ]  and may contribute to the recog-
nized positive impact of dietary protein on bone 
health (review:  [  104  ] ). The effect occurs indepen-
dent of gastric acid production and attendant sol-
ubilization of Ca 2+  salts, at least in healthy young 
adults  [  140  ] . Whether the effect of dietary protein 
localizes to a particular intestinal segment and 
depends on a transcellular or paracellular mecha-
nism is not yet clear. Gaffney-Stomberg et al. 
demonstrated enhanced Ca 2+  uptake into duode-
nal brush-border membrane vesicles prepared 
from female rats fed a high (40%) protein diet 
when compared with vesicles prepared from rats 
fed a low (5%) protein diet, suggesting changes 
in the expression of key Ca 2+  transport proteins 
 [  139  ] . These results suggest the existence of a 
dietary protein-modulated transcellular pathway 
for Ca 2+  absorption in the small intestine.  

   Intestinal Phosphate Absorption 

 The small intestine is also the primary site of 
inorganic phosphate absorption. Since organic 
as well as inorganic phosphate is ingested in 
the diet, the stomach provides an important 
site for the nonenzymatic hydrolysis of organic 
phosphates such as nucleotides and sugar 
 phosphates including phytates as well as inor-
ganic polyphosphates including pyrophosphate, 
octa-calcium phosphate, and hydroxyapatite. 
Studies in humans and rats indicate that inorganic 
phosphate absorption occurs throughout the small 
intestine, primarily localizes to the duodenum 
(pH 6–7) and jejunum (pH 7–8) and is mediated 
by the Na + -dependent type-IIb (Npt2b) and PiT-1 
or PiT-2 transporters (review:  [  114  ] ); on the other 

hand, inorganic phosphate transport in the mouse 
primarily localizes to the ileum. 

 Like intestinal calcium absorption, intestinal 
phosphate absorption is mediated by all three 
segments of the small intestine. However, as 
noted above, important species-related differ-
ences have been identifi ed between humans and 
rats on the one hand, in which phosphate trans-
port is highest in the duodenum, and mice on the 
other, in which it is highest in the ileum  [  141  ] . 
Like intestinal calcium absorption, intestinal 
phosphate absorption is stimulated by calcitriol 
( [  142  ] ; review:  [  143  ] ). Surprisingly, however, at 
variance with the situation for calcium absorp-
tion, the jejunum rather than the duodenum is the 
primary site of calcitriol-dependent phosphate 
transport in all three species  [  141  ] . In addition, 
intestinal phosphate transport is markedly 
enhanced by low dietary phosphate (review: 
 [  144  ] ). Whether macronutrients promote inor-
ganic phosphate absorption as observed for cal-
cium absorption is unknown. 

 Intestinal phosphate transport is mediated by 
Na + -dependent transcellular as well as Na + -
independent, possibly paracellular, mechanisms 
 [  145  ] . However, the Na + -dependent mechanisms 
are better understood and appear to mediate the 
effect of calcitriol. Na + -dependent transport is 
mediated primarily by Npt2b transporters and, to a 
lesser extent, type-III transporters including PiT-1 
and PiT-2 expressed in luminal brush-border mem-
branes (review:  [  114  ] ). Interestingly, calcitriol 
upregulates small intestinal expression of Npt2b 
 [  141  ]  and PiT-2  [  146  ] . In addition, low dietary 
phosphate upregulates Npt2b expression  [  147  ]  
independent of calcitriol synthesis or the VDR 
 [  148  ] . Key components of the calcitriol-stimulated 
Npt2b pathway of intestinal phosphate transport 
are presented in Fig.  2.4  (lower cell).  

   Other Modulators of Phosphate 
Transport 

 Phosphate transport is also positively modulated 
by estrogens, which upregulate Npt2b expression 
 [  149  ]  consistent with the notion that postmeno-
pausal bone loss may arise from reduced absorp-
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tion of phosphate as well as calcium (review: 
 [  150  ] ). Other hormonal infl uences on dietary 
phosphate absorption include epidermal growth 
factor (EGF), which promotes Npt2b expression 
 [  151  ]  as well as glucocorticoids  [  152,   153  ]  and 
TNF- a   [  154  ] , which suppress Npt2b expression 
and phosphate absorption, suggesting potential 
explanations of the low bone mass phenotypes 
associated with prolonged high-dose steroids and 
infl ammatory bowel disease. Other negative 
infl uences on intestinal phosphate transport 
include advancing age as well as matrix extracel-
lular phosphoglycoprotein (MEPE) and FGF-23 
(review:  [  114  ] ).  

   Renal Mechanisms in the Control 
of Calcium and Phosphate Transport 

   Renal Tubular Calcium Transport 

 Renal Ca 2+  reabsorption occurs in the proximal 
tubule, medullary and cortical TAL, the DCT and 
connecting tubules (reviews:  [  96,   155,   156  ] ). As 
a result, renal calcium excretion in adults typi-
cally varies from 2 to 8 mmol/day (around 1.5–
5% of the fi ltered load). The mechanisms that 
support renal Ca 2+  reabsorption differ between 
tubular segments and include both transcellular 
and paracellular mechanisms. In addition, they 
are differentially regulated by hormonal and 
nutrient-dependent control mechanisms. The pri-
mary hormonal regulator of renal Ca 2+  reabsorp-
tion is PTH, which promotes Ca 2+  reabsorption in 
the distal nephron (i.e., distinct from its proximal 
tubule site of action on phosphate transport). 
Other hormonal modulators include calcitriol 
(review:  [  157  ] ) and calcitonin  [  158  ] , both of 
which promote Ca 2+  reabsorption.  

   Ca 2+  Reabsorption Mechanisms 
in the Proximal Tubule and Thick 
Ascending Limb 

 The cellular basis of Ca 2+  reabsorption in the 
proximal tubule and TAL is predominantly para-
cellular, i.e., via the tight junctions between 

neighboring cells (review:  [  155  ] ). It is, thus, gov-
erned by the transepithelial electrochemical gra-
dient as well as the ion selectivity and conductance 
of the intercellular corridor formed by the tight 
junctional complex (review  [  159  ] ).  

   Proximal Tubule 

 In the proximal tubule, paracellular reabsorption 
of Ca 2+  is favored by both the transepithelial elec-
trical potential difference, which is lumen posi-
tive under control conditions  [  160  ] , as well as the 
transepithelial concentration gradient in which 
the luminal Ca 2+  concentration is elevated by 
isosmotic coupling of water transport to NaCl 
reabsorption. As a result of the high level of water 
reabsorption, which approximates 75%, the lumi-
nal Ca 2+  concentration appears to be held above 
the interstitial Ca 2+  concentration throughout the 
length of the proximal tubule.  

   Thick Ascending Limb 

 In the TAL, which is an important site of regu-
lated Ca 2+  transport, NaCl reabsorption occurs 
independent of water reabsorption and is more 
tightly coupled to the generation of a lumen posi-
tive transepithelial potential difference (Fig.  2.5 ). 
The luminal membrane components of the TAL 
mechanism include Na + /K + /2Cl −  (NKCC2) co-
transporters and inwardly rectifying “ROMK” K +  
channels (review:  [  96  ] ). The basolateral (blood-
facing) components include the Na + /K + -ATPase, 
which provides the driving force for transcellular 
Na +  reabsorption, and the CLC-KB Cl −  channel, 
which mediates Cl −  effl ux from the cell to the 
interstitium in response to a cell-negative mem-
brane potential difference (review:  [  96  ] ). Control 
of Ca 2+  transport in the TAL arises from regulated 
expression and transport rates of NKCC2, 
ROMK, and CLC-KB and is primarily modulated 
by (1) PTH1Rs, which promote Ca 2+  reabsorp-
tion in response to elevated serum PTH levels 
and (2) CaSRs, which suppress Ca 2+  reabsorption 
(review:  [  96  ] ).   
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   Distal Convoluted Tubules 
and Connecting Tubules 

 Unlike the proximal tubule and TAL, Ca 2+  reab-
sorption in the DCTs and connecting tubules, 
amounting to as much as 15% of the total, is pri-
marily transcellular and dependent on the expres-
sion of the TRPV5 Ca 2+ -selective channel in the 
luminal membrane, which provides a pathway 
for Ca 2+  infl ux into the cell, together with 
PMCA1b or NCX1 on the basolateral membrane, 
which provide a pathway for Ca 2+  effl ux to the 
interstitium (Fig.  2.6 ; review:  [  109  ] ). Ca 2+  trans-
port is facilitated by expression of the Ca 2+  chela-
tors, calbindin-D 

28k
  (review:  [  161  ] ), and 

calbindin-D 
9k

  in the cytoplasm of DCT cells. The 
chelator properties of these proteins appear to 
prevent the cytoplasmic ionized Ca 2+  concentra-
tion from rising to levels ( ³  200 nM) that might 
otherwise trigger intracellular signaling events 
and, by maintaining the steep electrochemical 
gradient for Ca 2+  across the apical membrane, 
facilitate the continuing uptake of Ca 2+  ions 

across the luminal membrane  [  162  ] . Interestingly, 
the cellular uptake of nonprotein Ca 2+  chelators 
such as the EGTA-analog, BAPTA-AM mimics 
the effect of calbindins on calcium transport 
 [  162  ] . The expression of both Ca 2+ -binding pro-
teins is promoted by calcitriol  [  163  ]  and, based 
on studies in cultured kidney cells, the effect of 
calcitriol on calbindin-D 

9k
  appears to be enhanced 

by PTH  [  164  ] .    

   Hormonal Regulation of Renal 
Ca 2+  Transport 

   Parathyroid Hormone 

 PTH regulates renal calcium excretion by pro-
moting Ca 2+  reabsorption in the cTAL as well as 
the DCT and connecting tubule segments of the 
distal nephron (reviews:  [  96,   165  ] ). In the cTAL, 
Ca 2+  reabsorption is primarily paracellular, 
accompanied by Mg 2+ , and antagonized by the 
CaSR located on the basolateral membrane. In the 

  Fig. 2.6    Positive modulation of transcellular calcium 
reabsorption in the distal nephron by PTH and calcitriol. 
The mechanism shown in the cell diagram operates in both 
distal convoluted tubules and connecting tubules (review: 
 [  171  ] ). Ca 2+ -infl ux across the luminal membrane is medi-
ated by the Ca 2+ -selective ion channel, TRPV5. Calbindin-
D 

28k
  and calbindin-D 

9k
  (not shown) buffer the cytoplasmic 

Ca 2+  concentration and thereby promote continuing Ca 2+  
infl ux without activating intracellular signaling pathways. 
Ca 2+  exits the cell at the basolateral membrane via 

PMCA1b and NCX1. PTH and calcitriol both upregulate 
the expressions of TRPV5, the calbindins, and NCX1 
 [  163,   165  ] . In addition, PTH activates TRPV5-mediated 
calcium transport  [  173  ] . Although a similar calcium trans-
port mechanism operates in the duodenum, there are key 
differences between the molecular components (e.g., 
TRPV6 in the duodenum rather than TRPV5 as here in the 
distal nephron) and regulation. Thus, although calcitriol 
promotes calcium transport at both sites, PTH has no 
direct effect on calcium transport in the duodenum       
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DCT and connecting tubule, on the other hand, 
Ca 2+  reabsorption is transcellular and PTH pro-
motes the expression and/or functional activity 
of proteins that support active transepithelial 
transport. While PTH provides a key drive for 
stimulated renal Ca 2+  transport in response to 
hypocalcemia or in the context of primary 
hyperparathyroidism, suppression of PTH levels 
plays a relatively minor role in the counter-reg-
ulatory response to hypercalcemia. Instead, 
CaSR-dependent suppression of TAL Ca 2+  reab-
sorption provides a key defense against hyper-
calcemia  [  6  ] .  

   PTH Action in the cTAL 

 Key determinants of paracellular transport 
include the concentration gradient between the 
lumen and interstitium, the transepithelial poten-
tial, and the ion permeability of the junctional 
complex. Although the impact of PTH on NaCl 
transport in the cTAL is mediated, at least in part, 
by cAMP-dependent traffi cking of NKCC2 to the 
luminal membrane (review:  [  96  ] ), PTH is 
reported to have little or no effect on the transepi-
thelial potential  [  166  ]  and, thus, on the driving 
force for transport. Given that  TRPV5  and other 
key components of the DCT transcellular Ca 2+  
reabsorption mechanism are not expressed in the 
cTAL (reviews:  [  96,   155  ] ), it seems reasonable to 
consider whether PTH stimulation of Ca 2+  reab-
sorption in the cTAL arises instead from enhanced 
Ca 2+  permeability of the junctional complex, e.g., 
due to increased expression of claudins. 

 Claudins are a family of four-transmembrane 
domain, integral membrane proteins that co-
localize with occludins in junctional complexes 
and are widely expressed in epithelial tissues 
(review:  [  111  ] ). They are organized so that both 
their N- and C termini are intracellular, and form 
homo- and hetero-oligomers with characteristic 
isoform-specifi c expression patterns in renal 
tubular segments (reviews:  [  111,   167  ] ). Mutations 
of claudin-16 or -19 have been linked to a rare 
human disorder of Ca 2+  and Mg 2+  reabsorption in 
the TAL known as familial hypercalciuric hypo-
magnesemia with nephrocalcinosis  [  168  ]  (review: 

 [  167  ] ). Traffi cking of claudins to the junctional 
complexes is regulated, at least in part, by phos-
phorylation and a PKA site that is required for 
claudin-16 traffi cking has been identifi ed at resi-
due S217  [  169  ] .  

   PTH Action in the DCT and Connecting 
Tubules 

 The cloning of  TRPV5  (originally identifi ed as 
 ECaC-1 ) led to its identifi cation as a key compo-
nent of a transcellular Ca 2+  transport apparatus in 
the distal nephron ( [  108,   170  ] ; reviews:  [  156, 
  171  ] ). The cloning of  TRPV6  (originally identifi ed 
as  CaT1 ) represented a similar advance for under-
standing transcellular Ca 2+  transport in the duode-
num  [  107  ] . PTH was previously observed to 
activate Ca 2+  uptake across the luminal membrane 
of distal tubular cells  [  172  ] , however, the molecu-
lar basis for the effect was unknown. It is now 
clear that PTH promotes both the expression  [  165  ]  
and functional activity  [  173  ]  of TRPV5. In addi-
tion, PTH promotes the expression of calbindin-
D 

28k
   [  165  ] , calbindin-D 

9k
   [  164  ] , and NCX1 but not 

PMCA1b  [  165  ] . Thus, PTH is a powerful modula-
tor of the expression of key components required 
for all rate-limiting steps of transcellular transport 
in the DCT and connecting tubules (see Fig.  2.6 ).  

   Calcitriol 

 The nature of the effect of calcitriol on renal cal-
cium reabsorption was previously confusing due 
to its elevation of serum calcium levels and, thus, 
the fi ltered load. More recently, the availability of 
mice that are null either for 1 a -hydroxylase or 
the VDR has permitted a more rigorous assess-
ment of the role of calcitriol in renal calcium han-
dling, leading to the conclusion that it promotes 
calcium conservation. Thus, VDR null mice 
exhibit inappropriately high renal Ca 2+  losses in 
the context of hypocalcemia, despite the presence 
of secondary hyperparathyroidism  [  174  ] . In addi-
tion, 1 a -hydroxylase null mice exhibit pro-
nounced decreases in the expressions of key 
transport proteins of the distal nephron including 
TRPV5, calbindin D 

28k
 , and the basolateral Na + /
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Ca 2+  exchanger, NCX1, which were corrected 
upon administration of exogenous calcitriol 
( [  163  ] ; see Fig.  2.6 ).  

   Calcitonin 

 Taken together with its well-recognized action in 
lowering serum Ca 2+  concentration  [  175  ] , the 
apparently paradoxical positive effect of calcitonin 
on renal calcium reabsorption suggests a primary 
role in redirecting calcium to bone and retaining it 
in established hydroxyapatite stores. Consistent 
with this notion, osteoclast-specifi c ablation of the 
calcitonin receptor in mice attenuated their resis-
tance to hypercalcemia  [  176  ] .  

    a -Klotho 

  a -klotho contributes to the control of the renal 
transport of both calcium and phosphate and is 
expressed at highest levels in the DCT  [  177  ]  and 
at much lower levels in the proximal tubule  [  178  ] . 
It supports renal calcium transport via direct and 
indirect mechanisms. Thus, it directly stabilizes 
TRPV5 expression in the plasma membrane via 
its endogenous  b -glucuronidase activity  [  86,   87  ] . 
Indirect roles, dependent in part on the modula-
tion of serum calcitriol levels, are suggested by 
analyses of the  a -klotho null mouse, which in 
addition to enhanced intestinal calcium absorp-
tion exhibits enhanced renal calcium excretion 
and renal tubular calcium-phosphate precipita-
tion associated with down-regulated expression 
of calbindin-D 

9k
  and NCX1  [  179  ] .  

   Modulation of Renal Ca 2+  Transport 
by the CaSR 

 Elevated extracellular Ca 2+  concentration pro-
motes renal calcium excretion independent of its 
action to suppress PTH levels  [  6  ] . Consistent with 
the notion that the kidney senses and responds to 
changes in the serum ionized Ca 2+  concentration, 
the CaSR is widely expressed in the renal tubules. 
Expression in the proximal tubule provides a 

mechanism for modulating the effects of PTH 
and dietary phosphate intake on phosphate reab-
sorption (see below;  [  180,   181  ] ). Expression in 
the mTAL provides a mechanism for suppressing 
NaCl reabsorption that takes the form of reduced 
expression of NKCC2 and ROMK, thereby dis-
rupting uptake of Na +  and Cl −  ions, and K +  recy-
cling across the luminal membrane as well as 
reduced expression of CLC-KB in the basolateral 
membrane, thereby disrupting Cl −  effl ux into the 
extracellular fl uid. Consistent with this notion, 
activating mutations of the CaSR induce a form 
of Bartter syndrome (type V) typifi ed by salt 
wasting and hypokalemia (review:  [  96  ] ). 

 Robust expression of the CaSR in the basolat-
eral membrane of the cTAL  [  182  ]  provides a 
mechanism for suppressing Ca 2+  reabsorption 
and an important defense against hypercalcemia 
even in the PTH-null mouse  [  6  ] . Although its 
molecular basis is unclear, the CaSR appears to 
suppress the activities of NKCC2, ROMK, and 
Na + /K + -ATPase via the production of arachidonic 
acid and 20-HETE  [  183  ] , thereby suppressing the 
electrical driving force. Alternatively, the CaSR 
may negatively modulate the insertion of the 
divalent cation-selective protein, claudin-16 into 
the junctional complexes thereby reducing the 
permeability of the paracellular route  [  184  ] . 
CaSR-dependent suppression of PTH-stimulated 
Ca 2+  reabsorption in the cTAL arises, in part, 
from suppression of cAMP levels  [  185  ]  either by 
activation of the heterotrimeric G-protein G 

i
  or 

intracellular Ca 2+ -dependent inhibition of type-6 
adenylyl cyclase or intracellular Ca 2+ -dependent 
activation of type-1 PDE (review:  [  96  ] ).   

   Renal Tubular Phosphate Transport 

 Renal phosphate reabsorption localizes to the 
proximal tubule and is mediated primarily by the 
type-II transporters Npt2a and Npt2c, and to a 
lesser extent, by the type-III transporter, PiT-2 
(review:  [  112  ] ). The signifi cance of Npt2a is 
underscored by the phenotype of Npt2a null mice, 
which includes frank renal phosphate wasting, 
hypophosphatemia, impaired trabecular bone 
development, elevated serum calcitriol levels, 
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attendant hypercalcemia and hypercalciuria, as 
well as secondary hypoparathyroidism  [  186  ] . By 
comparison, Npt2c null mice failed to exhibit sig-
nifi cant phosphate wasting, hypophosphatemia or 
a bone phenotype but instead prior to, but not after, 
weaning exhibited hypercalcemia and hypercalci-
uria associated with elevated serum calcitriol lev-
els and reduced renal 24-hydroxylase mRNA 
expression  [  187  ] . Consistent with these fi ndings, 
Npt2a mediates around 70% of Na/Pi co-transport 
in murine isolated brush border vesicles (review: 
 [  112  ] ) and Npt2c mediates around 30% of renal 
Na/Pi cotransport in mice fed a low phosphate 
diet. The supporting role of Npt2c in murine proxi-
mal tubular phosphate reabsorption is underscored 
by the phenotype of double null Npt2a/Npt2c 
mice, which in comparison to either of the single 
null mice exhibit aggravated hypophosphatemia, 
exaggerated metabolic disturbances including an 
elevated calcitriol level, hypercalcemia, sup-
pressed PTH and FGF23 levels, as well as a severe 
bone phenotype that includes rickets  [  188  ] . 

 Initial analyses of human kindreds with the 
autosomal recessive disorder, hereditary hypo-
phosphatemic rickets with hypercalciuria, indi-
cated that Npt2c plays the primary role in renal 
phosphate transport in humans  [  189,   190  ] . 
However, a recent report indicates that an inacti-
vating mutation of Npt2a that interferes with its 
surface expression can also induce a severe phos-
phate-wasting phenotype  [  191  ] .  

   Regulation of Proximal Tubular 
Phosphate Transport 

 Proximal tubular phosphate reabsorption is regu-
lated by both dietary and hormonal factors. Thus, 
low dietary phosphate promotes and high dietary 
phosphate suppresses the expression of proximal 
tubular phosphate transporters including Npt2a, 
Npt2c, and PiT-2 in the luminal brush border 
membrane (reviews:  [  112,   192  ] ). Various hor-
monal factors modulate proximal tubule phos-
phate transport including the phosphaturic factors: 
PTH, FGF-23, secreted frizzled-related protein-4 
(sFRP-4), and FGF-7 (reviews:  [  41,   112  ] ). 
Calcitriol does not appear to modulate proximal 
tubule phosphate transport (review:  [  112  ] ). 

   Regulation of Proximal Tubular 
Phosphate Transport by PTH 

 PTH acutely suppresses the surface expression of 
Npt2a in the luminal brush-border membranes of 
proximal tubule cells within minutes (see Fig.  2.7 ) 
and has more delayed effects on the surface 
expression of Npt2c and PiT-2  [  24,   193  ] . PTH 
acts on type-I PTH receptors (PTH1Rs) expressed 
on both luminal and basolateral membranes of 
proximal tubule cells and stimulation of both 
PI-PLC, arising from the activation of luminal 
receptors, and adenylyl cyclase, arising from the 
activation of basolateral receptors, appear to con-
tribute to the response (review:  [  112  ] ). Signaling 
mechanisms downstream of PTH1R in the proxi-
mal tubule are dependent upon Na + /H + -exchanger 
regulatory factors (NHERFs), which interact via 
tandem PDZ domains with ion transporters includ-
ing Npt2a as well as various GPCRs, including 
PTH1Rs (review:  [  112  ] ). Consistent with a key 
role of NHERF-1 in proximal tubular phosphate 
transport, NHERF-1-null mice exhibit defective 
expression of Npt2a transporters along with phos-
phate wasting, hypophosphatemia, hypercalciuria, 
and osteomalacia  [  194  ] , a phenotype that closely 
resembles that of Npt2a null mice  [  186  ] . NHERF1 
stabilizes luminal membrane expression of Npt2a 
and modulates PTH action by promoting PTH1R-
dependent activation of PI-PLC  [  195  ] . Recent 
work suggests that PTH triggers PKC-dependent 
phosphorylation of NHERF1, disabling its inter-
action with Npt2a thereby inducing Npt2a inter-
nalization. A recent report indicates that NHERFs 
may also contribute to the regulation of Npt2c 
and/or PiT-2  [  196  ] . PTH has indirect as well as 
direct effects on renal phosphate transport, e.g., by 
promoting the expression of FGF-23  [  26  ] .   

   Regulation of Proximal Tubular 
Phosphate Transport by FGF-23 
and  a -Klotho 

 FGF-23 induces phosphaturia and impairs the 
renal synthesis of calcitriol  [  69,   70  ]  via actions 
on the proximal tubules. The phosphaturic action 
of FGF-23 is dependent on FGF1c receptors  [  70  ]  
in the presence of the co-receptor,  a -klotho 
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 [  83,   85  ]  and, like that of PTH, is dependent upon 
the internalization of Npt2a and Npt2c transport-
ers  [  70,   72  ] . However, the actions of FGF-23 on 
renal phosphate excretion and serum phosphate 
are delayed in acute studies in humans, i.e., only 
after 6 h or more  [  69  ] . Due to the low level of 
 a -klotho expression in the proximal tubule  [  177, 
  178  ] , there has been speculation that the phospha-
turic effect of FGF-23 arises indirectly via recep-
tor-dependent expression of paracrine factors from 
the closely related DCTs ( [  197  ] ; review:  [  71  ] ).  

   Modulation of Proximal Tubular 
Phosphate Transport by the CaSR 

 As noted above, the CaSR plays an important role in 
the inhibitory control of renal calcium reabsorption, 
which is largely dependent upon its expression in 
the basolateral membrane of cTAL cells (review: 
 [  96  ] ). This mechanism provides a key defense 
against hypercalcemia  [  6  ] . In addition, the CaSR is 
expressed in the luminal membrane of proximal 
tubule cells where it reduces the negative impact of 
PTH on phosphate reabsorption  [  181  ] . These results 
appear to indicate that elevated extracellular Ca 2+  

levels restrain the phosphaturic response to PTH, 
thereby limiting the magnitude of phosphate losses 
and the risk of hypophosphatemia. Interestingly, the 
introduction of a high phosphate diet or acute expo-
sure to high dose PTH by intraperitoneal injection, 
both of which induce marked phosphaturia, appear 
to overcome this restraining mechanism by sup-
pressing proximal tubular expression of the CaSR as 
well as Npt2a in rats ( [  180  ] ; review:  [  92  ] ). The fi nd-
ings suggest that a maximal phosphaturic response 
requires deactivation of CaSR-dependent inhibition 
of PTH-dependent signaling as well as decreased 
surface expression of Npt2a and/or Npt2c.  

   Novel Hormonal Link: Small Intestinal 
Phosphate Sensing Drives Renal 
Phosphate Excretion 

 Recent work indicates the presence of hitherto 
unrecognized endocrine interactions between the 
small intestine and the kidney in the control of 
phosphate metabolism. In one line of enquiry, 
instillation of phosphate into the rat small intesti-
nal lumen induced prompt phosphaturia in the 
absence of an elevation in the serum phosphate 

  Fig. 2.7    PTH suppresses phosphate reabsorption in the 
proximal tubule via receptors on both the luminal and 
basolateral membranes. Transcellular phosphate trans-
port is mediated by Npt2a channels as well as Npt2c and 
PiT-2 channels (neither of the latter are shown) on the 
luminal membrane coupled to, an as yet, unidentifi ed 
phosphate channel or transporter on the basolateral 
membrane. PTH acutely suppresses phosphate transport 
by disrupting the interaction between Npt2a and 

NHERF1 at the plasma membrane. In consequence, 
Npt2a is rapidly internalized and transcellular transport 
is markedly inhibited (review:  [  112  ] ). Npt2c and PiT-2 
are inhibited by alternative mechanisms with a much 
slower time-course. Other modulatory infl uences on 
phosphate transport are FGF-23, which like PTH mark-
edly inhibits phosphate transport  [  70  ]  and luminal cal-
cium-sensing receptors, which dampen the inhibitory 
effect of PTH  [  181  ]        
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level  [  198  ] . The phosphaturic effect was 
 unaffected by parathyroidectomy or renal dener-
vation, and occurred independent of changes in 
the serum levels of FGF-23 or two other phos-
phatonins, secreted frizzled-related protein-4 
(sFRP4) or FGF-7. Consistent with the notion of 
phosphate-dependent, small intestinal production 
of a hormonal regulator of renal phosphate trans-
port, infusion of a duodenal extract induced 
prompt phosphaturia  [  198  ] . In a second line of 
enquiry, homozygous null Npt2b mice, in which 
small intestinal phosphate absorption was mark-
edly impaired, exhibited only a modest fall in the 
serum phosphate level in association with upreg-
ulated expression of renal proximal tubular Npt2a 
transporters and reduced serum FGF-23 levels 
 [  199  ] . The results indicate that renal phosphate 
reabsorption can compensate for impaired intes-
tinal phosphate absorption. Finally, over- 
expression of a stable mutant of FGF-23, R179Q 
that retains full biological activity, was recently 
reported to suppress the expression of small 
intestinal Npt2b in wild-type mice but not in mice 
that were null for either of the proximal tubular 
transporters Npt2a or -2c, despite comparable 
suppression of serum calcitriol levels by FGF-23 
(R179Q) in all three models  [  72  ] . The fi ndings 
suggest dynamic coupling of phosphate transport 
in the kidney and small intestine, via currently 
unrecognized phosphate-sensing and associated 
effector mechanisms.  

   Roles of Bone and Cartilage in Calcium 
and Phosphate Metabolism 

 In addition to conferring mechanical rigidity on 
bone and cartilage, hydroxyapatite acts as the 
major bodily reservoir of calcium that is released 
in response to systemic calcium defi ciency. It is 
also a major site of phosphate storage but, as 
described below, has lesser signifi cance for the 
maintenance of serum phosphate levels. This sec-
tion focuses on systemic factors that either control 
mineralization at the hydroxyapatite surface, and/
or promote bone resorption. Clearly bone forma-
tion and mineralization are dependent upon the 
number, activity, and locations of osteoblasts and 
osteocytes. However, the burgeoning fi eld of the 

molecular and cellular biology of bone formation 
has been excluded from the current discussion, 
except where it is of direct signifi cance for extra-
cellular fl uid calcium and phosphate metabolism. 
For this reason, the author has omitted discussions 
of the mechanisms that support the anabolic effect 
of intermittent PTH including key modulators of 
osteoblastic bone formation. This extends to neg-
ative modulators including serotonin (review: 
 [  200  ] ),  b -adrenergic agonists (review:  [  201  ] ), and 
glucocorticoids (review:  [  202  ] ) as well as positive 
modulators including PTHrP (review:  [  203  ] ), 
PTH (review:  [  204  ] ), and IGF-1 (review:  [  205  ] ) 
together with their interactions  [  206  ] . Thus, the 
sections that follow focus on the mechanisms that 
control bone resorption, thereby controlling the 
release of calcium and phosphate, and mineraliza-
tion, thereby controlling the transfer of calcium 
and phosphate to bone.  

   Signifi cance of the Hydroxyapatite 
Store in Mineral Metabolism 

 Although hydroxyapatite is a crystalline phos-
phate salt of calcium, there is no evidence that it 
buffers the serum phosphate concentration or 
corrects hypophosphatemia in the same way that 
it buffers the extracellular Ca 2+  concentration or 
corrects hypocalcemia  [  207  ] . Thus, enhanced 
bone resorption is a key physiological response 
to hypocalcemia but there is no comparable 
resorptive response to hypophosphatemia. 
Instead, hypophosphatemia markedly impairs 
growth plate maturation and bone mineralization 
thereby restricting inorganic phosphate transfer 
from the extracellular fl uid to bone (review: 
 [  105  ] ). In addition, soft tissue phosphate stores in 
liver and muscle, contribute to the buffering of 
serum phosphate levels via mechanisms that are 
not well understood (review:  [  208  ] ).  

   Signifi cance of the Hydroxyapatite 
Store in the Context of Calcium 
Defi ciency 

 The signifi cance of the hydroxyapatite store 
for calcium metabolism is underscored by the 
development of acute hypocalcemia in subgroups 
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of patients treated with agents that selectively 
disable bone resorption including bisphospho-
nates (review:  [  209  ] ) or denosumab, a RANK-
ligand neutralizing monoclonal antibody  [  210  ] . 
In addition, transgenic mice expressing collage-
nase-resistant type-I collagen, which disables 
bone resorption, exhibit a markedly impaired cal-
cemic response to PTH (Fig.  2.8 ;  [  211  ] ) indicat-
ing that bone resorption is a key element of the 
PTH-dependent defense against hypocalcemia. 
Furthermore, persistently elevated PTH in pri-
mary hyperparathyroidism promotes bone resorp-
tion and elevates the serum Ca 2+  concentration in 
the context of renal Ca 2+  retention. Due to its pro-
motion of renal phosphate wasting, however, 
PTH tends to suppress the serum phosphate con-
centration in the context of bone resorption. In 
support of this outcome, PTH also stimulates the 
production of the phosphatonin FGF-23  [  26,   82  ] .   

   Signifi cance of the Hydroxyapatite 
Store in the Context of Phosphate 
Defi ciency 

 Although the primary, bone-based, hormone 
response to systemic phosphate defi ciency is 

impaired bone mineral formation  [  105,   212  ] , 
hypophosphatemia also stimulates calcitriol syn-
thesis and calcitriol, in turn, stimulates intestinal 
phosphate absorption. Thus, hypophosphatemia 
arising in Npt2a null, Npt2c null, and double null 
mice is associated with rickets and osteomalacia 
together with suppressed serum FGF-23 and PTH 
levels, an elevated serum calcitriol level and sec-
ondary hypercalciuria  [  188  ] .   

   Molecular and Cellular Basis of Bone 
Resorption and its Regulation 

 Initial activation of the resorbing compartment at 
the bone surface requires the action of osteoblast 
lining cell-derived collagenase on type-I collagen 
(reviews:  [  213,   214  ] ). Consistent with this con-
clusion, collagenase-resistant transgenic mice 
exhibit markedly impaired bone resorption under 
both basal and PTH-stimulated conditions  [  211, 
  215  ] . Subsequently, exposed extracellular matrix 
proteins including fi bronectin and osteopontin 
promote  b 1-integrin-dependent activation of 
osteoblasts to express key activators of osteo-
clast maturation including intercellular adhesion 

  Fig. 2.8    Impaired PTH-induced hypercalcemia in 
transgenic mice expressing collagenase-resistant type-I 
collagen. Transgenic  rr  mice that expressed collage-
nase-resistant type-I collagen exhibited markedly 
impaired bone resorption and calcium release in 
response to intraperitoneal injections of PTH. The data 

have been redrawn from  [  211  ] .  Circles , wild-type mice; 
 triangles , transgenic  rr  mice;  open symbols , vehicle 
controls;  closed symbols , PTH-treated. A greater than 
50% reduction in PTH-induced hypercalcemia was 
observed in  rr  mice. (From  [  211  ] . Reprinted with 
permission)       
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molecule-1 (ICAM-1) and receptor activator of 
NF- k B ligand (RANK-L)  [  216  ] . Osteoblast lin-
ing cells also express macrophage colony-stimu-
lating factor (M-CSF;  [  214  ] ). Bone resorption is 
completed by the actions of mature osteoclasts, 
which establish membrane-limited resorption pits 
into which are released HCl and proteases includ-
ing cathepsin K and, later, neutral matrix metallo-
proteinases (review:  [  217  ] ). The action of acid on 
hydroxyapatite releases calcium and phosphate 
in ionized form into the extracellular fl uid. 

 Two main bone resorption scenarios need to 
be considered. The fi rst relates to the mainte-
nance of bone mass and architecture. In this sce-
nario, resorption is a necessary component of 
remodeling and is targeted to the repair of areas 
of microdamage or to provide mechanical adap-
tation to altered strain. The outcomes include 
revised bone architecture together with enhanced 
bone quality and strength (reviews:  [  213,   214  ] ). 
In one proposed mechanism, apoptotic osteocytes 
signal to osteoclasts via surface osteoblasts  [  218  ] , 
e.g., by the withdrawal of tonic, sclerostin-medi-
ated inhibition of osteoblast expression of the 
osteoclast activators M-CSF and RANK-ligand. 

 The second scenario is of particular interest to 
the present discussion and relates to the role of 
bone as a calcium store. This store is accessed 
upon a drop in the serum Ca 2+  concentration via 
the release of CaSR-mediated tonic inhibition of 
PTH secretion leading to elevated serum PTH 
levels (review:  [  5  ] ). A similar situation arises in 
the context of dysregulated PTH secretion, e.g., 
in primary hyperparathyroidism or FHH (review: 
 [  5  ] ). Although hypocalcemia also promotes the 
synthesis of calcitriol, this effect is generally 
considered to be of primary signifi cance for intes-
tinal Ca 2+  absorption rather than bone resorption 
(review:  [  33  ] ). Nevertheless, calcitriol may 
enhance the responsiveness of osteoblasts and/or 
osteoclasts to persistent elevation of PTH  [  35  ] . 

   PTH-Induced Remodeling 

 Elevated serum PTH levels induce a general acti-
vation of remodeling, which is particularly pro-
nounced on the endocortical surface of cortical 

bone leading to increased porosity  [  219  ]  but also 
affects trabecular bone  [  220  ] . Enhanced expres-
sion of RANK-L and decreased expression of its 
soluble receptor osteoprotegerin (OPG) are key 
elements of the response that include osteoclasto-
genesis and attendant bone resorption  [  221  ] . 

 PTH1Rs, which respond to elevated serum 
PTH levels as well as locally synthesized PTHrP, 
are expressed on cells of the osteoblast lineage 
including marrow stromal cells, osteoblast lining 
cells, mature osteoblasts, and osteocytes  [  222  ] . In 
addition, PTH1Rs are expressed on T lympho-
cytes and recent work demonstrates that T-cell-
specifi c deletion of PTH1Rs in mice protects 
against bone loss via impaired production of the 
cytokine TNF- a   [  19  ] . TNF- a  promotes osteo-
clastogenesis, at least in part, by enhanced stromal 
cell expression of RANK-L and reduced expres-
sion of OPG  [  19  ] .  

   Modulation of Bone Remodeling 
by Calcitriol 

 Calcitriol has multiple actions on bone mass and 
mineralization. As noted above, the most impor-
tant of these actions appear to derive from the 
promotion of intestinal calcium and phosphate 
absorption since many of the phenotypic features 
of 1 a -hydroxylase null mice and VDR null mice 
are corrected by rescue diets rich in calcium, 
phosphate, and macronutrients (review:  [  33  ] ). 
Nevertheless, VDRs are expressed in cells of 
both the osteoblast and monocyte–macrophage–
osteoclast lineages and promote bone formation, 
at least in part, by enhancing the proliferation of 
osteoblast progenitors  [  223  ] , as well as bone 
resorption, by facilitating the expression of 
RANK-L  [  224  ] . These effects appear to be more 
pronounced with aging  [  223  ]  and suggest a role 
for calcitriol in promoting bone remodeling and 
turnover (review:  [  35  ] ). Interestingly, the out-
comes of vitamin D receptor function appear to 
be critically dependent upon the differentiation 
state of the cells in which it is expressed. Thus, 
transgenic overexpression of the VDR in 
mature osteoblasts under the osteocalcin pro-
moter enhanced bone mass and impaired bone 
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resorption  [  225  ] , suggesting a role for VDRs in 
the local downregulation of osteoclasts once 
mature osteoblasts have been established in the 
remodeling zone.  

   Bone Remodeling by Osteocytes 

 A role for osteocyte PTH1Rs in PTH-induced 
bone-resorption is suggested by the impact of 
over-expressing a constitutively active PTH1R 
under the control of the osteocyte-specifi c dentin 
matrix protein-1 (DMP-1) promoter  [  226  ] . 
Although such a mechanism might involve 
enhanced osteoclastogenesis and bone remodel-
ing at the bone surface, recent work suggests that 
osteocytes may directly participate in a wider 
remodeling process that includes the perilacunar 
matrix and canalicular network dependent upon 
the upregulation of key bone resorption genes in 
osteocytes themselves (reviews:  [  227,   228  ] ). 
Consistent with this concept, the volume of the 
perilacunar space appears to expand during lacta-
tion  [  228  ] . Thus, although the mechanisms are 
not well-defi ned, hormonal control of “osteocytic 
osteolysis” and osteocytic bone formation may 
also contribute to the control of whole body cal-
cium and phosphate.   

   Other Modulators of Bone 
Resorption 

   Calcitonin 

 Calcitonin receptors are class B G-protein cou-
pled receptors  [  229  ]  expressed by mature osteo-
clasts  [  230  ] . They provide a mechanism by which 
hypercalcemia-induced calcitonin production 
impairs bone resorption. Consistent with this 
concept, both global  [  175  ]  and osteoclast-specifi c 
 [  176  ]  calcitonin receptor null mice exhibit loss of 
resistance to induced hypercalcemia. Thus, one 
key defense against hypercalcemia is based on 
the activation of the CaSR in thyroid C-cells 
 [  231  ] , which promotes calcitonin secretion and, 
in turn, activates calcitonin receptors in osteo-
clasts to suppress bone resorption.  

   Estrogens 

 Postmenopausal bone loss is responsive to ther-
apy with selective estrogen receptor modulators 
(SERMs) with a tissue selectivity profi le that 
reduces the risk of major estrogen-related side 
effects including malignant transformation of 
mammary epithelial cells (review:  [  232  ] ). 
Consistent with this behavior, estrogens nega-
tively modulate bone resorption and bone turn-
over via effects on osteoclast survival and 
function, and analyses of transgenic mice indi-
cate that both nuclear receptor subclasses, ER- a  
and ER- b  contribute to the effects (review:  [  233  ] ). 
However, the identities of the cell types that coor-
dinate the responses, together with their molecu-
lar bases, are not well defi ned. Estrogens 
upregulate the expressions of Bcl-2, BMP-2, 
and OPG in osteoblasts, reduce the expression 
of cathepsin K in osteoclasts, and suppress 
the levels of pro-osteoclastogenic cytokines 
(review:  [  233  ] ).  

    b -Adrenergic Signaling Promotes 
Osteoclastogenesis 

 In addition to its anti-appetite effect, leptin sup-
presses bone formation via a hypothalamic relay 
that activates the sympathetic nervous system 
 [  234  ] . In the periphery,  b  

2
 -adrenergic receptors 

on osteoblasts suppress proliferation and promote 
the expression of RANK-L and, thus, induce 
osteoclastogenesis and bone resorption ( [  235  ] ; 
review:  [  201  ] ). The full physiological signifi -
cance of this sympathetic nervous system mecha-
nism and the nature of its primary sensing 
modalities are currently unknown.   

   Bone Formation and Local Regulation 
of Bone Mineralization 

 Bone formation, including expansion of the bone 
matrix and mineralization, is dependent upon the 
actions of mature, differentiated osteoblasts that 
align to the bone surface. Osteoblast maturation is 
under the control of signals arising from apoptotic 
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osteocytes including withdrawal of sclerostin, a 
key inhibitor (review:  [  213  ] ), together with vari-
ous systemic signals as noted above. 

 Mature osteoblasts produce the osteoid colla-
gen scaffold, initiate mineralization by seeding 
calcium-phosphate-containing matrix vesicles, 
and promote its nucleation via tissue nonspecifi c 
alkaline phosphatase (TNAP), which hydrolyses 
key local inhibitors including pyrophosphate 
(review:  [  236  ] ) and polyphosphates  [  237  ] . 
Inactivating mutants of TNAP underlie the human 
inherited disorder, hypophosphatasia  [  238  ]  and 
TNAP-null mice exhibit similar phenotypic fea-
tures including rickets due to developmental 
arrest in epiphyses, as well as osteomalacia  [  239  ] . 
Although matrix vesicle-dependent calcium 
phosphate seeding occurs normally, extension of 
nascent hydroxyapatite crystals is arrested in the 
absence of TNAP (review:  [  240  ] ). 

 Whether localized to the intracortical or endo-
chondral surfaces of cortical bone, or to the tra-
beculae of cancellous bone, mineralization 
requires net transfers of calcium and phosphate 
ions from the plasma to the surfaces of growing 
hydroxyapatite crystals. Under steady-state con-
ditions in adults around 8 mmol of calcium and 
5 mmol of phosphate are transferred to hydroxy-
apatite per day and are balanced by similar fl uxes 
of calcium and phosphate arising from bone 
resorption (Fig.  2.2 ;  [  207,   208  ] ). 

   Control of Mineralization 

 Critical to the targeting of mineralization is its 
restriction to discrete sites that support bone 
integrity with avoidance of joint capsules and 
joint spaces. Thus, molecular mechanisms for 
suppressing inappropriate mineralization and for 
selectively deactivating them in a spatially and 
temporally appropriate manner are critical to 
effective growth and/or repair of bone. In addi-
tion to TNAP, the pyrophosphate exporter Ank, 
which is expressed by chondrocytes  [  241,   242  ]  
and osteoblasts  [  243  ]  and exports pyrophosphate 
into the extracellular space, is an important con-
tributor to the local inhibitory mechanism. 
Interestingly, pyrophosphate appears to have 
multiple inhibitory effects on mineralization that 

arise from mineral binding, upregulated expres-
sion of osteopontin, and suppressed TNAP activ-
ity  [  244  ] . 

 Osteoblasts also modulate hydroxyapatite 
expansion by releasing SIBLINGs that bind to 
Ca 2+  ions at the crystal surface  [  236  ] . They 
include DMP-1, bone sialoprotein, osteopontin, 
and MEPE. While these proteins typically act as 
inhibitors of hydroxyapatite formation in their 
full-length forms, phosphorylation and prote-
olytic processing yields peptides, which (1) pro-
mote mineralization, (2) yield more potent 
inhibitors of mineralization, and/or (3) enter the 
circulation to modify phosphate metabolism. 
Dmp1 provides an example of such an inhibitor, 
which in an intact phosphorylated form binds to 
hydroxyapatite and suppresses mineralization 
 [  245  ] . However, upon dephosphorylation and 
proteolytic processing, a 57-kDa C-terminal pep-
tide is generated that promotes mineralization 
 [  245,   246  ] . 

 SIBLING proteins are also modifi ed by lim-
ited proteolysis to generate intensely acidic (i.e., 
negatively charged) peptides. These so-called 
ASARM peptides negatively modulate hydroxy-
apatite crystal growth  [  247  ]  and upon their release 
into the blood, promote renal phosphate excre-
tion to lower serum phosphate levels by down-
regulating the expression of Npt2a (review: 
 [  236  ] ). An example of potential clinical impor-
tance arises in the context of the cleavage of 
osteopontin-derived ASARM peptides by the 
integral membrane endopeptidase, PHEX. 
Inactivating mutations of PHEX underlie 
X-linked hypophosphatemic rickets (review: 
 [  41  ] ) and failure of PHEX cleavage of phospho-
rylated osteopontin results in the accumulation of 
a potent phosphopeptide inhibitor of mineraliza-
tion  [  248  ] . Whether this, or a related, peptide pro-
motes phosphate wasting, another key element of 
the phenotype, is currently unknown.  

   Rickets and Osteomalacia: Impact 
of Low Serum Phosphate 

 Rickets arises from impaired apoptosis of hyper-
trophic chondrocytes in the growth plate  [  249  ]  
resulting in a failure of vascularization and 
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 ossifi cation. The serum phosphate concentration 
is critical to the process and hypophosphatemia 
induces the persistent survival of hypertrophic 
chondrocytes suggesting the existence of a phos-
phate-sensing mechanism coupled to the activa-
tion of apoptosis (review:  [  105  ] ). 

 Osteomalacia arises from impaired mineral-
ization of osteoblast- or osteocyte-derived osteoid 
and is also highly sensitive to the serum phos-
phate concentration  [  250  ] . In addition to its 
inhibitory effect on mineralization arising from 
the lowering of the calcium-phosphate solubility 
product, low serum phosphate concentration sup-
presses the maturation of osteoblasts as revealed 
by reduced expression of osteocalcin and osteo-
pontin (review:  [  105  ] ).  

   Hypophosphatemic Rickets 

 Several human inherited disorders feature hypo-
phosphatemia and rickets. These include X-linked 
hypophosphatemic rickets (XLH), ADHR, and 
various forms of autosomal recessive hypophos-
phatemic rickets (ARHR). Hypophosphatemia 
has been causally linked to abnormalities of the 
growth plate and bone in all of these disorders. 
In part, it arises from impaired proteolytic pro-
cessing and/or enhanced expression of FGF-23. 

 ADHR arises typically from gain-of-function 
mutations in the FGF-23 gene that disable a critical 
RXXR proteolytic cleavage site (residues 176–179; 
 [  63,   251  ] ). Serum FGF-23 levels are elevated and 
hypophosphatemia results from renal phosphate 
wasting and an inadequate intestinal absorption 
response secondary to suppressed serum calcitriol 
levels. In addition to persistence of the active, full-
length form of FGF-23, impaired processing inter-
feres with the production of a potent C-terminal 
peptide antagonist of full-length FGF-23  [  252  ] . 

 XLH arises from inactivating mutations in the 
 PHEX  gene  [  253–  255  ]  and is also associated with 
elevations of the serum FGF-23 concentration 
 [  64  ] . The  Hyp  mouse, which has an inactivating 
mutation of the PHEX gene, exhibits a compara-
ble phenotype to human XLH including elevated 
serum FGF-23 levels  [  256  ] . These phenotypes 
were initially ascribed to a failure of FGF-23 
 processing by defective PHEX  [  64  ]  but PHEX 

does not cleave FGF-23 and instead appears to 
negatively modulate its expression  [  257  ] . Possibly 
via the processing of SIBLINGs as described 
above. Consistent with the notion that enhanced 
serum FGF-23 levels mediate hypophosphatemia 
in the Hyp mouse,  fgf23/Hyp  double null mice, in 
which FGF-23 production is ablated, exhibit renal 
phosphate retention and hyperphosphatemia, i.e., 
a reversal of the Hyp phenotype  [  258,   259  ] . 

 ARHR arises from homozygous or compound 
heterozygous mutations of several genes in 
humans. These include inactivating mutations of 
the Npt2c or Npt2a genes (review:  [  260  ] ) as noted 
above, as well as inactivating mutations of the 
Dmp1 gene, which exhibit hypophosphatemic 
rickets and enhanced serum FGF-23 levels ( [  189  ] ; 
review:  [  261  ] ). Consistent with this, Dmp1 null 
mice exhibit hypophosphatemic rickets associated 
with elevated serum FGF-23 levels and renal phos-
phate wasting  [  262  ] . The signifi cance of elevated 
FGF-23 levels and attendant suppression of the 
serum phosphate level is underscored by the fi nd-
ings that FGF-23 neutralizing antibodies or a high 
phosphate diet rescues key features of the pheno-
type. These include rickets, osteomalacia, and 
delayed marrow cavity formation, as well as 
impaired osteoblast to osteocyte differentiation as 
reported by enhanced expression of  Osterix (OSX)  
and  Col-I , and reduced expression of  SOST , which 
encodes the key inhibitory regulator of osteoblast 
differentiation, sclerostin  [  263  ] . Taken together, 
the results suggest that Dmp1, like PHEX, is a 
negative regulator of FGF-23 expression. The 
nature of the interactions between key regulators 
of osteoblast maturation and mineralization, on the 
one hand, and enzymes responsible for their prote-
olytic processing, on the other, remain to be deter-
mined. Nevertheless, it seems clear that limited 
proteolysis of Dmp1 like that of other SIBLING 
proteins is critical to its actions in bone  [  246  ] .   

   Modulation of Bone Formation 
and Resorption by the Calcium-
Sensing Receptor 

 Early cellular and transgenic mouse studies aimed 
at exploring a possible role of the CaSR in bone 
cell biology led to considerable confusion 
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(review:  [  15  ] ). More recent analyses based on 
tissue-specifi c deletion of CaSR exon-7, which 
encodes the receptor’s heptahelical signaling 
domain  [  264  ]  rather than global deletion of CaSR 
exon-5, which encodes a C-terminal fragment of 
the receptor’s VFT nutrient-sensing domain 
 [  265  ] , has led to a new appreciation of the roles 
played by the CaSR expressed in the osteoblast, 
chondrocyte, and monocyte–macrophage–osteo-
clast lineages with developmental implications 
for bone and cartilage as well as functional impli-
cations for bone remodeling. With respect to 
bone, homozygous deletion of CaSR exon-7 in 
osteoblasts under the control of either the  Col-I  
or  OSX  promoters induced growth retardation 
and impaired mineralization associated with 
defective expression of type-I collagen, alkaline 
phosphatase, and osteocalcin  [  264  ] . Consistent 
with these fi ndings, the CaSR inhibitor (calci-
lytic) NPS 89636 prevented extracellular Ca 2+ -
dependent upregulation of key markers of 
osteoblast function in cultured fetal rat calvarial 
cells  [  266  ] . The results indicate that the CaSR, in 
the presence of physiologically relevant extracel-
lular Ca 2+  concentrations, promotes the differen-
tiation of osteoblast progenitors. Furthermore, 
examination of neonatal global CaSR/PTH dou-
ble null mice indicates that the CaSR is required 
for dietary calcium-dependent stimulation of 
bone turnover  [  267  ] . Thus, the CaSR may medi-
ate key nutritional infl uences on bone develop-
ment and bone mass (review:  [  104  ] ). Surprisingly, 
expression of a constitutively active CaSR under 
the osteocalcin promoter induced cancellous 
bone loss in transgenic mice associated with 
increased osteoclast number and increased osteo-
clast surface  [  268  ] . The physiological signifi -
cance of these fi ndings requires further study. 

 The CaSR is also expressed in osteoclasts and 
their monocyte precursors. Although its signifi -
cance in osteoclast biology is less well under-
stood, it promotes monocyte differentiation and 
chemotaxis and provides a mechanism whereby 
elevated Ca 2+  concentrations in the proximity of 
the bone resorption pit may negatively modulate 
further bone resorption prior to the recruitment, 
proliferation, and maturation of osteoblasts in 
support of bone formation (review:  [  93  ] ).  

   Conclusion 

 When the author agreed to write this chapter, he 
thought he had undertaken to write an account of 
the regulation of calcium metabolism alone. That 
would have simplifi ed life somewhat but would 
also have been a shame, since this story is really 
only complete when the metabolisms of both cal-
cium and phosphate are considered together in 
detail. The story is necessarily complex and 
involves multiple small intestinal and renal tubu-
lar segments, as well as the development and 
homeostasis of bone and cartilage, together with 
hormonal and more local molecular signals, some 
yet undiscovered, that precisely control the func-
tions of these tissues and their interactions. Much 
of the story points to the roles of micronutrient 
sensors including the CaSR, which has pluripo-
tent roles in the gut, kidney, bone, and cartilage 
as well as other sensors, such as those for inor-
ganic phosphate, not yet identifi ed. Ultimately, it 
provides a picture of an asymmetric economy in 
which calcium and phosphate are common treated 
very differently from one another. The positive 
impact of PTH on serum calcium levels and its 
neutral or negative impact on serum phosphate 
levels provides one example. In addition, when 
their plasma levels are disturbed, calcium and 
phosphate provoke quite distinct outcomes on 
bone turnover. The cases of hypocalcemia and 
hypophosphatemia are particularly striking since 
the former provokes bone resorption and the lat-
ter arrests bone mineralization. There are notable 
exceptions: the intestinal absorptions of calcium 
and phosphate are both positively modulated by 
calcitriol; and calcium and phosphate belong 
together in the hydroxyapatite crystals in bone. 
Consideration of all these effects ultimately 
points to vitamin D and its active metabolites 
25-hydroxyvitamin D and calcitriol as central 
regulators of calcium and phosphate metabolism. 
The metabolism of calcitriol, in particular, is sal-
utary since it is subject to sensitive and poten-
tially  competitive control by all other key players 
including calcium, phosphate, PTH, and FGF-23. 
This places the regulation of intestinal calcium 
and phosphate absorption with its implications 
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for bone mineralization at the very heart of the 
 metabolic web. Clearly, however, there is much 
still to learn. What are the molecular identities of 
the phosphate sensors? How does the proteolytic 
processing of hydroxyapatite binding proteins 
control phosphate metabolism? What are the 
mechanisms that underlie the macronutrient 
modulation of calcium and, perhaps, phosphate 
transport? How do osteocytes coordinate the 
actions of bone remodeling cells and participate 
themselves in the processes of bone turnover? How 
does the nutritional modulator, 25-hydroxyvitamin 
D, interact with key control points in calcium and 
phosphate metabolism? And how can all of the 
context-specifi c  variations that perturb calcium 
and phosphate metabolism independently of one 
another be explained?      
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  Abstract 

 The author describes normal physiology of calcium and phosphorus 
metabolism and the chemistries associated with their pathophysiology in 
adults. Extensive discussions are presented about abnormalities of body 
chemistry in the hypercalcemic and hypocalcemic conditions. The clinical 
signs and symptoms of patients with these abnormalities are highlighted 
and provide a framework for diagnosing them. Treatment options for these 
conditions are given with extensive orientation towards medical 
therapies.  

  Keywords 

 Calcium homeostasis  •  Serum calcium levels  •  Cholecalciferol  • 
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hypocalciuric hypercalcemia  •  Tertiary hyperparathyroidism  •  Intestinal 
malabsorption  •  Hyperphosphatemia  •  Bicarbonate reabsorption  • 
 Hypophosphatemia  •  Markers of bone turnover  •  Pheochromocytoma  • 
 Thyroid cancer  •  PTH-independent hypercalcemia  •  Humoral hypercalce-
mia of malignancy  •  Local osteolytic hypercalcemia  •  PTHrP  •  B cell lym-
phomas  •  Tuberculosis  •  Saline hydration  •  Bisphosphonate  •  Pamidronate  
•  Zoledronic acid  •  Parathyroidectomy  •  Calcitonin  •  Tachyphylaxix  • 
 Hemodialysis  •  Immobilization  •  Calcimimetic  •  Cinacalcet  •  Neuromuscular  
•  Tremor  •  Muscle spasm  •  Paresthesias  •  Hypoparathyroidism  • 
 Autoimmune disease  •  Tumor lysis syndrome  •  Transfusion therapy  • 
 Rhabdomyolysis  •  Shvostek sign  •  Trousseau sign  •  Tetany  •  Seizure  
•  Hemodilution  •  Albumin serum  •  Protein malnutrition  •  Nephrotic 
 symdrome  •  Hungry bone syndrome  •  Mucocutaneous candidiasis  
•  Hypmagnesemia  •  Pseudohypoparathyroidism  •  Calcium infusion  
•  Calcium gluconate    

   Serum Calcium in Normal Conditions 

 Precise regulation of calcium homeostasis in the 
body is essential for the following reasons: cal-
cium is the main mineral component of the skel-
eton, calcium plays major roles in neuronal 
transmission, muscle contraction, and blood clot-
ting, and calcium is an important intracellular 
signal that controls countless processes through-
out the body. 

   Normal Serum Calcium Levels 

 A typical laboratory range for serum total cal-
cium concentration is between 8.8 and 10.5 mg/
dl. Of this calcium, 50–60% of the calcium is 
bound to plasma proteins or is complexed with 
anions such as citrate and phosphate. The remain-
ing ionized or so-called free calcium controls 
physiologic actions. The normal concentration of 
ionized calcium is maintained in a very narrow 
range: 4.5–5.3 mg/dl.  

   Regulation of Normal Calcium 
Homeostasis 

 The body regulates serum calcium by control-
ling its entry through the intestine, its exit via the 

kidney, and its storage in bone. These processes 
are regulated by parathyroid hormone (PTH) and 
1,25-dihydroxyvitamin D 

3
  [1,25-(OH) 

2
 D 

3
 ]. PTH, 

secreted by the parathyroid glands, is a peptide 
hormone with a very brief half-life in plasma 
(2–4 min). 1,25-(OH) 

2
 D 

3
  is made by a sequence 

of events beginning when cholecalciferol (vita-
min D 

3
 ) is generated by exposure of the skin to 

ultraviolet light; it is also supplied by dietary 
sources or nutritional supplements. In the liver, 
vitamin D 

3
  is hydroxylated to 25-(OH) vitamin 

D 
3
 , which is in turn hydroxylated in the kidney to 

the active form, 1,25-(OH) 
2
 D 

3
  (calcitriol). The 

net effect of PTH and 1,25-(OH) 
2
 D 

3
  is to main-

tain plasma ionized calcium concentrations under 
extremely tight control, despite signifi cant varia-
tions in calcium supply. In a healthy adult under 
equilibrium conditions, net calcium absorption 
from the gastrointestinal tract averages about 
150–200 mg/day and the kidneys excrete an 
equivalent amount of calcium. Bone remodeling 
also consumes and releases a balanced amount of 
calcium each day. Thus, net calcium levels in the 
body do not change from day to day. 

 Changes in plasma ionized calcium concentra-
tion are registered by parathyroid cells via the cell 
membrane calcium-sensing receptor (CaSR)  [  1  ] . 
Interaction of calcium ions with the extracellular 
domain of the CaSR triggers a series of intracel-
lular signaling events, which ultimately control 
PTH secretion. As circulating concentrations of 
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calcium rise, CaSR signaling is activated and 
causes PTH secretion to fall, and as circulating 
concentrations of calcium fall, CaSR signaling 
shuts off and PTH secretion increases. 

 When serum calcium levels are low, PTH 
increases bone resorption and distal nephron cal-
cium resorption. PTH also stimulates renal pro-
duction of calcitriol, which increases calcium 
absorption by the small intestine. If plasma cal-
cium levels rise above normal, PTH secretion 
declines, leading to greater renal calcium losses, 
reduced calcitriol production and thus decreased 
calcium absorption by the gut. In this fashion, the 
plasma ionized calcium concentration is main-
tained in a narrow range, although sometimes at 
the expense of skeletal calcium stores.  

   Laboratory Measurement 
of Blood Calcium 

 Diagnosis of a calcium disorder is based on mea-
surement of serum or ionized calcium. Serum 
measurements may be performed by spectropho-
tometry or by atomic absorption spectrophotom-
etry; the latter yields more accurate measurements. 
Spurious high readings may occur if the tourni-
quet is in place too long before the blood is drawn, 
which can increase measured serum calcium val-
ues by up to 0.4 mg/dl  [  2  ] . Dilution of blood by 
drawing samples from a central venous catheter 
is a common error that leads to spuriously low 
calcium readings. Accurate measurement of ion-
ized calcium requires that the samples are col-
lected under anaerobic conditions (i.e., in a blood 
gas syringe) and placed on ice, with immediate 
analysis.   

   Hypercalcemia 

 Hypercalcemia is a common metabolic abnormal-
ity. Signs and symptoms of hypercalcemia may be 
absent or subtle, except in cases where calcium is 
signifi cantly elevated or has increased rapidly. The 
diagnostic workup of hypercalcemia is straight-
forward (Fig.  3.1 )  [  3  ] . Identifi cation of the etiol-
ogy of hypercalcemia requires a comprehensive 

history, physical examination, laboratory tests, 
and, occasionally, diagnostic imaging studies  [  4  ] .  

   History and Physical Examination 

   Presenting Symptoms 
 Many individuals with mild hypercalcemia 
(serum calcium level <11 mg/dl) are asymptom-
atic, although some may report mild fatigue, 
vague changes in cognitive function, depression, 
or constipation. Typical manifestations of hyper-
calcemia are seen more commonly with serum 
calcium values between 12 and 14 mg/dl. These 
symptoms include anorexia, nausea, abdominal 
pain, muscle weakness, and depressed mental 
status. Dehydration is common, caused by polyu-
ria and polydipsia (from decreased urine concen-
trating ability caused by high urinary calcium 
levels). At calcium levels above 14 mg/dl there 
may be progressive lethargy, disorientation, and 
even coma. 

 In addition to the severity of the serum cal-
cium elevation, the rate of increase in serum cal-
cium may also affect the seriousness of the 
symptoms. Individuals who are chronically 
hypercalcemic may have few symptoms even 
with serum calcium values up to 15–16 mg/dl. In 
contrast, those whose calcium level has risen 
abruptly may have symptoms at less severe cal-
cium elevations. Elderly or debilitated patients 
are more likely to be symptomatic even with mild 
hypercalcemia. 

 A common cause of hypercalcemia is primary 
hyperparathyroidism. Patients with hyperpara-
thyroidism classically have fractures, bone pain, 
or nephrolithiasis. Currently, however, most 
cases of primary hyperparathyroidism are dis-
covered incidentally on routine blood chemistry 
before the patient becomes symptomatic.  

   Additional History 
 It may be helpful to review the medical record to 
determine the duration of the hypercalcemia and 
its course. Prescription medications (Table  3.1 ), 
foods, and nutritional supplements should be 
considered possible culprits. A careful family his-
tory should be performed to identify inherited 



56 E.H. Holt

disorders of calcium metabolism, nephrolithiasis, 
low-trauma fractures, and evidence of any related 
endocrinopathies, such as tumors of the pituitary, 
adrenal, thyroid, or pancreatic islets. Patients 
who have hyperparathyroidism associated with 
multiple endocrine neoplasia (MEN) syndromes 
may have specifi c manifestations of the other 
conditions that are part of these syndromes. 

Patients with sarcoidosis may present with fever, 
lymphadenopathy, skin rashes, or pulmonary 
symptoms. Hypercalcemia of malignancy typi-
cally develops only when a substantial tumor 
burden is present; consequently, most of these 
patients already have an established cancer diag-
nosis and clinical features associated with the 
specifi c tumor type and extent of disease.   

  Fig. 3.1    Diagnostic approach to hypercalcemia.  FHH  familial hypocalciuric hypercalcemia,  PTH  parathyroid hor-
mone,  PTHrP  parathyroid hormone-related protein       

 



573 Diagnosis and Treatment of the Patient with Abnormal Calcium

   Physical Findings 
 The physical examination should be directed at 
identifying signs or symptoms of hypercalcemia. 
Evidence for dehydration such as orthostasis or 
dry mucous membranes should be sought. Aside 
from depressed mental status and signs of dehy-
dration, physical examination fi ndings are gener-
ally normal in patients with hypercalcemia, 

especially if calcium levels are only modestly 
elevated. Rarely, severe and prolonged hypercal-
cemia may produce a visible horizontal deposit 
of calcium salts on the cornea, a fi nding called 
band keratopathy. 

 Effort should be made during the initial exam-
ination to identify signs of common causes of 
hypercalcemia such as malignancy and granu-
lomatous diseases. Hyperparathyroidism associ-
ated with a palpable neck mass should raise 
concern for parathyroid cancer since benign para-
thyroid conditions typically do not produce a pal-
pable mass. Evidence of complications, such as 
osteoporosis (manifest as kyphosis) or renal 
stones (which may cause costovertebral angle 
tenderness), should also be sought. Other signs 
and symptoms depend on the etiology of the ele-
vation (see Table  3.1 ).   

   Diagnostic Evaluation 

   Laboratory Studies 
 The fi rst step in evaluating hypercalcemia is to 
exclude factitious hypercalcemia, which may 
result from an increase in circulating concentra-
tions of the plasma proteins that bind calcium. 
About 50–60% of serum calcium is bound to 
these proteins, so an elevation in their concentra-
tions (as may occur in HIV infection, chronic 
hepatitis, and multiple myeloma) will produce a 
rise in the total serum calcium concentration. The 
ionized calcium concentration in these settings 
remains normal. To adjust the measured serum 
calcium for elevations in plasma protein, the 
serum calcium level should be lowered by 0.8 mg/
dl for every 1 g/dl of albumin above the normal 
range. When performed under optimal condi-
tions (above), ionized calcium measurement is 
more accurate than adjusted total serum calcium. 
Acute renal failure may occasionally lead to 
hypercalcemia, so renal function should also be 
assessed early in the workup. 

 If hypercalcemia is confi rmed, the next step is 
measurement of the serum PTH concentration 
simultaneous with the serum or ionized calcium. 
This is the most important test for determin-
ing the cause of hypercalcemia  [  4  ] . The most 

   Table 3.1    Causes    of hypercalcemia   

 PTH-mediated 
hypercalcemia 

 Primary hyperparathyroidism 
 Parathyroid adenoma 
 Parathyroid hyperplasia 
 Parathyroid carcinoma 

 Tertiary hyperparathyroidism 
 Familial hypocalciuric hypocalcemia 
(FHH) 
 Lithium 

 PTH-independent 
hypercalcemia 

 HHM: PTHrP-mediated 
 Squamous carcinoma of the lung, 
oropharynx, nasopharynx, larynx, 
and esophagus 
 Gynecologic (cervical and ovarian) 
 Urologic (renal, transitional cell of 
bladder) 
 Pheochromocytoma 
 Pancreatic islet cell tumors 
 T-cell lymphoma 
 Others 

 HHM: 1,25-(OH) 
2
 -D 

3
  mediated 

 B-cell lymphoma 
 Local osteolytic hypercalcemia 

 Multiple myeloma 
 Breast carcinoma metastatic to 
bone 
 Lymphoma 
 Others 

 Medications/supplements 
 Vitamin D 
 Vitamin A 
 Thiazide diuretics 
 Calcium-containing antacids (in 
milk-alkali syndrome) 

 Granulomatous diseases 
 Sarcoidosis 
 Tuberculosis 
 Histoplasmosis 
 Leprosy 

 Other conditions 
 Factitious hypercalcemia (due to 
increased plasma protein levels) 
 Acute renal failure 
 Severe thyrotoxicosis 
 Adrenal insuffi ciency 
 Immobilization 
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common PTH assay today is the two-site immu-
nochemiluminometric assay (ICMA, or so-called 
intact PTH). The ICMA measures only the intact 
PTH molecule and is therefore the preferred test 
in most instances, especially in patients whose 
renal function is impaired, where inactive frag-
ments of PTH may accumulate in serum. 

 The results of PTH measurement indicate 
whether hypercalcemia is mediated by PTH and 
thus help identify the cause of hypercalcemia (see 
Table  3.1 ). In the setting of normally functioning 
parathyroid glands, hypercalcemia should cause 
PTH levels to be suppressed. The hypercalcemia is 
said to be PTH-mediated if serum calcium is ele-
vated and the PTH level is high or inappropriately 
normal. PTH-mediated hypercalcemia is com-
monly referred to as hyperparathyroidism. When 
PTH levels are low in the face of high serum cal-
cium, the hypercalcemia is said to be non-PTH 
mediated, or PTH independent. This distinction 
guides subsequent steps in patient evaluation. 

 Other recommended tests include measure-
ment of serum creatinine and an electrolyte panel. 
Vitamin D studies are essential. Levels of 
25-(OH) vitamin D should be measured to rule 
out supplemental vitamin D intoxication. High 
1,25-(OH) 

2
 D levels may be seen in granuloma-

tous disease or certain lymphomas. Inorganic 
phosphorus measurement may be helpful as low 
serum phosphate is often seen in primary hyper-
parathyroidism, while high phosphate may occur 
in vitamin D intoxication. Serum creatinine may 
be acutely elevated in individuals who are dehy-
drated and chronically elevated in patients with 
nephrocalcinosis (deposition of calcium salts in 
the renal parenchyma secondary to prolonged 
hypercalcemia and resultant hypercalciuria). The 
alkaline phosphatase level may be elevated in 
patients with hypercalcemic states if there is ele-
vated bone turnover. Patients with hypercalcemia 
due to malignancy may demonstrate biochemical 
or hematologic fi ndings consistent with the site 
of neoplasia and its metastases. Most forms of 
hypercalcemia can be accompanied by hypercal-
ciuria (24-h urine calcium excretion >4 mg/
kg/24 h), which should be recognized and treated 
as it may lead to nephrocalcinosis or renal stone 
formation.  

   Additional Tests 
 Other diagnostic studies may be dictated by clini-
cal circumstances. Electrocardiography is recom-
mended for patients with severe hypercalcemia to 
detect shortening of the QT 

c
  interval or atrioven-

tricular block. In addition, many hypercalcemic 
conditions are associated with low bone mass, 
which may be noted on plain X-rays but is best 
assessed by measurement of bone mineral density 
by dual energy X-ray absorptiometry (DEXA). 
Abdominal imaging studies may identify renal 
stones or nephrocalcinosis. Bone radiographs are 
unlikely to aid in identifi cation of the cause of 
hypercalcemia: bony abnormalities in individuals 
with primary hyperparathyroidism are now rare, 
thanks to early detection of hypercalcemia.   

   Causes of Hypercalcemia 

   PTH-Mediated Hypercalcemia 
   Primary Hyperparathyroidism 
 Elevation of both the serum calcium and the PTH 
concentrations (in the absence of lithium use or 
low urinary calcium excretion as seen in FHH) 
supports a diagnosis of primary hyperparathy-
roidism. PTH levels are usually increased to no 
more than fi ve times the upper limit of normal. 
More signifi cant elevations should raise suspicion 
for parathyroid carcinoma. In certain mild cases, 
the calcium level is only slightly high, and the 
PTH is mildly elevated or inappropriately normal. 
Rarely, patients with primary hyperparathyroid-
ism have serum calcium levels in the upper-nor-
mal range. In fact, most of these patients will have 
elevated ionized calcium values and therefore are 
not actually normocalcemic. A fi rm diagnosis of 
primary hyperparathyroidism in such patients can 
be challenging, and longitudinal monitoring for 
disease progression may be appropriate. 

 Primary hyperparathyroidism is the most com-
mon cause of hypercalcemia diagnosed in the 
outpatient setting. The annual incidence of pri-
mary hyperparathyroidism is approximately 
4/100,000 individuals. The incidence peaks in 
the fi fth–sixth decade of life, and there is a 
female-to-male ratio of 3:2  [  5  ] . The clinical man-
ifestations of hyperparathyroidism depend, in 
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part, on the severity of the hypercalcemia. When 
hyperparathyroidism was fi rst described more 
than 50 years ago, most patients presented with 
late-stage complications of prolonged and severe 
hypercalcemia, such as abnormalities of bone 
(osteitis fi brosa cystica)  [  6  ]  or kidneys (nephro-
calcinosis, renal failure). Since the introduction, 
more than 30 years ago, of automated multichan-
nel auto-analyzers for measuring serum chemis-
try, hyperparathyroidism is often diagnosed by 
routine blood testing, before the development of 
symptoms. It also may be uncovered during the 
evaluation of osteoporosis or during the workup 
of renal stone disease. The most common clinical 
presentation today is that of asymptomatic mild 
hypercalcemia discovered incidentally on a blood 
chemistry panel. In 75–80% of cases a solitary 
parathyroid adenoma is present, hyperplasia 
involving multiple parathyroid glands is found in 
15–20% of cases, and parathyroid carcinoma is 
present in less than 1%. On occasion, double ade-
nomas are found  [  7  ] . Patients with MEN type I or 
MEN II usually have parathyroid hyperplasia 
involving all parathyroid glands  [  8  ] . 

 Lithium therapy can change the set point for 
the CaSR on the parathyroid gland so that a 
higher serum calcium concentration is needed to 
inhibit PTH secretion. This can lead to mild bio-
chemical abnormalities (i.e., high levels of cal-
cium and high-normal to elevated PTH levels) 
that mimic primary hyperparathyroidism but do 
not require medical intervention.  

   Familial Hypocalciuric Hypercalcemia 
 Familial hypocalciuric hypercalcemia (FHH), 
also referred to as benign familial hypercalcemia, 
is a rare genetic condition caused by inactivating 
mutations in the CaSR. This results in insensitiv-
ity of the parathyroid cell to serum calcium, a 
higher set point for the extracellular ionized cal-
cium concentration and inappropriately normal 
to mildly elevated PTH levels. Patients with FHH 
have chronic asymptomatic hypercalcemia asso-
ciated with relatively low urinary calcium excre-
tion. This is usually a benign condition with no 
complications and thus requires no treatment. 

 When the PTH level is normal or mildly ele-
vated and the 24-h urinary calcium level is low, 
consideration should be given to the possibility 

of FHH  [  9  ] . The relatively low urinary calcium 
output seen in FHH may help distinguish this 
condition from primary hyperparathyroidism, 
although low urinary calcium excretion may also 
occur in individuals with hyperparathyroidism 
who are taking thiazide diuretics and in those tak-
ing lithium. The possibility of FHH is raised 
when there is a strong family history of asymp-
tomatic, stable, mild hypercalcemia, especially in 
individuals younger than 40 years, when family 
members have undergone non-curative parathy-
roidectomy for a diagnosis of primary hyperpara-
thyroidism, or when the patient’s urinary calcium 
to creatinine clearance ratio is very low (<0.01). 
When this diagnosis is suspected, further evalua-
tion is necessary, such as the screening of other 
family members for hypercalcemia. Genetic test-
ing for FHH is available at select centers and may 
be appropriate in some cases. In some cases, FHH 
cannot be distinguished confi dently from primary 
hyperparathyroidism. However, in patients where 
FHH is suspected, hypercalcemia is typically 
mild, so expectant management is safe and avoids 
unnecessary parathyroid surgery.  

   Tertiary Hyperparathyroidism 
 Conditions that cause a low serum calcium or a 
high serum phosphate typically will be associ-
ated with a rise in PTH secretion as an appropri-
ate corrective measure. This increase of PTH 
secretion is termed secondary hyperparathyroid-
ism. The rise in PTH may be suffi cient to return 
the serum calcium to normal or the calcium may 
remain low. Common causes of secondary hyper-
parathyroidism include vitamin D defi ciency, 
intestinal malabsorption of calcium and/or vita-
min D, renal calcium losses, severe dietary cal-
cium inadequacy, and hyperphosphatemia due to 
chronic renal insuffi ciency. Correction of the 
causative abnormality, if possible, will return 
serum PTH concentrations to normal. 

 Secondary hyperparathyroidism is typically 
associated with low or normal serum calcium. 
However, in patients with long-term secondary 
hyperparathyroidism, hyperplasia, or neoplasia 
of the parathyroid glands may develop. As a 
result the parathyroids function autonomously, 
producing excess PTH at all times, resulting in 
hypercalcemia. This is most often seen in patients 
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with chronic kidney disease. All of the parathy-
roid glands are usually affected.  

   Further Investigation 
 Most patients with primary hyperparathyroidism 
will have a serum calcium concentration below 
12 mg/dl (unless coexisting dehydration is pres-
ent), and they may have mild to moderate hypo-
phosphatemia and a non-anion gap metabolic 
acidosis (from a PTH-induced defect in bicar-
bonate resorption). Urinary calcium excretion is 
often increased: although the high PTH will 
reduce the fractional calcium excretion, this 
effect is overcome by the high fi ltered calcium 
load, resulting in hypercalciuria. Hypercalciuria 
may predispose to renal stones in patients with 
hyperparathyroidism, which are calcium-con-
taining and often occur bilaterally, especially 
when urinary calcium excretion is high. Rarely, 
nephrocalcinosis and renal insuffi ciency develop, 
usually in those with the most severe and pro-
longed hypercalcemia, and especially if dehydra-
tion or other renal injury is superimposed. 
Because PTH increases bone turnover, there will 
be increases in serum and urinary biochemical 
markers of bone turnover, including bone-spe-
cifi c alkaline phosphatase. 

 Once the diagnosis of primary hyperparathy-
roidism is made, additional testing may be 
 necessary to determine whether the condition is 
severe enough to warrant parathyroidectomy. 
Consideration should also be given to the possibil-
ity of one of the MEN syndromes, particularly if 
the patient is young or has a personal or family 
history of a related endocrinopathy  [  8  ] . This infor-
mation is essential to elucidate prior to surgery, 
because the patient with primary hyperparathy-
roidism in the setting of an MEN syndrome usu-
ally has multigland parathyroid hyperplasia, and 
in such patients a neck exploration to evaluate all 
parathyroid glands should be planned. If MEN II 
is suspected, medullary thyroid cancer should be 
considered, and pheochromocytoma must be ruled 
out before the patient can safely go to surgery.   

   PTH-Independent Hypercalcemia 
 If the serum calcium concentration is elevated 
but the PTH level is appropriately very low, the 

patient has PTH-independent hypercalcemia. 
Cancer is the most common cause of signifi cant 
PTH-independent hypercalcemia and is most fre-
quently to blame when an acutely elevated cal-
cium level is discovered in a hospitalized patient. 
When the PTH is low and the patient is not known 
to have a malignancy, diagnostic considerations 
should include thyrotoxicosis, vitamin D intoxi-
cation, sarcoidosis, immobilization, certain endo-
crine disorders, and various drugs and 
supplements. These conditions require further 
laboratory assessment, with the choice of tests 
depending on the clinical situation. 

   Malignancy-Associated Hypercalcemia 
 Hypercalcemia of malignancy has two forms: 
humoral hypercalcemia of malignancy (HHM) 
and local osteolytic hypercalcemia (LOH). In 
malignancy-associated hypercalcemia the cal-
cium elevation is usually moderate or severe, and 
PTH will be low or undetectable. Evidence of 
signifi cant dehydration and generalized debility 
will be evident, along with other cancer-related 
symptoms. Usually, the diagnosis of malignancy 
has already been established. 

 HHM results from production by the tumor of 
a circulating factor that has systemic effects on 
calcium metabolism, acting at the level of skele-
tal calcium release, renal calcium handling, or 
intestinal calcium absorption. Rarely, it can be 
caused by the unregulated production of calcit-
riol (usually by B-cell lymphomas) or other 
mediators that interfere with calcium homeosta-
sis. However, the best-recognized cause of HHM 
is parathyroid hormone-related protein (PTHrP) 
 [  10  ] . Normally, PTHrP serves as a paracrine 
 factor in a variety of tissues (e.g., bone, skin, 
breast, uterus, placenta, and blood vessels) 
where it is involved in cellular calcium handling, 
smooth muscle contraction, and growth and 
development  [  10  ] . The amino terminus of the 
PTHrP peptide is homologous with PTH, and 
they share a common receptor. When PTHrP cir-
culates at supraphysiologic concentrations, it 
induces similar metabolic effects to PTH, activat-
ing osteoclasts to resorb bone, decreasing renal 
calcium output, and increasing renal phosphate 
clearance  [  10  ] . 
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 Tumors that produce HHM by secreting 
PTHrP are typically squamous carcinomas (e.g., 
lung, esophageal, laryngeal, oropharyngeal, 
nasopharyngeal, or cervical carcinomas)  [  11  ] . 
Other tumors that may elaborate PTHrP include 
adenocarcinoma of the breast or ovary, renal car-
cinoma, transitional cell carcinoma of the blad-
der, islet cell tumors of the pancreas, T cell 
lymphoma, and pheochromocytoma. All tumors 
that produce PTHrP do so in relatively small 
amounts, thus the syndrome typically develops in 
patients with a large tumor burden. It is therefore 
unusual for HHM to be the presenting feature of 
a cancer. Radioimmunoassay for PTHrP is com-
mercially available; a high serum PTHrP level 
will essentially confi rm the diagnosis of most 
cases of HHM. Care should be taken to ensure 
that blood for PTHrP levels is drawn and handled 
correctly to avoid spurious low results. 

 LOH occurs when a tumor growing in bone 
causes release of calcium through the production 
of cytokines or other factors that activate bone 
resorption by osteoclasts. In local osteolytic dis-
ease, PTHrP and calcitriol are within normal lim-
its, and there is evidence of bony metastases by 
symptoms and/or imaging studies. The classic 
tumor associated with this syndrome is multiple 
myeloma, although other neoplasms, such as 
adenocarcinomas of the breast and certain lym-
phomas, may also cause LOH. Local factors pro-
duced by bone cells may in turn promote the 
growth and survival of the metastases. This 
results in a positive feedback loop where the 
tumor induces the bone cells to produce factors 
that promote tumor growth, bone resorption and 
hypercalcemia. Interruption of this positive feed-
back loop is the basis for the use of bisphospho-
nates in the treatment of multiple myeloma  [  12  ] .  

   Other Causes of PTH-Independent 
Hypercalcemia 
 PTH-independent hypercalcemia may occur in 
sarcoidosis, tuberculosis, and other granuloma-
tous diseases, where granulomas produce exces-
sive amounts of calcitriol. Elevation of serum 
25-hydroxyvitamin D suggests excessive vita-
min D intake, while elevation of serum 1,25- 
dihydroxyvitamin D occurs in granulomatous 

diseases. Endocrine conditions that may 
 occasionally lead to hypercalcemia include 
severe hyperthyroidism (which stimulates bone 
resorption) and Addison’s disease (where vol-
ume depletion reduces calcium clearance). 
Immobi lization is a stimulus for bone resorption 
and may increase serum calcium levels, particu-
larly in bedbound hospitalized patients. This is 
usually seen in persons with high bone turnover, 
such as adolescents or those with unrecognized 
hyperparathyroidism or Paget’s disease of bone. 
Use of drugs and dietary supplements may be 
associated with hypercalcemia. Vitamin D intox-
ication and excessive intake of vitamin A (which 
activates bone resorption) are culprits. Thiazide 
diuretics may cause hypercalcemia due to 
enhanced retention of calcium by the kidney. In 
many cases this develops in individuals with 
underlying mild primary hyperparathyroidism 
 [  13  ] . Rarely encountered today is the so-called 
milk-alkali syndrome which results from the 
long-term consumption of large quantities of 
vitamin D-fortifi ed milk and calcium-containing 
antacids. In the days before the development of 
H 

2
  receptor blockers and proton pump inhibitors, 

milk and antacids were the standard treatment of 
peptic ulcers and milk-alkalai syndrome was 
seen more frequently. 

 If investigation of these diagnoses proves 
fruitless, the very rare possibility of unrecognized 
malignancy should be considered, especially if 
PTHrP is elevated. Further imaging studies would 
then be needed to locate the culprit tumor, includ-
ing a plain chest radiograph or a computed tomo-
graphic scan of the thorax to rule out lung 
malignancy. If these results are unrevealing, con-
sideration should be given to otolaryngoscopic 
examination, esophagoscopy, or CT of the abdo-
men followed by radiographic or endoscopic 
evaluation of the genitourinary tract if necessary.    

   Treatment of Hypercalcemia 

 A nonparathyroid disorder, often a malignancy, is 
usually responsible for acute hypercalcemia 
(Table  3.1 ). When the serum calcium level is sub-
stantially elevated, treatment should include 
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rehydration, as well as efforts to increase renal 
calcium excretion while simultaneously reducing 
bone resorption and/or intestinal calcium absorp-
tion, depending on which is the main source of 
excess calcium. 

   Saline Hydration 
 Most patients with acute hypercalcemia have 
some degree of volume contraction, which fur-
ther exacerbates their inability to excrete calcium, 
so the fi rst intervention must be restoration of the 
intravascular volume with intravenous infusion 
of normal saline (Table  3.2 ). The use of normal 
saline is essential as delivery of sodium and water 
to the distal nephron will enhance urinary cal-
cium excretion. Only once the intravascular vol-
ume is replenished should a loop diuretic such as 
furosemide be started to allow additional aggres-
sive saline hydration and further enhance calcium 
excretion. A serum calcium–phosphate product 
greater than 70 indicates the patient is at risk for 
calciphylaxis, and efforts to reduce the serum 
phosphate level (e.g., with phosphate binders) 
should be considered along with the interventions 
to lower serum calcium.   

   Bisphosphonate Therapy 
 If the serum calcium concentration does not 
return to a safe level quickly with intravenous 
fl uid and diuresis, then pharmacologic therapy is 
indicated  [  14  ] . Nearly all causes of severe 

 hypercalcemia involve some degree of increased 
osteoclast activity, so drugs that inhibit bone 
resorption are useful. The treatment of choice is a 
bisphosphonate, such as pamidronate or zole-
dronic acid, both of which are administered by 
intravenous infusion. Pamidronate is given in a 
dosage of 60–90 mg intravenously over several 
hours and is generally well tolerated. Typically, 
serum calcium levels begin to decline within 
24–48 h following the infusion, although the 
maximal effect may not be evident for several 
days. The actions of pamidronate may persist for 
several weeks, but treatment may be repeated as 
needed if renal function will allow. Zoledronic 
acid is given at a dosage of 4 mg intravenously 
over no less than 15 min  [  15  ] . It appears to have 
a greater potency and a longer duration of action 
than pamidronate. A repeat dose may be provided 
after 7 days if renal function allows. Use of intra-
venous bisphophonates, particularly zoledronic 
acid, is often followed immediately by an acute-
phase response to the fi rst dose, with fl ulike 
symptoms. Caution should be employed with 
these agents in the setting of renal dysfunction. 
Reduction in dosage of zoledronic acid is recom-
mended for creatinine clearance below 60 ml/
min, and its use in patients with creatinine clear-
ance below 30 ml/min is not recommended  [  15  ] . 
In addition, if parathyroidectomy is planned, 
administration of bisphosphonates should be 
considered carefully, because they may make 
management of any postoperative hypocalcemia 
more diffi cult.  

   Other Treatments for Hypercalcemia 
 When more rapid reduction in serum calcium is 
necessary, subcutaneous injection of calcitonin 
can be employed, either alone or simultaneous 
with a bisphosphonate. Calcitonin is given at a 
starting dosage of 4 U/kg every 12 h. Calcitonin 
is a relatively weak hypocalcemic agent. 
Tachyphylaxis to the actions of calcitonin usu-
ally limits its effectiveness to a few days. Other 
possible therapies are plicamycin and gallium 
nitrate, although toxicities limit their use as 
fi rst-line agents. In severe or refractory cases, 
hemodialysis against a low-calcium bath may be 
required. 

   Table 3.2    Treatment of hypercalcemia   

 Intravenous fl uids 
 0.9% NaCl 

 Loop diuretic 
 Furosemide intravenous (titrated to response) 

 Medications 
 Bisphosphonates 

 Pamidronate (60–90 mg IV) 
 Zoledronic acid (4 mg IV) 

 Calcitonin (4 IU/kg SC, every 12 h) 
 Prednisone (20–100 mg PO QD or equivalent) 

 Other interventions 
 Decrease calcium and vitamin D intake (if causative) 
 Maintain adequate oral hydration 
 Primary therapy directed at tumor 

 Chemotherapy 
 Radiation 
 Surgery 
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 When hypercalcemia results from an increase 
in intestinal calcium absorption, as occurs in vita-
min D intoxication or granulomatous diseases, 
glucocorticoid therapy has an integral role. 
Glucocorticoids directly impair intestinal cal-
cium transport and also inhibit the renal or granu-
lomatous 1 a -hydroxylase activity, resulting in a 
decrease in production of calcitriol. In patients 
with lymphoma, treatment with steroids may also 
indirectly reduce hypercalcemia due to their anti-
neoplastic effect. 

 Contributing factors to hypercalcemia, such as 
the use of calcium or vitamin D supplements, thi-
azide diuretic therapy, or immobilization, should 
be eliminated, if possible. 

 In malignancy-associated hypercalcemia, sur-
gery, chemotherapy, or radiotherapy targeted at the 
tumor itself may also reduce the hypercalcemia. 
However, because hypercalcemia is often an end-
stage complication of malignancy, further inter-
ventions such as these may not be appropriate. 

 Treatment of the patient with primary hyper-
parathyroidism must take into account the degree 
of the hypercalcemia, the presence of symptoms, 
and the severity of any end-organ damage and the 
risk of future complications  [  16  ] . Understandably, 
it is widely agreed that patients with symptoms 
clearly attributable to hypercalcemia should 
undergo surgery. Controversy exists over which 
asymptomatic patients with primary hyperpara-
thyroidism require surgical intervention. Some 
individuals without symptoms or complications 
clearly related to hyperparathyroidism can be fol-
lowed safely for long periods without surgery. 
Guidelines for surgical intervention in patients 
with asymptomatic primary hyperparathyroidism 
were most recently updated at a National Institutes 
of Health workshop in 2009  [  17  ] . 

 Although there is as yet no widely recognized 
medical therapy for primary hyperparathyroid-
ism, patients whose mild disease does not meet 
criteria for surgical intervention or who refuse 
surgery can be followed expectantly. Drugs that 
have a tendency to raise serum calcium levels, 
such as oral calcium supplements, thiazide diuret-
ics, and lithium, should be avoided. Dietary cal-
cium should not be restricted, because such 
restriction may promote further elevation of PTH 

and may possibly have adverse effects on bone 
mass. Any vitamin D defi ciency should be treated 
with gentle supplementation, because vitamin D 
defi ciency will enhance the adverse effects of 
hyperparathyroidism on bone. Patients should be 
encouraged to maintain good hydration to avoid 
the development of renal insuffi ciency and renal 
stones, especially in those with hypercalciuria. In 
patients with low BMD, a bisphosphonate will 
help to slow bone loss but will not control hyper-
calcemia  [  18  ] . In patients who are very hypercal-
cemic but cannot or will not have surgery, the 
calcimimetic agent cinacalcet has been used to 
control hypercalcemia. Calcimimetic agents such 
as cinacalcet activate the CaSR and thus diminish 
PTH production. The drug is FDA-approved for 
patients with hyperparathyroidism who have 
chronic renal disease and are on dialysis, patients 
with hypercalcemia from parathyroid carcinoma, 
and patients with hyperparathyroidism and severe 
hypercalcemia who cannot undergo parathyroi-
dectomy. The high cost of these agents and the 
relative ease and safety of parathyroid surgery 
make their widespread use in the future unlikely 
 [  19  ] . However, generic equivalent drugs are in 
the evaluation process and may change the land-
scape of therapy.    

   Hypocalcemia 

 Hypocalcemia is defi ned as a serum calcium level 
below the normal range for the laboratory. As 
with hypercalcemia, an ionized calcium determi-
nation on a correctly collected sample will con-
fi rm hypocalcemia. 

   History and Physical Examination 

   Presenting Symptoms 
 Chronic mild to moderate hypocalcemia is usu-
ally asymptomatic. However, when the serum 
calcium level falls below 7.5–8 mg/dl (assuming 
that plasma protein levels are normal), the patient 
may develop symptoms of neuromuscular irrita-
bility, including tremor, muscle spasms, or 
paresthesias.  
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   Additional History 
 As with hypercalcemia, the cause of hypocalce-
mia can usually be identifi ed after a careful his-
tory. Dietary calcium and vitamin D intake, lack 
of sun exposure, and alcohol intake should be dis-
cussed. Prior head and neck surgery or irradiation 
is a risk factor for hypoparathyroidism. Risk for 
more rare conditions, such as autoimmune dis-
ease and iron overload states should be elucidated. 
Concomitant diseases or conditions such as pan-
creatitis, rhabdomyolysis, tumor lysis syndrome, 
or ongoing transfusion therapy should also be 
considered potential causes of hypocalcemia.  

   Physical Findings 
 On examination, Chvostek and Trousseau signs 
may be present. If the serum calcium level drops 
further, tetany or seizures may appear. 
Prolongation of the QT 

c
  interval may be evident 

on electrocardiogram, indicating the patient is at 
risk for cardiac arrhythmias.   

   Diagnostic Evaluation 

   Laboratory Studies 
 A low level of serum calcium on laboratory test-
ing is often factitious, due to low plasma calcium 
binding protein concentration caused by hemodi-
lution or low protein synthetic function. Because 
circulating calcium is so highly protein bound, 
decreases in serum albumin concentrations—
such as that occurring with protein malnourish-
ment, severe liver disease, or in the nephrotic 
syndrome—produce proportionate reductions in 
total serum calcium.    In these situations, the mea-
sured serum calcium level may be corrected by 
adding 0.8 mg/dl for each 1 g/dl the patient’s 
serum albumin level falls below 4 g/dl. An accu-
rate ionized calcium measurement will circum-
vent these pitfalls. 

 Once true hypocalcemia is confi rmed, efforts 
to identify the cause should be undertaken. 
Guided by clues from the history and physical 
exam, the levels of phosphorus, magnesium, cre-
atinine, PTH, and 25-(OH)D 

3
  should be mea-

sured. Measurement of 1,25-(OH)D 
3
  is typically 

not very helpful as levels may be normal even in 
the setting of signifi cant vitamin D defi ciency.  

   Differential Diagnosis 
 True hypocalcemia is most often related to vita-
min D defi ciency or parathyroid gland hypofunc-
tion (Table  3.3 ). Removal of or injury to the 
parathyroid glands during thyroidectomy surgery 
can result in hypoparathyroidism, which is mani-
fested by hypocalcemia accompanied by inappro-
priately low serum PTH. However, unless all four 
parathyroid glands are removed or their blood 
supply is severely damaged, hypocalcemia after 
thyroidectomy is usually a mild and transient phe-
nomenon. Normal parathyroid function typically 
returns after a period of several days to weeks. 
Patients who have had prolonged, severe primary 
hyperparathyroidism accompanied by signifi cant 
bone turnover may experience protracted hypocal-
cemia after parathyroidectomy as a result of the 
rapid deposition of large quantities of calcium into 
the unmineralized matrix of the skeleton. This is 
referred to as the “hungry bone syndrome.”  

 Automimmune destruction of the parathyroid 
glands may occur in certain conditions, including 
autoimmune polyglandular syndrome type 1, a 
condition marked by hypoparathyroidism, prema-
ture ovarian failure, Addison’s disease, and muco-
cutaneous candidiasis  [  20  ] . Certain infi ltrative 
diseases, such as hemochromatosis, may adversely 
affect parathyroid function, as may external-beam 
irradiation of the neck. Congenital absence of the 
parathyroid glands may be seen in DiGeorge syn-
drome. Functional hypoparathyroidism may result 
from hypomagnesemia, because magnesium is 
necessary for both PTH release and PTH action. 
This is commonly seen in hospitalized alcoholic 
patients who are often hypomagnesemic. 
Pseudohypoparathyroidism is caused by inherited 
PTH resistance, resulting in hypocalcemia accom-
panied by marked elevations of PTH. 

 Because vitamin D ultimately controls intesti-
nal calcium absorption, disorders of vitamin D 
supply, production, or activation may lead to 
hypocalcemia. In vitamin D defi ciency, serum 
calcium concentrations are usually not severely 
affected, thanks to compensatory increases in 
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PTH and its downstream efforts to keep serum 
calcium normal. Indeed, the primary clinical 
manifestations of vitamin D defi ciency are in the 
skeleton (e.g., rickets in children and osteomala-
cia in adults). Dietary vitamin D defi ciency in the 
elderly is common, but it is often overlooked 
 [  21  ] . Other adults at risk for vitamin D defi ciency 
include persons with darker complexion or those 
with little sun exposure, combined with low 
dietary vitamin D intake. Recent reports suggest 
that vitamin D defi ciency may be more prevalent 
than traditionally considered, even in individuals 
not previously thought to be at risk  [  22  ] . 

 Hypocalcemia may occur in acute pancreatitis, 
when fatty acids released through the action of 
pancreatic enzymes complex with calcium. 
Hypocalcemia due to the formation of calcium 
phosphate complexes occurs in severe hyperphos-
phatemic states, such as renal failure, rhabdomy-
olysis, and the tumor lysis syndrome: formation 
of these complexes results in a decrease in serum 
calcium concentrations. Hypocalcemia may also 
be seen in patients given multiple red blood cell 
transfusions using cells to which calcium chela-
tors have been added to prevent clotting.   

   Treatment of Hypocalcemia 

 In patients with symptoms of marked hypocalce-
mia (e.g., those with evidence of neuromuscular 
irritability), calcium (e.g., as calcium gluconate) 
should be delivered by slow continuous intrave-
nous infusion to raise the serum calcium level 
until symptoms are relieved. Single boluses of 
intravenous calcium are not recommended as 
they have only a transient effect on serum cal-
cium. A typical calcium infusion is prepared with 
10 ampules (100 ml) of 10% calcium gluconate 
in 1 L of D 

5
 W and administered at 50 cc/h. Serum 

calcium should be tested frequently and the rate 
of infusion adjusted accordingly to maintain lev-
els in the low-normal range. Concurrently, any 
defi ciency in magnesium and/or vitamin D stores 
should be corrected. In severe cases, hypocalce-
mia may recur quickly after discontinuation of 

   Table 3.3    Causes of hypocalcemia   

 PTH-associated 
 • Low PTH 

production 
 • PTH resistance 

 Hypoparathyroidism 
 Post-surgical 
 External beam radiation 
(to neck) 
 Autoimmune 

 Polyendocrine syndromes 
 Magnesium defi ciency 
 Congenital 

 DiGeorge syndrome 
 Infi ltrative 

 Hemochromatosis 
 Thalassemia 
 Wilson disease 

 PTH resistance 
 Pseudohypoparathyroidism 
 Nutritional defi ciency 
(includes vitamin 
D-dependent rickets and 
osteomalacia) 

 Insuffi cient dietary intake 
of vitamin D 
 Malabsorption 

 Altered vitamin D 
metabolism 

 Anticonvulsant medica-
tions (increased vitamin 
D metabolism) 

 Vitamin D-associated 
 • Vitamin D defi ciency 
 • Vitamin D resistance 

 Renal failure 
 Vitamin D pseudodefi -
ciency (VDDR I) 
 Abnormal vitamin D 
receptor (VDDR II) 
 Vitamin D-resistant 
hypophosphatemic rickets/
osteomalacia 
 Oncogenic osteomalacia 

 Iatrogenic  Phosphate supplements 
 Calcitonin 
 Bisphosphonates (mainly 
seen with intravenous 
preparations) 
 Plicamycin 

 Miscellaneous 
conditions 

 Hypoalbuminemia 
(factitious) 
 Calcium malabsorption 
 Hyperphosphatemia 
 Acute pancreatitis 
 Rhabdomyolysis 
 Multiple transfusions of 
citrate-containing blood 
products 
 Osteoblastic metastases 
(prostate or breast 
carcinoma) 
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the calcium infusion, so oral calcium should be 
administered concurrent with tapering the infu-
sion. In less severe cases, calcium infusion will 
not be necessary and calcium can be administered 
orally as calcium carbonate or calcium citrate in 
doses starting at 1,000–1,500 mg of elemental cal-
cium daily in divided doses with meals. Note that 
the elderly and individuals who are taking proton 
pump inhibitors may malabsorb calcium, so higher 
doses may be needed to achieve the desired effect. 
If appropriate, vitamin D also should be provided. 
If dietary defi ciency of vitamin D is suspected, 
cholecalciferol (vitamin D 

3
 ) should be given, or, if 

cholecalciferol is unavailable, ergocalciferol (vita-
min D 

2
 ), may be adequate. The recommended 

daily dose of vitamin D for adults 50 years and 
older is 400–600 IU/day according to current 
Institute of Medicine Dietary Reference Intake 
(DRI) guidelines  [  23  ] , although many experts rec-
ommend a daily dose of 800–1,000 IU  [  24  ] . 
Patients who are defi cient in this fat-soluble vita-
min may require replenishment of their vitamin D 
stores with a brief course of prescription-strength 
ergocalciferol, e.g., 50,000 IU once weekly for 
6–8 doses before starting a standard daily dose. 
Cholecalciferol is currently unavailable by pre-
scription in the United States in this high-dose 
form. Hydroxylation of vitamin D to its active 
metabolite may take several days, so a brief course 
of calcitriol 0.25  m g or more daily may also be 
necessary to help maintain normal serum calcium 
while the vitamin D is being activated. 

 In cases of chronic hypoparathyroidism, long-
term administration of calcitriol is needed, because 
renal 1 a -hydroxylase will not be active in the 
absence of PTH. In hypoparathyroid patients, it is 
important to avoid fully normalizing the serum cal-
cium level, because this often results in hypercal-
ciuria and hyperphosphaturia, increasing the risk 
of nephrocalcinosis or renal stones. Instead, serum 
calcium should be kept at the lower limit of the 
normal range, at a level suffi cient to relieve symp-
toms and reverse tetanic signs (e.g., Chvostek 
sign). Periodic monitoring for hypercalciuria and 
nephrocalcinosis in these patients may be appro-
priate. In the future, patients may be treated with 
synthetic human PTH, which has been evaluated in 
clinical trials as therapy for hypoparathyroidism.       
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  Abstract 

 The complex control of calcium by the calcium-sensing receptor is the 
substance of this chapter. It describes the role of this critical receptor at the 
parathyroid glands and kidneys and focuses on the molecular abnormali-
ties of the receptor and its role in the causation of hypocalcemic and 
hypercalcemic disorders. It describes how activating and inactivating 
mutations of the receptor lead to the problems such as familial hypocalciu-
ric hypercalcemia, neonatal severe primary hyperparathyroidism, and 
other clinical states. It notes the use of genetic analysis of the calcium 
sensing receptor gene in the diagnosis of these complex problems and 
provides some therapeutic options for treatment.  
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   Table 4.1    Diseases of the Calcium-sensing receptor (CaSR)   

 Disease  CaSR functional activity  CaSR genotype 

 Familial hypocalciuric hypercalcemia (FHH)  Loss of function  Heterozygous mutation 
 Neonatal severe primary hyperparathyroidism (NSHPT)  Loss of function  Homozygous mutation 
 Autosomal dominant hypocalcemia (ADH)  Gain of function  Heterozygous mutation 
 Bartter syndrome type V  Gain of function  Heterozygous mutation 
 Autoimmune hypocalciuric hypercalcemia  Loss of function by antibodies  Homozygous normal 
 Autoimmune hypoparathyroidism  Gain of function by antibodies  Homozygous normal 

 Chondrocalcinosis  •  Neonatal severe primary hyperparathyroidism  • 
 Hypotonia  •  Constipation  •  Homozygous mutations  •  Heterozygous 
mutations  •  Allele  •  Autosomal dominant hypocalcemia  •  Polymorphic 
variants  •  Cincalcet hydrochloride    

   Introduction 

 Calcium is essential for numerous bodily pro-
cesses, i.e., as a cofactor for clotting, for modu-
lating neuronal excitability as well as intracellular 
functions like hormonal secretion, cardiac con-
traction, neurotransmission, and memory. The 
maintenance of a constant level of the extracel-
lular calcium within a narrow range is essential to 
fulfi ll these physiological roles. The extracellular 
calcium-sensing receptor (CaSR), which is pre-
dominantly expressed in the parathyroids and 
kidney, has a key role in extracellular calcium 
homeostasis, regulating the secretion of parathy-
roid hormone (PTH) and the reabsorption of 
 urinary calcium in a negative feedback manner 
to the prevailing eucalcemic environment. 
Molecular abnormalities of the CaSR are respon-
sible for different hypo- or hypercalcemic disor-
ders depending on activating or inactivating 
mutations of the receptor (Table  4.1 ). Loss-of-
function CaSR mutations have been reported in 
the hypercalcemic disorders of familial benign 
hypocalciuric hypercalcemia (FHH) and neona-
tal severe primary hyperparathyroidism (NSHPT). 
Gain-of-function CaSR mutations have been 
shown to result in autosomal dominant hypocal-
cemia with hypercalciuria (ADH) and Bartter’s 
syndrome type V. Molecular genetic analysis of 
the CaSR gene facilitates the sometimes diffi cult 

diagnosis. CaSR autoantibodies have been found 
in FHH patients who did not have loss-of-func-
tion CaSR mutations, and in patients with 
acquired form (i.e., autoimmune) of hypopara-
thyroidism. Therapeutic compounds that modu-
late CaSR function have a role in the medical 
management of hyperparathyroidism (calcimi-
metic drugs).   

   Overview of Calcium Homeostasis: 
Role of CaSR 

 In health, the serum calcium concentration is 
tightly regulated within the normal range, 2.20–
2.65 mmol/l by the action of the major calcitropic 
hormones, PTH, and 1,25-dihydroxyvitamin D 
(1,25(OH)2D) acting on kidney, gastrointestinal 
tract, and bone  [  1  ] . The calcium homeostasis is 
the balance within the body between the ingestion 
and absorption of calcium by the gastrointestinal 
tract, circulating calcium, and excretion of cal-
cium by the kidney, as well as the movement of 
calcium into and out of bone (Fig.  4.1 ). The CaSR 
enables the parathyroid glands, the kidney, and 
bone, to sense alterations in the level of serum Ca 
and to respond with changes in function that are 
directed at normalizing the serum calcium con-
centration. Any decrease in the extracellular cal-
cium ion concentration leads to an inactivation of 
the CaSR on the parathyroid chief cells, which in 
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term increases the rate of PTH release within 
minutes. When serum calcium levels fall, 
increased PTH secretion occurs (inverse relation-
ship). PTH acts via its specifi c G-protein coupled 
receptor to increase the distal renal tubular reab-
sorption of calcium, within minutes (short term 
adjustment). This leads to a rapid increase in 
serum calcium, activating the CaSR, and inhibit-
ing further PTH release once a normal calcium 
level has been restored. This rapid feedback loop 
depends on the fast and accurate sensing of the 
serum calcium level by the CaSR on the parathy-
roid cells. The CaSR on tubular cells of the kid-
ney itself directly regulates calcium excretion by 
(1) diminishing PTH effects, (2) inhibition of cal-
cium reabsorption, and (3) reducing the urinary 
concentrating ability. PTH, in addition, enhances 
the activity of osteoclasts and other bone cells, 
causing calcium release from the skeleton within 
1–2 h. A more prolonged PTH release stimulates 
1 a -hydroxylase activity in the proximal tubular 
cells which leads to 1,25(OH)2D production. The 
latter has a long-term effect, regulating both intes-
tinal calcium absorption and skeletal calcium 
turnover over days to weeks. A slower regulation 
of the PTH secretion occurs over a period of hours 
as a result of cellular changes in PTH mRNA. 
1,25(OH)2D acting through vitamin D receptors 
decreases the level of PTH mRNA  [  2  ] . The slow-
est regulation of PTH secretion occurs over days 

or even months and refl ects changes in the growth 
of the parathyroid glands. All these mechanisms, 
regulation of PTH secretion, PTH gene expres-
sion, and parathyroid cell proliferation, act to pro-
duce an increase in the serum calcium 
concentration correcting it towards the baseline 
value, which then completes the “ feedback loop” 
by inhibiting PTH release. The feedback relation-
ships between serum calcium and the secretion of 
the calcium regulatory hormones are appropriate 
to ensure that the response of their target tissue 
produces changes in serum calcium that reduces 
that hormone blood levels, e.g., a self-limiting, 
negative feedback relationship. The CaSR has the 
key role in calcium homeostasis, it regulates the 
synthesis and secretion of PTH as well as para-
thyroid cellular proliferation; the CaSR serves as 
the body’s “calciostat”  [  3  ] .   

   Structure and Function of the CaSR 

 The CaSR gene is located on chromosome 3q21.1 
and has six exons (exons 2–7) encoding the CaSR 
protein of 1,078 amino acids. It is a cell surface 
protein with three structural domains: a large 
extracellular domain, seven transmembrane 
domains, and an intracellular tail (Fig.  4.2 ). The 
fi rst CaSR identifi ed was cloned from a bovine 
parathyroid gland cDNA library  [  4  ] , the human 
CaSR equivalent was cloned from an adenoma-
tous parathyroid gland  [  5  ] . It is a member of 
Family C of the superfamily of seven transmem-
brane, G-protein-coupled receptors. Other mem-
bers of this family are so-called metabotrophic 
receptors for glutamate, receptors for gamma-
aminobutyric acid, and for sensing pheromones, 
taste and odorants in fi sh  [  6  ] . The characteristic 
of this subfamily is the very large extracellular 
domain. This extracellular region has a bi-lobed 
“Venus fl y-trap” domain, which is thought to be 
responsible for ligand binding, and a cysteine-
rich region for dimerization. Three to fi ve Ca2+ 
ions can bind cooperatively to the CaSR  [  7  ] . The 
CaSR functions as a dimer on the cell-surface 
and undergoes conformational changes after 
binding of Ca2+. The extracellular cysteine resi-
dues are critical for dimerization  [  8  ]  and the 

parathyroid

CaSR

intestine

bone

kidney

urine

Ca2+

  Fig.   4.1    Extracellular calcium homeostasis.  Black arrows  
calcium,  blue arrows  PTH,  red arrows  1,25(OH)2D,  ECF  
extracellular fl uid,  CaSR  calcium sensing receptor       
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majority of naturally occurring mutations identi-
fi ed in subjects with calcium homeostatic disor-
ders are located in this domain. The homodimer 
of the CaSR is capable of coupling to several 
G-proteins, for example, Gi, Gq/11, G12/13. The 
CaSR signals after ligand binding and dimeriza-
tion through multiple pathways, it stimulates 
phospholipase A2, C, and D as well as various 
MAP kinases and inhibits adenylate cyclase.  

 Although extracellular Ca2+ is considered the 
primary physiological agonist of the CaSR, there 
are a host of different stimuli to which the recep-
tor is responsive, like the cations in the rank order 
of potency :La3+ > Gd3+ > Be2+ > Ba2+ = Ca2+ > 
Sr2+ > Mg2+  [  9  ]  and aromatic  l -amino acids in 
the rank order of potency:  l -Phe =  l -Trp > LiHis >  
l -Ala >  l -Glu >  l -Arg =  l -Leu  [  10  ] . The binding 

site of amino acid is believed to be distinct from 
the Ca2+ binding site  [  11  ] . In addition, a number 
of endogenous polyamines like spermine or poly-
peptides like polyarginine, polylysine, protamine, 
and amyloid-ß peptide act through the CaSR. 
Gamma-glutamyl peptides, known as taste-
enhancing substances, stimulate CaSR on taste 
cells. The CaSR may have a role in the cellular 
response to changes in other constituents of the 
extracellular environment than Ca2+. 

 Pharmacological substances like aminoglyco-
side antibiotics mimic the effect of extracellular 
Ca2+ stimulation, and two compounds designed 
to act on the CaSR, the calcimimetics, which 
enhance the sensitivity of the CaSR to extracel-
lular Ca2+, and the calcilytics, which act as CaR 
antagonists (see below). 

  Fig. 4.2    Calcium-sensing receptor protein       
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 The CaSR is not only expressed at high levels 
on the surface of the parathyroid chief cells, but 
also in the kidney along the whole nephron with 
different roles in different parts of the nephron. It 
is an important regulator of urinary calcium 
excretion. The CaSR is also expressed in bone-
cells, osteoblasts, and osteoclasts, as well as in 
brain, skin, lens epithelium, pancreas, lung, and 
heart cells, where its function remains to be 
defi ned  [  12  ] . 

   CaSR in the Parathyroid and C-Cells 

 The CaSR density on the surface of the parathy-
roid chief cells is the highest in the body. The 
expression of the CaSR on the cell surface may be 
upregulated by extracellular calcium and 
1,25(OH)2D3 as shown in rat and avian experi-
ments  [  13,   14  ] . CaSR’s role is the mediator of the 
high calcium induced inhibition of PTH secretion. 
Chronic hypocalcemia increases PTH gene 
expression and stimulates parathyroid cellular 
proliferation via the inactivated CaSR. The link 
between the induction of the different intracellu-
lar signals by the CaSR and the inhibition of 
secretion of PTH in hypercalcemia is still largely 
unknown. It might be in part induced by decreas-
ing and degradation of PTH mRNA by increase in 
cytosolic Ca2+ levels  [  15,   16  ] . The CaSR is also 
hypothesized to negatively regulate the prolifera-
tion of parathyroid cells based on the evidence of 
reduced expression in parathyroid adenomas  [  17  ]  
or developing marked parathyroid cellular hyper-
plasia in CaSR knockout mice  [  18  ] . 

 The CaSR is found in the calcitonin-secreting 
C-cell of the thyroid. Calcitonin secretion is stimu-
lated by increasing serum calcium mediated by the 
CaSR  [  19  ] . Calcitonin inhibits bone resorption 
and stimulates renal calcium excretion, defending 
against hypercalcemia and retaining calcium to the 
body, although many consider calcitonin to play a 
minor role in calcium homeostasis.  

   The CaSR in the Kidney 

 The CaSR is an important regulator of urinary 
calcium excretion. In the kidney, CaSR is 

expressed along the whole nephron with different 
roles in different parts of the nephron:
    (1)    Diminishing the inhibitory effect of PTH on 

renal phosphate reabsorption in the proximal 
tubule  [  20  ] .  

    (2)    Inhibiting renal tubular reabsorption of cal-
cium by PTH in the cortical thick ascending 
limb by interference with sodium chloride 
reabsorption directly impairing generation 
of the medullary osmotic gradient that is 
essential for urinary concentration  [  21  ] .  

    (3)    Reducing urinary concentrating ability in the 
inner medullary collecting duct by antago-
nizing the action of vasopressin  [  22  ] . 
Chronically, it may be responsible for the 
nephrogenic diabetes insipidus associated 
with chronic hypercalcemia.     

 In patients with inactivating mutations of the 
CaSR (FHH), PTH oversecretion occurs with 
hypercalcemia and PTH-induced reabsorption of 
calcium from the loop of Henle is no longer 
inhibited by the CaSR, resulting in a hypocalciu-
ria  [  3  ] . The CaSR in the kidney demonstrate the 
multifaceted nature of the receptor depending on 
different localizations and functions in various 
cell types within a single organ.  

   The CaSR in the Bone 

 Elevated calcium levels inhibit bone resorption 
and stimulate bone formation by inhibition of 
osteoclastogenesis and proliferation of osteo-
blasts. Some studies have identifi ed the CaSR in 
osteoblasts, osteoclasts, and some osteocytes, but 
it is unclear whether the CaSR has functional 
importance there  [  23  ] . It was demonstrated that 
stimulation of the CaSR expressed in osteoblasts 
of mouse, rat, and bovine origin led to an increase 
in proliferation  [  24  ] . CaSR activity has been 
shown to promote both differentiation and apop-
tosis within osteoclasts. Experiments in CaSR 
knockout mice suggest that the CaSR plays a role 
in the embryonic development of the skeleton, 
postnatal bone formation, and osteoblast differ-
entiation  [  25  ] . Additional studies are required to 
further clarify the role of the CaSR in skeletal 
homeostasis, including how it relates to mineral 
ion homeostasis.  



74 F. Raue and C. Haag

   The CaSR in Other Organs 

 Although the CaSR plays a vital role in calcium 
homeostasis, the receptor has been detected in a 
host of tissues unrelated to calcium homeostasis, 
including gastrointestinal tract, skin, heart, brain, 
and breast. In these cells, the CaSR regulates a 
multitude of cellular processes including secre-
tion, differentiation, proliferation, apoptosis, and 
gene expression. This highlights the diversity of 
the CaSR regulating a variety of biological pro-
cesses in a range of tissues.   

   Inherited CaSR Dysfunction 

 Several inherited disorders of calcium homeosta-
sis are linked to functional abnormalities of the 
CaSR (Table  4.1 ). Over 170 CaSR mutations 
have been identifi ed to interfere with the function 
of the receptor (Tables  4.2  and  4.3 ). A summary 
of CaSR mutations is maintained at the calcium-
sensing receptor database [CASRdb] at McGill 
University (  www.casrdb.mcgill.ca    ):  

    1.    The loss-of-function mutation on one single 
allele of the CaSR associated with the auto-
somal dominant disease, familial hypocalciu-
ric hypercalcemia (FHH), characterized by a 
mild to moderate hypercalcemia, inappropri-
ately normal PTH level, and low rates of uri-
nary calcium excretion;  

    2.    Inactivating mutations on both alleles, a more 
serious condition known as neonatal severe 
hyperparathyroidism (NSHPT), characterized 
by a life-threatening severe hypercalcemia.  

    3.    The gain-of-function CaSR mutations result 
in autosomal dominant hypocalcemia 
(ADH) with a generally mild asymptomatic 
hypocalcemia.  

    4.    Bartter syndrome V is a rare disease with 
hypocalcemia, hypokalemic metabolic alkalo-
sis, hyperreninemia, and hyperaldosteronism 
due to activating CaSR mutations.     
 Similar clinical and biochemical diseases with-

out CaSR mutations are observed, related to cir-
culating activating or inactivating antibodies 
against the extracellular domain of the CaSR often 
associated with other autoimmune diseases.  

   Table 4.2    Inactivating mutations of the CaSR (loss-of-function mutations)   

 Nucleotide change  Protein change  Disease  Reference 

 c.-10acg>atg  Regulatory  FHH   [  85  ]  
 c.2 T>G  p.Met1Arg  FHH/NSHPT   [  86  ]  
 c.19_20dupT  p.Cys7Leufs*41  FHH   [  87  ]  
 c.32T>C  p.Leu11Ser  FHH   [  88  ]  
 c.38T>C  p.Leu13Pro  FHH/NSHPT   [  89  ]  
 c.61G>A  p.Gly21Arg  FHH   [  44  ]  
 c.73C>T  p.Arg25Term  FHH/NSHPT   [  47  ]  
 c.80A>G  p.Gln27Arg  NSHPT   [  90  ]  
 c.115C>G  p.Pro39Ala  FHH   [  91  ]  
 c.118A>T  p.Ile40Phe  FHH   [  92  ]  
 c.157T>C  p.Ser53Pro  FHH   [  93  ]  
 c.164C>T  p.Pro55Leu  FHH   [  35  ]  
 c.179G>T  p.Cys60Phe  NSHPT   [  94  ]  
 c.185G>T  p.Arg62Met  FHH/NSHPT   [  34  ]  
 c.196C>T  p.Arg66Cys  FHH/NSHPT   [  34  ]  
 c.197G>A  p.Arg66His  NSHPT   [  95  ]  
 c.280G>T  p.Gly94Term  NSHPT   [  96  ]  
 c.299C>T  p.Thr100Ile  FHH   [  97  ]  
 c.392G>T  p.Cys131Phe  FHH   [  98  ]  
 c.409T>C  p.Ser137Pro  FHH   [  99  ]  
 c.413C>T  p.Thr138Met  FHH   [  34  ]  

(continued)

http://www.casrdb.mcgill.ca
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Table 4.2 (continued)

 Nucleotide change  Protein change  Disease  Reference 
 c.428G>A  p.Gly143Glu  FHH   [  34  ]  
 c.476T>C  p.Leu159Pro  FIHP   [  100  ]  
 c.482A>G  p.Tyr161Cys  NSHPT   [  101  ]  
 c.488C>G  p.Pro163Arg  TCP   [  102  ]  
 c.490C>T  p.Gln164Term  NSHPT   [  94  ]  
 c.492+1G>C  Splicing IVS2  FHH   [  103  ]  
 c.493-1G>T  Splicing IVS2  FHH/NSHPT   [  104  ]  
 c.495_499delGTCAG  p.Ser166Cysfs*23  NSHPT   [  105  ]  
 c.496A>G  p.Ser166Gly  FHH   [  106  ]  
 c.512G>A  p.Ser171Asn  FHH   [  44  ]  
 c.514A>G  p.Arg172Gly  FHH   [  107  ]  
 c.518T>C  p.Leu173Pro  FHH   [  108  ]  
 c.521T>G  p.Leu174Arg  FHH   [  109  ]  
 c.532A>G  p.Asn178Asp  FHH   [  110  ]  
 c.539T>G  p.Phe180Cys  FHH   [  111  ]  
 c.553C>T  p.Arg185Term  FHH/NSHPT   [  50  ]  
 c.554G>A  p.Arg185Gln  FHH/NSHPT   [  32  ]  
 c.570delT  p.Asp190Glufs*67  NSHPT   [  112  ]  
 c.623G>C  p.Trp208Ser  FHH   [  113  ]  
 c.635T>G  p.Ile212Ser  NSHPT   [  85  ]  
 c.635T>C  p.Ile212Thr  FHH   [  114  ]  
 c.644A>G  p.Asp215Gly  FHH   [  93  ]  
 c.653A>C  p.Tyr218Ser  FHH   [  35  ]  
 c.653A>G  p.Tyr218Cys  FHH   [  115  ]  
 c.658C>T  p.Arg220Trp  FHH/NSHPT   [  116  ]  
 c.659G>A  p.Arg220Gln  FHH   [  110  ]  
 c.661C>T  p.Pro221Ser  FHH   [  110  ]  
 c.662C>A  p.Pro221Gln  FHH   [  44  ]  
 c.674A>C  p.Lys225Thr  FHH   [  44  ]  
 c.680G>A  p.Arg227Gln  FHH   [  34  ]  
 c.680G>T  p.Arg227Leu  FHH/NSHPT   [  35  ]  
 c.748G>A  p.Glu250Lys  FIHP   [  100  ]  
 c.788C>T  p.Thr263Met  FHH   [  117  ]  
 c.801_812del  p.Val268delfs*273  FIHP   [  100  ]  
 c.812C>T  p.Ser271Phe  FHH   [  44  ]  
 c.848T>C  p.Ile283Thr  PHPT   [  117  ]  
 c.889G>A  p.Glu297Lys  FHH/NSHPT   [  32  ]  
 c.961G>C  p.Ala321Pro  FHH   [  118  ]  
 c.967A>T  p.Lys323Term  FHH   [  47  ]  
 c.1006_1008del  p.Lys336del  FIHP   [  97  ]  
 c.1031_1034delinsT  p.Val344_Val1078delins735  NSHPT   [  119  ]  
 c.1051T>G  p.Phe351Val  FHH   [  117  ]  
 c.1056G>A  p.Trp352Term  NSHPT   [  44  ]  
 c.1183T>C  p.Cys395Arg  FHH   [  120  ]  
 c.1189G>A  p.Gly397Arg  FHH   [  44  ]  
 c.1280T>G  p.Ile427Ser  TCP   [  102  ]  
 c.1297G>C  p.Asp433His  TCP   [  102  ]  
 c.1378-19A>C  Splicing IVS4  FHH   [  117  ]  

(continued)
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Table 4.2 (continued)

 Nucleotide change  Protein change  Disease  Reference 
 c.1376A>G  p.Gln459Arg  FHH   [  54  ]  
 c.1393C>T  p.Arg465Trp  FHH   [  117  ]  
 c.1394G>A  p.Arg465Gln  FHH   [  121  ]  
 c.1430T>C  p.Val477Ala  TCP   [  102  ]  
 c.1525G>A  p.Gly509Arg  FHH   [  44  ]  
 c.1588T>G  p.Trp530Gly  FHH   [  49  ]  
 c.1645G>A  p.Gly549Arg  FHH   [  87  ]  
 c.1652G>A  p.Arg551Lys  NSHPT   [  53  ]  
 c.1657G>A  p.Gly553Arg  FHH/NSHPT   [  122  ]  
 c.1663A>G  p.Ile555Val  FHH   [  44  ]  
 c.1670G>A  p.Gly557Glu  FHH   [  123  ]  
 c.1685G>A  p.Cys562Tyr  FHH   [  124  ]  
 c.1703G>A  p.Cys568Tyr  FHH   [  49  ]  
 c.1719T>A  p.Tyr573X  FHH   [  44  ]  
 c.1745G>A  p.Cys582Tyr  FHH/NSHPT   [  35  ]  
 c.1745G>T  p.Cys582Phe  FHH   [  44  ]  
 c.1772C>G  p.Ser591Cys  NSHPT   [  125  ]  
 c.1783C>T  p.His595Tyr  FHH   [  103  ]  
 c.1810G>A  p.Glu604Lys  FHH   [  126  ]  
 c.1820C>A  p.Ser607X  FHH   [  35  ]  
 c.1868G>A  p.Gly623Asp  FHH   [  44  ]  
 c.1913G>T  p.Arg638Leu  FHH/NSHPT   [  116  ]  
 c.1942C>T  p.Arg648X  FHH/NSHPT   [  127  ]  
 c.1949T>C  p.Leu650Pro  FIHP   [  97  ]  
 c.1970C>A  p.Ser657Tyr  FHH   [  93  ]  
 c.1997_1998dupT  p.Phe667Valfs*41  FHH   [  44  ]  
 c.2008G>A  p.Gly670Arg  FHH   [  35  ]  
 c.2009G>A  p.Gly670Glu  FHH/NSHPT   [  50  ]  
 c.2038C>T  p.Arg680Cys  FHH/NSHPT   [  33  ]  
 c.2039G>A  p.Arg680His  FHH/NSHPT   [  128  ]  
 c.2045C>T  p.Pro682Leu  FHH   [  129  ]  
 c.2065G>A  p.Val689Met  FHH   [  75  ]  
 c.2154G>A  p.Trp718X  FHH   [  46  ]  
 c.2182G>T  p.Val728Phe  FHH   [  42  ]  
 c.2201T>G  p.Met734Arg  FHH   [  46  ]  
 c.2224T>C  p.Trp742Arg  FHH   [  42  ]  
 c.2240_2241delinsT  p.Pro747Leufs*30  NSHPT   [  33  ]  
 c.2243C>A  p.Pro748His  FHH   [  81  ]  
 c.2243C>G  p.Pro748Arg  FHH   [  72  ]  
 c.2281_2283delATC  p.Ile761del  FHH   [  106  ]  
 c.2295C>G  p.Cys765Trp  FHH   [  81  ]  
 c.2333G>A  p.Gly778Asp  FHH   [  44  ]  
 c.2383C>T  p.Arg795Trp  FHH   [  30  ]  
 c.2383delC  p.Arg795Glyfs*42  FHH   [  42  ]  
 c.2411C>A  p.Ala804Asp  FHH/NSHPT   [  130  ]  
 c.2427C>G  p.Phe809Leu  FHH   [  48  ]  
 c.2449G>A  p.Val817Ile  FHH   [  33  ]  
 c.2495T>C  p.Phe832Ser  FHH   [  131  ]  
 c.2501delC  p.Ser834Leufs*3  FHH   [  132  ]  

(continued)
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Table 4.2 (continued)

 Nucleotide change  Protein change  Disease  Reference 
 c.2546T>C  p.Leu849Pro  FHH   [  46  ]  
 c.2550_2551insCCAG  p.Cys851Profs*131  FHH   [  66  ]  
 c.2627_2628insAlu  FHH/NSHPT   [  133  ]  
 c.2641T>C  p.Phe881Leu  FHH   [  41  ]  
 c.2656C>T  p.Arg886Trp  FHH   [  42  ]  
 c.2657G>C  p.Arg886Pro  FIHP   [  78  ]  
 c.2687G>A  p.Arg896His  FHH   [  134  ]  
 c.2777A>G  p.Gln926Arg  FHH   [  46  ]  
 c.2980C>T  p.His994Tyr  FHH   [  85  ]  
 c.3013G>A  p.Asp1005Asn  FHH   [  46  ]  
 c.3193delA  p.Ser1065Valfs*11  FHH   [  135  ]  
 c.3235T>C  p.*1079Glnext*8  FHH   [  94  ]  

   FHH  familial hypocalciuric hypercalcemia,  NSHPT  neonatal severe hyperparathyroidism,  FIHP  familial isolated 
hyperparathyroidism,  TCP  tropical chronic pancreatitis  

(continued)

   Table 4.3    Activating mutations of the CaSR (gain-of-function mutations)   

 Nucleotide change  Protein change  Disease  Reference 

 c.85A>G  p.Lys29Glu  ADH   [  136  ]  
 c.141A>C  p.Lys47Asn  ADH   [  137  ]  
 c.346G>A  p.Ala116Thr  ADH   [  62  ]  
 c.354C>A  p.Asn118Lys  ADH   [  58  ]  
 c.372C>A  p.Asn124Lys  ADH   [  138  ]  
 c.374T>C  p.Leu125Pro  ADH   [  128  ]  
 c.379G>A  p.Glu127Lys  ADH   [  139  ]  
 c.380A>C  p.Glu127Ala  ADH   [  59  ]  
 c.382T>C  p.Phe128Leu  ADH   [  58  ]  
 c.385T>A  p.Cys129Ser  ADH   [  140  ]  
 c.386G>T  p.Cys129Phe  ADH   [  128  ]  
 c.386G>A  p.Cys129Tyr  ADH   [  141  ]  
 c.393C>G  p.Cys131Trp  ADH   [  65  ]  
 c.452C>G  p.Thr151Arg  ADH   [  142  ]  
 c.452C>T  p.Thr151Met  ADH   [  143  ]  
 c.571G>A  p.Glu191Lys  ADH   [  58  ]  
 c.662C>T  p.Pro221Leu  ADH   [  144  ]  
 c.682G>C  p.Glu228Gln  ADH   [  144  ]  
 c.683A>G  p.Glu228Gly  ADH   [  145  ]  
 c.734A>G  p.Gln245Arg  ADH   [  144  ]  
 c.1061A>C  p.Glu354Ala  ADH   [  146  ]  
 c.1765T>C  p.Phe589Leu  ADH   [  147  ]  
 c.1835T>C  p.Phe612Ser  ADH   [  58  ]  
 c.1846C>G  p.Leu616Val  ADH   [  148  ]  
 c.2043G>T  p.Gln681His  ADH   [  62  ]  
 c.2056A>G  p.Ile686Val  IE   [  146  ]  
 c.2180T>A  p.Leu727Gln  ADH   [  149  ]  
 c.2299G>A  p.Glu767Lys  ADH   [  150  ]  
 c.2318T>G  p.Leu773Arg  ADH   [  60  ]  
 c.2362T>C  p.Phe788Leu  ADH   [  151  ]  
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   Hypercalcemic Disorders 

 CaSR abnormalities are associated with three 
hypercalcemic disorders, two with inactivating 
mutations in the CaSR (Table  4.2 ): the FHH and 
NSHPT and one induced by antibodies against 
the CaSR: the autoimmune hypocalciuric hyper-
calcemia  [  26,   27  ] . 

   Familial Hypocalciuric Hypercalcemia 

 FHH (also called familial benign hypercalcemia, 
OMIM 14598) is an autosomal dominant benign 
disease with high penetrance characterized by 
lifelong, mild hypercalcemia. The prevalence of 
FHH in the west of Scotland has been estimated 
to be 1 in 78,000 at least  [  28  ] , while the preva-
lence of primary hyperparathyroidism is as high 
as 1 in 1,000  [  29  ] . It accounts for about 2% of 
asymptomatic hypercalcemics. 

   Etiology, Pathogenesis, and Genetics 
 Patients with FHH have an abnormality in 
 calcium sensing that is associated with an 

altered “set-point” for the regulation of PTH by 
ionic calcium (Fig.  4.3 ). The mutation in FHH 
makes the receptor less sensitive to calcium. 

Table 4.3 (continued)

 Nucleotide change  Protein change  Disease  Reference 
 c.2363T>G  p.Phe788Cys  ADH   [  61  ]  
 c.2395G>A  p.Glu799Lys  ADH   [  139  ]  
 c.2417T>C  p.Phe806Ser  ADH   [  62  ]  
 c.2431A>G  p.Met811Val  ADH   [  152  ]  
 c.2459C>T  p.Ser820Phe  ADH   [  153  ]  
 c.2461T>C  p.Phe821Leu  ADH   [  154  ]  
 c.2470G>T  p.Ala824Ser  ADH   [  155  ]  
 c.2503G>A  p.Ala835Thr  ADH   [  116  ]  
 c.2506G>C  p.Val836Leu  ADH   [  156  ]  
 c.2528C>A  p.Ala843Glu  ADH   [  157  ]  
 c.2530G>A  p.Ala844Thr  ADH   [  142  ]  
 c.2530G>C  p.Ala844Pro  ADH   [  145  ]  
 c.2551T>A  p.Cys851Ser  ADH   [  62  ]  
 c.2682_3224del542  p.S895_V1075del  ADH   [  158  ]  
 c.2691_2692insG  p.Arg898Alafs*83  ADH   [  147  ]  
 c.2693G>A  p.Arg898Gln  IE   [  146  ]  
 c.2788delC  p.Gln930Argfs*9  ADH   [  85  ]  
 c.2963C>G  p.Ala988Gly  IE   [  146  ]  
 c.2963C>T  p.Ala988Val  IE   [  146  ]  

   ADH  autosomal dominant hypocalcemia,  IE  idiopathic epilepsy  
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  Fig. 4.3    Dose–response curves ( inverse sigmoidal 
curves ) relating extracelluar calcium and PTH release 
from parathyroid cells in normal situation, in patients with 
autosomal dominant hypocalcemia (ADH) and familial 
hypocalciuric hypercalcemia (FFH)       
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In the parathyroid glands, this defect means that 
a higher than normal serum calcium concentra-
tion is required to reduce PTH release, refl ecting 
the presence of a right-shifted set-point for 
Ca-regulated PTH release  [  30  ] . In the kidney, this 
defect leads to an increase in tubular calcium and 
magnesium reabsorption  [  31  ] . The net effect is 
hypercalcemia, hypocalciuria, and frequently 
hypermagnesemia, as well as a normal or very 
slightly elevated serum PTH concentration 
despite mild hypercalcemia.  

 Mutation analyses of the CaSR gene on chro-
mosome 3q21.1 in patients with FHH revealed 
different missense, nonsense, insertion, deletion, 
or splice-site mutations that resulted in a loss-of-
function  [  32  ]  (Table  4.2 ). Over 130 different 
mutations have been identifi ed, approximately 
90% of the FHH kindreds investigated have been 
found to have unique heterozygous mutations, 
resulting in less active functioning receptors on 
the parathyroid or renal cell surface  [  33–  36  ] . 
Mutations are scattered throughout all exons of 
CaSR gene, many of these mutations cluster 
around the aspartate and glutamate-rich region 
within the extracellular domain of the receptor 
with the ligand binding pocket containing nega-
tively charged amino acids. Decreasing affi nity 
of calcium to the changed binding sites results in 
a loss-of-function with a rightward shift in the 
dose–response curve, so that the extracellular 
calcium concentration needed to produce a half-
maximal increase in the total intracellular cal-
cium ions (or IP3) is signifi cant higher than that 
required for the wild-type receptor. Different 
degree of inactivation of the CaSR by different 

mutations might be explained in part by the 
 dominant negative effect of the heterodimeric 
receptors  [  37  ] . 

 The remaining FFH families with no CaSR 
mutation in the coding region of the CaSR gene 
may have mutations in the noncoding regions or 
in different loci. By linkage analyses, two differ-
ent loci have been found on chromosome 19p13.3 
and 19q13, referred to as FHH type 2 and FHH 
type 3  [  38,   39  ] . The classic mutation of the CaSR 
on chromosome 3q21.1 is called FHH type 1. 
FHH1 and FHH2 have identical clinical and bio-
chemical features. The type 3 also been referred 
to as the Oklahoma variant is characterized by 
different age of onset, higher PTH values, hypo-
phosphatemia, and osteomalacia.  

   Clinical Features 
 Affected patients typically present in childhood 
with the incidental discovery of hypercalcemia, 
inappropriate hypocalciuria, and mild to moderate 
hypermagnesemia in more than half of cases 
 [  35,   40–  42  ]  (Table  4.4 ). The vast majority of 
patients with FHH are asymptomatic. Specifi c 
CaSR mutations leading to hypercalcemia are 
associated with a distinct clinical phenotype. 
These include an association with acute pancreati-
tis  [  35  ] ; calcium nephrolithiasis and chondrocalci-
nosis have also been reported  [  43  ] . The normal or 
slightly elevated serum PTH concentrations may 
contribute to the benign clinical course of FHH, as 
compared with primary hyperparathyroidism. 
Several families, however, have been identifi ed 
with more marked hypercalcemia, averaging 3 
and 3.4 mM without clinical features  [  44  ] .   

   Table 4.4    Features of familial hypocalciuric hypercalcemia (FHH), NSHPT, and sporadic primary hyperparathyroid-
ism (pHPT)   

 Variable  FHH  NSHPT  pHPT 

 Age of onset  Birth  Birth  Generally >40 years 
 Serum calcium  Elevated  Marked elevated  Elevated 
 Serum PTH  Normal to slight elevation  Elevated  Elevated 
 Serum phosphate  Normal to slight reduction  Normal to low  Low normal to low 
 Serum magnesium  High normal to elevated  Normal 
 1,25(OH)2D3  Normal  Normal to elevated 
 24-h urinary calcium  Low to normal  Low to normal  Normal to high 
 Ca/Crea. clearance  Generally <0.01  Generally >0.01 
 Bone mineral density  Normal  Low  Normal to low 
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   Laboratory Findings 
 FHH is characterized by a mild hypercalcemia, 
accompanied by a mild hypophosphatemia, and a 
mild hypermagnesemia. The PTH level is in the 
upper normal range or slightly elevated, indicat-
ing that this is an inappropriately normal or high 
PTH level in the presence of mild hypercalcemia. 
The urinary calcium excretion in FFH is gener-
ally in the low-normal to reduced range. The 24-h 
urinary calcium excretion is typically below 
200 mg/day (5 mmol/day). The fractional excre-
tion of calcium (calcium clearance to creatinine 
clearance ratio) is often less than 0.01 in 80% of 
patients with FHH, indicating that more than 99% 
of the fi ltered calcium has been reabsorbed despite 
the presence of hypercalcemia  [  40–  42,   45  ] . This 
can be used to improve the discrimination of FHH 
from primary hyperparathyroidism  [  46  ] . Patients 
with primary hyperparathyroidism have often 
hypercalciuria (24-h calcium excretion above 
300 mg [7.5 mmol]). 

 The biochemistry of FHH can vary consider-
ably, and this variability has often been thought 
to be mutation dependent. Patients with trunca-
tion mutants, presumed not to exhibit a dominant-
negative effect, had less severe hypercalcemia 
than patients with missense mutations that result 
in a dominant-negative effect  [  47  ] .  

   Differential Diagnosis 
 It is sometimes diffi cult to distinguish FHH from 
mild and asymptomatic primary hyperparathy-
roidism (Table  4.4 ). The differential diagnosis is 
important, as patients with FHH do not benefi t 
from neck exploration, as hypercalcemia per-
sisted after subtotal parathyroidectomy. Although 
characteristic of FHH, the fractional excretion of 
calcium may also be low in primary hyperpara-
thyroidism in which values often range between 
0.01 and 0.05. There can be overlap in the clinical 
presentations of FHH and primary hyperparathy-
roidism, exemplifi ed by an atypical presentation 
in an FHH family that exhibited hypercalciuria, 
hypercalcemia, high PTH levels, and even renal 
stone formation, but was ultimately proven to 
harbor an inactivating FHH mutation  [  43  ] . In this 
case, subtotal parathyroidectomy in most affected 
family members provided long-term remission of 

their biochemical abnormalities, demonstrating 
that parathyroid surgery may be appropriate in 
occasional kindreds and hypocalciuria is not 
always a diagnostic criterion. 

 The diagnosis of FHH, particularly, its distinc-
tion from primary hyperparathyroidism, is pri-
marily based upon the family history, laboratory 
fi ndings, and genetic testing. Family screening is 
recommended. The identifi cation of an inactivat-
ing mutation in the CaSR that segregates with the 
hypercalcemic trait in the family confi rms the 
diagnosis of FHH.  

   Treatment 
 Because of the usually benign natural history and 
subtotal parathyroidectomy does not cure the dis-
order in most gene carriers, patients with FHH 
should not undergo neck exploration or any other 
aggressive intervention  [  40,   41  ] . They should not 
be placed on a low calcium diet. In rare situations 
with high serum Ca, pancreatitis, or renal stones, 
when features of typical primary hyperparathy-
roidism become more prominent, parathyroidec-
tomy may be indicated. Calcimimetics (see below) 
might be a good alternative treatment  [  48,   49  ] .   

   Neonatal Severe Primary 
Hyperparathyroidism 

 NSHPT (OMIM 239200) is a life-threatening 
disorder, manifesting in the fi rst few days of life 
with failure to thrive, hypotonia, constipation and 
respiratory distress, dramatic hypercalcemia, ele-
vated PTH, and bony abnormalities, e.g., under-
mineralization, subperiosteal erosion, multiple 
fractures of long bones and ribs (Table  4.4 ). 
Infants with NSHPT and life-threatening hyper-
calcemia should be operated by parathyroidec-
tomy as soon as possible. 

 The NSHPT is usually caused by homozygous 
mutations in the CaSR gene in children born to 
consanguineous FHH parents  [  32  ]  or by com-
pound heterozygous mutation, harboring differ-
ent mutations from each parent  [  50  ]  (Table  4.2 ). 
The degree of hypercalcemia appears to refl ect a 
gene dosage effect  [  31,   36,   51  ] . Heterozygous 
inactivating mutations leading to FHH with mild 
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hypercalcemia and homozygous or compound 
heterozygous mutations have more marked dis-
ease, presenting with severe neonatal hyperpara-
thyroidism and usually severe hypercalcemia 
(serum calcium concentration often above 
3.75 mmol/l [15 mg/dl])  [  32,   36,   51,   52  ] . In these 
patients, the more pronounced defect in the para-
thyroid calcium sensor leads to a greater eleva-
tion in the set-point for PTH secretion and more 
marked hypercalcemia than in heterozygous FHH 
 [  36  ] . The majority of NSHPT children are born to 
normocalcemic parents and appear to be spo-
radic, noninherited CaSR mutations  [  35  ] , due to 
a spontaneous de novo mutation of one allele of 
the CaSR which somehow inhibits the function 
of the normal allele (dominant negative effect) 
 [  52  ] . In the recent years, a milder phenotype has 
become apparent, who could be managed by con-
servative therapy, better classifi ed as neonatal 
primary hyperparathyroidism. Neonatal symp-
tomatic hypercalcemia associated with hyper-
parathyroid bone disease may spontaneously 
change to an asymptomatic, benign condition 
resembling FHH (“self-limited NSHPT”)  [  53  ] . 
These patients have heterozygous inactivating 
mutations in the CaSR with a similar clinical pic-
ture like in FHH. An inactivating mutation in the 
CaSR with mildly reduced sensitivity to calcium 
presented as an apparent autosomal recessive 
inheritance. Only the homozygous state has a 
mild hypercalcemia while heterozygous family 
members are asymptomatic  [  54  ] .  

   Autoimmune Hypocalciuric 
Hypercalcemia 

 Some patients, who have the clinical features of 
FHH but carry no CaSR mutation, may have an 
autoimmune disorder. Four subjects from two 
families have been described with acquired 
hypocalciuric hypercalcemia mediated by autoan-
tibodies against the extracellular domain of CaSR 
that apparently stimulates PTH release  [  55  ] . 
Three of the four patients with autoimmune 
hypercalcemia had an additional autoimmune 
disorder, either hypothyroidism or celiac disease. 
Hypercalcemia and elevated PTH levels were 

responsive to corticosteroids  [  56  ] . Anti-CaSR 
antibodies that stimulated the receptor could be 
confi rmed in vitro  [  57  ] . A history of autoimmu-
nity should, therefore, be obtained in patients 
who seem to have FHH but no mutation in the 
CaSR.   

   Hypocalcemic Disorders 

 CaSR abnormalities are associated with three 
hypocalcemic disorders (Table  4.3 ): autosomal 
dominant hypocalcemia (ADH), Bartter syn-
drome type V, and autoimmune hypoparathyroid-
ism due to blocking autoantibodies against 
CaSR. 

   Autosomal Dominant Hypocalcemia 

 ADH (OMIM 601298) is the mirror image of 
FHH: familial hypocalcemia with inappropriately 
high-normal or elevated urinary calcium 
excretion. 

   Etiology, Pathogenesis, and Genetics 
 This disorder is associated with an activating 
mutation in the CaSR; as a result, a low serum 
calcium concentration is perceived as normal, 
leading to a downward resetting of the PTH–
calcium relationship  [  58,   59  ] . Serum PTH con-
centrations are within the low normal range or 
frankly subnormal (inappropriately low given the 
hypocalcemia) and, in contrast to other causes of 
hypocalcemia, urinary calcium excretion is nor-
mal or elevated, presumably due to increased 
activation of the CaSR in the loop of Henle. 

 More than 80% of the reported ADH kindreds 
have mutations of the CaSR and in vitro studies 
have confi rmed that these mutations produce a 
gain of function in CaSR (Table  4.3 ). There is a 
left shift in the dose–response curve, so that the 
extracellular calcium concentration needed to 
produce a half-maximal increase in the total 
intracellular calcium ions or IP3, is signifi cantly 
lower than that required for the wild-type recep-
tor (Fig.  4.3 ). More than 40 different CaSR muta-
tions have been identifi ed in ADH patients, and 
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over 50% of these are in the extracellular domain 
and the remainder are in the transmembrane 
domains 5, 6, and 7. Almost every ADH family 
has its own unique missense heterozygous CaSR 
mutation.  

   Clinical Features 
 These patients are generally asymptomatic despite 
reductions in the serum calcium concentrations, 
therefore they are often not diagnosed until adult-
hood. A few patients, however, have symptomatic 
hypocalcemia  [  60  ] , some with low serum PTH 
concentrations  [  61  ] . Some children become 
symptomatic with spontaneous carpopedal spasms 
and seizures, some develop basal ganglia calcifi -
cation and recurrent nephrolithiasis especially 
after treatment with vitamin D and calcium.  

   Laboratory Findings 
 The serum calcium concentration is usually in 
the range of 1.5–2.0 mmol/l, while serum PTH 
concentrations are low or inappropriately normal 
despite the presence of hypocalcemia. In some 
patients, low serum magnesium concentrations 
are measured. Urinary calcium excretion is high 
rather than the expected low excretion.  

   Differential Diagnosis 
 About one-third of patients with “idiopathic” 
hypoparathyroidism have activating mutations in 
the CaSR. It is important to distinguish this syn-
drome of ADH from true idiopathic hypoparathy-
roidism, because subjects with ADH are 
particularly susceptible to the development of 
nephrocalcinosis, nephrolithiasis, and renal 
impairment during treatment with vitamin D and/
or calcium. This disorder may be differentiated 
from true idiopathic hypoparathyroidism or 
pseudohypoparathyroidism on biochemical 
grounds: patients with ADH generally have 
detectable levels of PTH at the time of diagnosis 
(during treatment with vitamin D and calcium, 
the PTH levels sometimes become suppressed), 
they have, on average, a higher pretreatment 
excretion of urinary calcium and an invariable 
signifi cant hypomagnesemia. The major clinical 
clue to this syndrome is its familial nature. The 
diagnosis can be confi rmed by analysis for muta-

tions in the CaSR-gene  [  58  ] . Sporadic mutations 
(de novo) in the CaSR have also been identifi ed 
 [  60,   62  ] . These patients are usually thought to 
have idiopathic hypoparathyroidism.  

   Treatment 
 Once the diagnosis is established, attempts to 
raise the serum calcium concentration should be 
considered only in patients who are symptomatic 
 [  58  ] . The aim of treatment should be symptom-
atic control rather than normocalcemia, because 
there is a high potential of adverse effects from 
raising the serum calcium with vitamin D sup-
plementation. As the serum calcium concentra-
tion increases, the activating mutation in the 
CaSR in the kidney will lead to a marked increase 
in urinary calcium excretion, which can cause 
renal stones, nephrocalcinosis, and renal insuffi -
ciency  [  58  ] . Therefore, monitoring of urinary 
calcium excretion is necessary and if elevated 
co-administration of a hypocalciuric agent, such 
as thiazide diuretics is useful. Recombinant PTH 
has been used to increase serum calcium with 
little effect on urinary calcium  [  63  ] . Alternatively, 
calcilytics, a class of drugs in development that 
inhibit the CaSR, may provide a useful therapeu-
tic approach in the future.   

   Bartter Syndrome Type V 

 Some patients with an activating mutation of the 
CaSR have in addition to hypocalcemia potassium 
wasting, hypokalemia, metabolic alkalosis, hyper-
reninemic hyperaldosteronism, and increased uri-
nary prostaglandin excretion creating a phenotype 
similar to classical Bartter’s syndrome called 
Bartter syndrome type V (OMIM 601199.0035) 
 [  61,   64  ] . These patients appear to have a more 
marked gain-of-function in the CaSR not only 
with a left shift in the dose–response curve for the 
receptor, but also a much lower set point than that 
found in patients with ADH. Three different CaSR 
mutations are described (Cys131Trp, Ala843Glu, 
and Leu125Pro)  [  65  ] . Severe activation of the 
CaSR leads to hypokalemia caused by CaSR-
mediated inhibition of the apical sodium–potas-
sium-chloride cotransporter in cortical thick 
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ascending limb causing NaCl wasting and  resulting 
in hyperreninemia and hyperaldosteronism.  

   Autoimmune Acquired 
Hypoparathyroidism 

 Twenty percent of patients, who have acquired 
hypoparathyroidism in association with auto-
immune hypothyroidism, were found to have 
 auto-antibodies to the extracellular domain of 
the CaSR  [  66  ] . These antibodies did not persist 
for long, they diminished often after years. 
Autoimmune hypoparathyroidism is a common 
feature of polyglandular autoimmune syn-
drome type I. One study found that 14 of 25 
(56%) of patients with this disorder had autoan-
tibodies directed against the CaSR in the para-
thyroid glands  [  67  ] ; the antibodies could 
decrease PTH secretion if they activated the 
calcium receptor  [  68  ] .   

   Polymorphic Variants 
of the Extracellular CaSR 

 Six single nucleotide polymorphisms (SNPs) in 
the CaSR without any activating and inactivating 
activity have been described (Table  4.5 ). Of 
these, a serine-to-alanine substitution at codon 
986 (A986S) has been associated with higher 
levels of total and ionized serum calcium within 
the normal range in healthy subjects from several 
different populations; this could be confi rmed in 
a recent study  [  69–  71  ] . Other polymorphisms 
R990G and Q1011E and their haplotypes are also 
signifi cant predictors of serum calcium  [  72  ] . 
At present, there is little evidence that they are 

disease-causing; neither impact on bone density 
in postmenopausal women nor on response to 
calcium supplementation could be demonstrated 
for the A986S polymorphism  [  73,   74  ] . In a 
Japanese study, the G990R polymorphism was 
associated with increased PTH secretion in 
patients with primary hyperparathyroidism and 
patients on hemodialysis  [  75,   76  ] . The same vari-
ant could infl uence the calcium excretion in 
stone-forming patients  [  77  ] .  

 A special CaSR haplotype, including two of 
the three polymorphism is signifi cantly associ-
ated with PHPT and within the PHPT patient 
population, another haplotype is signifi cantly 
associated with kidney stones  [  78  ] .  

   The Extracellular CaSR 
as a Pharmacological Target 

 The CaSR can be considered a low-affi nity recep-
tor, responding to relatively high concentrations 
of calcium over 1 mmol/l. The limited selectivity 
of the receptor is responsible for its activation by 
numerous divalent or trivalent cations in addition 
to calcium, such as magnesium, gadolinium, and 
lanthanum, and by other polycationic compounds 
such as neomycin, spermine, by extracellular pH, 
and numerous amino acids. New substances, 
  calcimimetics , have been developed to modulate 
the CaSR, one of this is AMG 073, called cina-
calcet, which is able to decrease the PTH secre-
tion from the parathyroids  [  79  ] . This substance is 
completely inactive in the absence of extracellu-
lar calcium, it does not interact directly with the 
calcium-binding site of the CaSR, but with the 
transmembrane domains, thus causing conforma-
tional changes and increasing the calcium sensi-
tivity of the receptor as allosteric modulator. 
Cinacalcet (Mimpara ®  in Europe, Sensipar ®  in 
USA) is able to lower the PTH concentration in 
primary and secondary hyperparathyroidism  [  80, 
  81  ] . Cina calcet is a powerful compound in reduc-
ing PTH in patients with poorly controlled sec-
ondary hyperparathyroidism (30–180 mg orally 
once daily), it may also be used in primary hyper-
parathyroidism especially in parathyroid carci-
noma (30 mg up to maximum of 360 mg/day) 

   Table 4.5    Polymorphisms in the CaSR   

 Polymorphism  Comments 

 IVS 5-88t/c  Very common 
 A826T  16% of normal subjects 
 C851S  Rare 
 A986S  24% of normal subjects 
 R990G  4% of normal subjects 
 Q1011E  3% of normal subjects 
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when operation failed  [  82  ] . Cinacalcet hydro-
chloride maintains long-term normocalcemia in 
patients with primary hyperparathyroidism  [  83  ] . 
Although not approved for other indications, cal-
cimimetics may prove useful in the treatment of 
NSHPT and FHH  [  48,   49  ] . 

 Another group of substances, called  calcilyt-
ics  have been developed with the opposite action, 
deactivating the CaSR and stimulating PTH 
secretion. This might have anabolic effects on 
bone and may become available as treatment for 
osteoporosis and may also have a role in the treat-
ment of ADH  [  84  ] .  

   Conclusion 

 The CaSR is a critical regulator of normal extra-
cellular calcium homeostasis, particularly con-
cerning to the regulation of PTH secretion and 
renal calcium reabsorption. The demonstration of 
mutations in the CaSR gene associated with both 
hypercalcemic and hypocalcemic disorders has 
underlined the key role that the CaSR plays in 
both health and disease and has given us an 
insight into the pathogenesis of the clinical syn-
dromes described. Gain-of-function mutations 
are associated with FHH and NSHPT, loss-of-
function with ADH. Molecular genetic analyses 
of the CaSR gene facilitate the sometimes diffi -
cult differential diagnosis. Further structure–
function studies will allow the design of drugs to 
target-specifi c residues of the CaSR to stimulate 
or suppress PTH secretion. These compounds are 
used for treatment of secondary hyperparathy-
roidism, and may become available as treatment 
for osteoporosis.      
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  Abstract 

 Primary hyperparathyroidism and secondary disease from chronic kidney 
disease are highlighted in this chapter. Up-to-date descriptions of new 
pathological mechanisms focus on fi broblastic growth factor 23 and its 
emergent importance in overall pathology. Historical, clinical, and exami-
nation fi ndings are highlighted and compliment data on laboratory tech-
niques, diagnostic imaging, and skeletal histology clinical workup of the 
patients. Treatment options at the dialysis and pharmacological levels are 
blended with some of the nutritional elements in phosphorus control. The 
integration of all elements is summarized at the end of the section to 
emphasize its infl uence on bone metabolism.  
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   Pathophysiology and Epidemiology 

 Parathyroid glands are located in close proximity 
to the thyroid gland on their posterior surface. In 
normal health, the parathyroids are small (2–5 mm). 
Normally the four (sometimes more) glands are 
derived from the neural crest mesenchyme and the 
brachial pouch endoderm. The glands are com-
posed of two cell types, of which the “chief cells” 
are the ones that generate parathyroid hormone 
(PTH). The larger oxyphilic cells are lighter in 
staining, fewer in number, and have no known 
physiologic role. A histological picture of an 
enlarged, proliferated gland is given in Fig.  5.1 .  

 Excessive secretion of PTH is mostly a conse-
quence of adenomatous proliferation of parathy-
roid glands in which case it is referred to as 
 primary (p)  hyperparathyroidism (HPT). The 
causative circumstance of such benign status is 
not known. However, in about 1% of pHPT, para-
thyroid carcinoma is the underlying cause  [  1  ] . 
Some genetic risk loci have been identifi ed among 
which mutations in HRPT2 and RET  [  2  ]  are the 
most important ones. Patients inheriting these 
genes develop parathyroid carcinoma and pha-
echromocytoma. In some occasions, pHPT may 
be associated syndromatically with other endocri-
nological disorders (multiple endocrinological 
neoplasia, MEN). In these rare conditions, endo-
crinological symptoms are often combined 

depending on the type of disease. In MEN type 1, 
pHPT coincidences with gastrointestinal tumors 
like insulinoma or gastrinoma. In MEN 2A, pheo-
chromocytoma is the most frequent combination. 

 In pHPT, PTH oversecretion is frequently fol-
lowed by impaired renal function due to hyper-
calcemia, which is a harm to healthy kidneys. 
Hypercalcemia in pHPT is stimulated by 
increased dietary calcium absorption and calcium 
mobilization from the bone hydroxyapatite depot. 
Therefore, in sustained and nontreated pHPT, 
renal failure due to hypercalcemia is typical 
sequelae. This condition causes secondary HPT 
and, therefore, mixes up with the primary prob-
lem of pHPT. Following this situation, a pHPT 
might not be easy to distinguish from secondary 
forms, if renal injury is already present. The fre-
quency of newly diagnosed pHPT is higher than 
one might expect: 1 out of 500 women and 1 out 
2,000 men were found to be affected among 
60-year-old individuals in a population-based 
registration in Rochester, MN, in 1989  [  3  ] . 

 Functional hyperplasia and hypertrophy of the 
parathyroid glands due to chronic kidney disease 
(CKD) are characterized as “secondary” hyper-
parathyroidism (sHPT). However, following the 
subsequent pathophysiological considerations, 
the phrase “functional” hyperparathyroidism is a 
more appropriate wording. The morphological 
and imaging aspects of this disease are character-
ized in a particular chapter. From a functional 
point of view, sHPT is sequelae of altered min-
eral metabolism in CKD. 

 Healthy kidneys coregulate calcium homeo-
stasis by different mechanisms. The major down-
stream pathway of kidney metabolism in terms of 
bone and mineral metabolism has been focused 
to the parathyroids many years ago. However, in 
such classical reasoning, the renal–parathyroid 
axis has been thought to be mediated through 
downregulation of vitamin D activation only. In 
fact, it is long known, that hydroxylation and 
activation of inactive vitamin D into the active 
form, Di-hydroxyl vitamin D (1.25 OH 

2
 D, calcit-

riol), take place at the tubular-interstitial com-
partment of kidneys. Already in early forms of 
CKD, that activation and subsequently the syn-
thesis of 1.25 OH 

2
 D are abolished. The levels of 

  Fig. 5.1    Low magnifi cation of a hyperplastic intrathyre-
oidal located adenomatous parathyroid gland. Kindly 
 contributed by Andreas Plötner, Pathological Institute, 
Hospital St. Georg, Leipzig       
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1.25 OH 
2
 D in sera of patients with CKD are 

inversely and linearly correlated with excretory 
renal function, measured by glomerular fi ltration 
rate (GFR)  [  4  ] . 

 As this, the classical concept of sHPT refl ects 
the adaptations to decreased 1.25 OH 

2
 D. Since 

calcium absorption from the bowel wall is medi-
ated by 1.25 OH 

2
 D, a decrease of that hormone 

results in calcium defi cit, particularly present in 
a reduced level of free serum calcium. In the 
serum, calcium is partly bound to albumin result-
ing in a difference between whole and acting/
free calcium. Free calcium content of sera is 
sensed very precisely and tightly by the calcium-
sensing receptors (CaR) of the parathyroids  [  5  ] . 
A decrease of free calcium leads to increase of 
PTH synthesis  [  6  ] . PTH increases serum calcium 
by its action on bowel vitamin D uptake and Ca 
mobilization from the bone hydroxyapatite 
depot. By that means, the decrease of 1.25 OH 

2
 D 

is counter-regulated and the serum-free calcium 
level, which has much downstream impacts, can 
be partly maintained through a wide range of 
renal insuffi ciency. However, the gross calcium 
balance including the bone depot is negative and 
the adaptation maintains serum homeostasis by 
means of decalcifi cation of bones. During last 
years, these mechanisms have been discussed 

more and more as adaptive ones, i.e., in certain 
sense as a physiological response. A lot of dis-
cussion is ongoing concerning the question, if 
PTH elevation is a pathological process per se, 
or if the onset of disease-mediating mechanisms 
has to be determined at a certain PTH threshold. 
While this is controversial, from a functional 
viewpoint, an intact calcium–PTH regulation 
axis could be seen as one aspect of a truly adap-
tive process  [  7,   8  ] . Such classical experiments 
establishing a J-shaped Ca–PTH response curve 
 [  6  ]  have recently been performed in the end-
stage renal failure setting using Ca dialysis bath 
concentration variation and measuring PTH 
response  [  9  ] . The degree of PTH response, mea-
sured as relationship between set point and slope 
of the curve (Fig.  5.2 ), can be seen as a measure 
of appropriate regulation.  

 By note, serum phosphorus elevation comes 
into play only in later stages of CKD and acts as 
further stimulus of PTH elevation. Besides a 
remarkable degree of excretory renal failure in 
CKD stage 3 and 4, phosphorus (P) levels usually 
will be found not elevated in these stages  [  10  ] . 
The reason of that difference in time course (P ↑ 
late, Ca ↓ and PTH ↑ early) has been clarifi ed at 
least in part during the last few years. Phosphaturia 
has been demonstrated to be promoted not only 
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  Fig. 5.2    Original (panel  a ,  left ) and schematic (panel  b , 
 right ) drawing of the relationship between calcium con-
centration and PTH response in healthy ( a ) and renal 
population ( b ) with still functioning response in second-
ary (s) and autonomous (a) HPT.  Y -axis PTH concentra-
tion,  X -axis Ca concentration. Response is characterized 

by slope, midpoint, maximum and minimum which might 
resemble the functioning status of the Ca–PTH regulation. 
Adapted from Brown EM, Gardner DG, Brennan MF 
et al. Calcium-regulated parathyroid hormone release in 
primary hyperparathyroidism: studies in vitro with dis-
persed parathyroid cells. Am J Med. 1979;66(6):923–31       
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by PTH but also by fi broblast growth factor 23 
(FGF-23), which is secreted mainly from bone-
forming osteoblasts  [  11  ] . FGF-23 exerts a very 
strong phosphaturic effect  [  12–  14  ] . However, it 
does not only stimulate phosphaturia but also 
diminish activation of vitamin D by a strong 
inhibitory effect on 1- a -hydroxylase resulting in 
1.25 OH 

2
 D downregulation  [  14  ]  and does not 

inhibit HPT  [  15  ] . Therefore, FGF-23 is likely to 
maintain normal phosphate homeostasis in early 
stages of CKD on the cost of decreased 1.25 
OH 

2
 D levels comparable to PTH elevation which 

is the pay-off to stabilize calcium in early CKD 
(Fig.  5.3 ).  

 In such a concept, looking at PTH and FGF-23, 
the resulting 1.25 OH 

2
 D defi ciency is the key-

playing negative regulator in mineral metabolism 
changes due to CKD. 1.25 OH 

2
 D binds to its recep-

tor (vitamin D receptor, VDR) which is located not 
only throughout the body, including parathyroids, 
bowel wall but also in endothelium and immune 
cells. Like other members of the steroid receptor 
family, the VDR acts as a ligand-activated tran-
scription factor. Classical down-stream effectors 
of the 1.25 OH 

2
 D–VDR complex include enhance-

ment of small-bowel calcium absorption and 
osteoclastogenesis and liberation of calcium from 
bones. The latter effect is exerted via the regulation 
of receptor activator of NF-B ligand (RANKL)–
receptor activator of NF-B (RANK) interactions 
and osteoprotegerin interplay through the 1.25 
OH 

2
 D–VDR complex. Yet this interaction is com-

plex and altered by PTH. Newer fi ndings suggests 

that bone forming in the presence of altered 1.25 
OH 

2
 D–VDR complex only transforms to bone 

resorption when PTH increase is paralleled by 
active vitamin D defi ciency  [  16  ] . Inactivation of 
the 25-hydroxyvitamin D 1-hydroxylase and vita-
min D receptor demonstrates independent and 
interdependent effects of calcium and vitamin D 
on skeletal and mineral homeostasis. This means 
that if the Ca/1.25 OH 

2
 D → PTH response is not 

functional, bone turnover is abolished resulting in 
bone loss. This condition is characterized as “dead 
bone disease” but incorporates not only skeletal 
but also systemic pathological features.  

   Pathophysiology of Bone Disorder 
in CKD-MBD 

 “Dead bone disease” or low  turnover  renal osteo-
dystrophy (ROD) is one of three particular pathol-
ogies related to mineral–parathyroid regulation in 
frame of CKD. While  low-turnover bone disease  
is mostly characterized by “arrested” bone metab-
olism with both inactive osteoblasts and osteo-
clasts and low PTH,  high-turnover bone disease  
is identifi ed by stimulated bone metabolisms and 
both cell types together with increased PTH. 

 During recent years, the focus has moved from 
“bone only” to “bone and vasculature.” The 
hypothesis behind that reasoning is a pathological 
translocation of calcium salts from bones to vas-
culature mediated by mechanisms, among which 
sHPT is one of the best investigated ones. In fact, 

Time

Renal function

Extra-osseous
calcific.FGF-23 ↑ PO4 ↑

PTH ↑Ca ↓

Calcitriol ↓

Ca↑

  Fig. 5.3    Simplifi ed drawing of time-dependent alterations of mineral metabolism in chronic kidney disease       
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the presence of ectopic vascular calcifi cation 
(VC) and the transition of smooth muscle cells 
(SMC) to osteoblasts represents a cornerstone of 
vascular risk and an independent risk factor of 
mortality  [  17  ] . Adjusted for age, the risk of death, 
is elevated up to 100-fold in patients with CKD 5 
compared with healthy controls  [  18  ] . However, 
the molecular mechanisms leading to VC and the 
possible link between bone disease (somewhat 
mechanistic seen as “calcifi cation minus”) and 
vessel disease (“calcifi cation plus”) have not been 
established until very recent years. During last 
years, markers of mineral bone metabolism and 
parathyroid dysregulation have been clearly asso-
ciated with patient survival  [  19  ] . This is true for 
the serum concentrations of calcium and phos-
phorus and, in smaller extent with a more J-shaped 
mortality association curve, for PTH  [  19  ] . The 
role of FGF-23 in terms of survival has to be 
investigated in future studies. The pathophysio-
logical impacts, which bone disease might exe-
cute on vasculature and cardiovascular risk in 
renal failure, led to the newly inaugurated entity 
“chronic kidney disease-mineral bone disease” 
(CKD-MBD). This scenario comprises risks of 
osteodystrophy like pathological fractures and 
sequelae of bone decalcifi cation as calcium salt 
deposition. That deposition may either occur in 
an elementary form, e.g., in grafted kidneys 
resulting in earlier transplant loss  [  20  ]  or in more 
complex forms together with phosphorus deposi-
tion in “brown tumors” of skin and joints, which 
are already longer known.  

   Calciphylaxis 

 In particular, changes of the skin comprising 
painful ulceration and infl ammation and occur-
ring along with calcifi cation of middle and small 
arteries intima-media-layers (Fig.  5.4 ) have 
been defi ned as calciphylaxis (Fig.  5.5 ), a con-
dition inheriting 50–80% mortality. At current, 
there are no evidence-based treatment schemes 
available for such deleterious complication. 
However, chelation and excretion of calcium 
salts with sodium thiosulfate  [  21–  28  ] , lowering 
calcium concentration by intensifi ed dialysis 

and pharmaceutical regimes and parathyroidec-
tomy (PTX) yielded benefi cial results in single 
cases and small series  [  29  ] . Calcifi cation does 
not occur only in patients who are subjected to 

  Fig. 5.4    Calcifi cation of intima-media layer of small 
arteries (→  arrow ) in calciphylaxis ( von Kossa  staining, 
×100 magnifi cation). Kindly contributed by Dr. Jens 
Plöthner, Pathological Institute, Hospital St. Georg, 
Leipzig, Germany       

  Fig. 5.5    Ulcerated skin surface of the lower leg of a 
patient with calciphylaxis, concomitant with intima-media 
arterial calcifi cation seen in Fig.  5.3        
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high serum levels of calcium, phosphorus, and 
PTH. In particular, calciphylaxis and coronary 
artery calcifi cation have been observed even in 
patients with normal and low-normal serum cal-
cium. Therefore, the incidence of extraosseous 
calcifi cation has been thought to be mediated by 
other factors as calcium, too. Since precipitation 
of calcium salts and not the presence of dis-
solved free calcium is the key pathological 
issue, research on precipitating cofactors has 
been promoted recently. Among those, fetuin 
and matrix gla protein have been identifi ed as 
precipitation inhibitors  [  30  ]  and a defi ciency of 
these agents has been hypothesized as cofactors 
of precipitation. In vitro precipitation experi-
ments with fetuin supported that reasoning 
 [  30–  32  ] . Since fetuin and matrix gla protein are 
related to infl ammatory activation, a very attrac-
tive link has been identifi ed connecting the fre-
quent occurrence of calcifi cation in patients 
with infl ammation. Another important cofactor 
for precipitation of calcium salts is the inhibi-
tion of vitamin K synthesis by warfarin  [  33  ] , 
which consequently has to be stopped in 
calciphylaxis.   

 Infl ammation, particularly subclinical microin-
fl ammation, is overrepresented in cohorts with 
renal disease in general. Without dissecting details, 
extracorporeal (dialysis) circuits, autoimmune 
kidney diseases, subclinical transplant rejection, 
and uremic infl ammation are the most important 
headings pointing to microinfl ammation in these 
patients. Taking all recent keys together, to 
describe a nowadays comprehensive picture of 
“diseases of parathyroids” in renal patients, hyper-
plasia and hypertrophy of parathyroid glands with 
subsequent PTH oversecretion is only one aspect 
of a more complex disease described as  CKD-
MBD   [  34  ] . This complex focuses more on “end-
organ-damage” of PTH in terms of calcifi cation of 
vasculature, specifi c calcifi cation disease of the 
skin (calciphylaxis), and renal bone osteodystro-
phy. That end-organ-damage is mediated by cofac-
tors apart from the calcium–parathyroid axis like 
precipitation inhibitors and infl ammation. 

 See Chapter 6 for detailed discussion.  

   Clinical Course, History, and 
Physical Findings 

 In primary HPT, which is sometimes a nondiscov-
ered silent disease, hypocalcemia causes the most 
important symptoms. Central nervous effects of 
hypocalcemia, if not abrogated by chronic course, 
are the leading symptoms. Somnolence, cramps, 
or in lower grade fatigue together with increased 
serum calcium (in pHPT) must lead to PTH 
assessment and enable the diagnosis. 

 An obstacle to withstand a correct and early 
diagnosis is the later renal effects of hypocalce-
mia. If pHPT is not diagnosed early, renal calci-
nosis is a frequent late squeal. In such a situation, 
as in any CKD, sHPT due to vitamin D defi ciency 
decreases serum calcium and mixes up with the 
pHPT being the underlying disease in such cases. 
In general, in more chronic cases of any HPT, 
clinical symptoms are not very characteristic but 
must be evaluated by biochemical studies. A sum-
mary of symptoms with most observed frequen-
cies is listed in Table  5.1   [  35,   36  ] .   

   Diagnostic Techniques 

   Imaging 

 The role of preoperative imaging in HPT is con-
troversial due to varying success rates reported in 
studies  [  37  ] . In the more recent years, ultrasound 

   Table 5.1    Clinical symptoms of hyperparathyroidism   

 Symptoms  Frequency (%) 

 Left ventricular hypertrophy  80 
 Dullness  70 
 Arterial hypertension  50 
 Extraosseous calcifi cation  40 
 Fatigue  40 
 Hyperuricemia  30 
 Joint calcifi cation  20 
 Obesity  20 
 Depression  15 
 Anxiety  10 
 Cognitive dysfunction   5 
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(US) and technetium 99m- methoxyisobutyli-
sonitrile  (sestamibi) scintigraphy scan has been 
used most frequently. Mihai et al.  [  38  ]  found in an 
evidence-based analysis, that sestamibi is a rec-

ommended primary test, but ultrasound in experi-
enced hands turned out to be a valuable alternative 
(see example in Fig.  5.6 ). The authors concluded, 
that if both investigations are  concordant, 

  Fig. 5.6    ( a ) Ultrasonography of right adenomatous para-
thyroid gland ( +  picture marks of enlarged gland). ( b ) 
Ultrasonography of left adenomatous parathyroid gland, 

note central inhomogenous structure ( +  picture marks of 
enlarged gland, ACI = internal carotid artery, VJi = internal 
jugular vene, Li Lappen = left thyroid lobe)       
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a  minimal invasive surgical approach is indicated, 
if only one of the two investigations is positive, a 
unilateral exploration with intraoperative PTH 
assay should be performed. In case of two nega-
tive investigations, a bilateral exploration should 
be planned  [  38  ] . The technological development 
of US devices (resolution down to 1 mm) cur-
rently contributes to use of such methodology. If 
glands are located atypically, CT scans (Fig.  5.7 ) 
might be helpful.    

   Laboratory Techniques 

 Most optimal, patients suffering from sHPT and 
or CKD-MBD should be diagnosed by screening 
measures during the course of CKD. One of the 
most discussed issues was establishing thresh-
olds, from which sHPT should be regarded or 
even treated. Recent guidelines of the Kidney 
disease global outcome initiative KDIGO  [  39  ]  
discarded further CKD stage-dependent PTH 
limits and use threshold of up to ninefold “nor-
mal” PTH, where normal refers to local refer-
ence. This is meaningful, since PTH assays are 
yet not standardized between different systems 
and laboratories. 

 PTH secretion underlies a both short frequent 
and circadian rhythm. Therefore, for diagnostic 

studies, standardized assessment time points 
must be used. Laboratories do use different assay 
techniques, which target different epitopes of the 
84-amino acid protein. The level of PTH com-
pared to baseline can be used to establish surgical 
success (Table  5.2 ).  

 Serum calcium can be measured as free serum 
calcium or as whole calcium including its albu-
min-bound proportion. In the latter case, for cor-
rect assessment, it must be corrected for plasma 
albumin concentration

    

=

+ - ´
correctedCalcium (calcium / plasma(mmol / l))

(40 albumin / plasma(g / l)) 0.02.     

   Assessment of Bone Disease 

 Although no clinical routine method, evaluation 
of bone status is important to distinguish between 
conditions of either arrested or stimulated turn-
over of cellular bone-forming mechanisms. That 
cellular turnover is denoted by a steady state of 
activity and number of osteoclasts and osteoblasts 
at the front of trabecular mineralization. It is 
meaningful, since therapeutic measures are dif-
ferent in such states. Measuring bone density 
alone cannot help to distinguish between these 
entities since it gives only information about 

  Fig. 5.7    CT scan of atypical localization of parathyroidal glands (between trachea and vena cava)       
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 content of mineral salts. The histomorphometric 
approach is based on standardized parameters, 
which were described in 1987  [  40  ] . Bone histol-
ogy must be processed following certain proce-
dures both in harvesting, transfer and preparation 
of the samples. Prior to biopsy, patients should be 
given tetracycline 250 mg bid at day minus 20 
and minus 5 before biopsy. That substance accu-
mulates at the endosteal mineralization front and 
allows quantifi cation by spontaneous fl uores-
cence. Bone sample biopsy is usually done using 
a mechanical-driven drill device. Since such 
approach includes relevant patients discomfort 
and pain, we use a 4-mm diameter bone marrow 
biopsy trochar (Pajunk™), which allows a safe 
and uncomplicated biopsy with satisfying biopsy 
samples. As biopsy site, we use the posterior 
upper iliac spine. Samples must be transferred to 
acetone solution (using mineral glassware) and 
can be shipped without cooling to bone histology. 
For embedding, methyl- methacrylate  will be 
used. Pathologists use different staining proce-
dures, with  Masson-Goldner  and  Giemsa  being 
the most important ones. Quantitative histomor-
phometry is usually done by manual methods of 
 Merz and Schenk   [  41  ]  or semiautomatically fol-
lowing  Malluche   [  42  ] . A pathological bone status 
in CKD is considered from a histopathological 
point of view as ROD (Table  5.3 , Figs.  5.8–  5.11 ). 
However in recent years, with advanced under-

standing of systemic implications of pathological 
bone state, the more comprehensive term CKD-
MBD has been used for clinical perception.      

 Biochemical markers of bone status have been 
studied widely. Although none of these markers have 
been shown to fi t perfectly with the gold standard 
bone histomorphometry, measuring the bone alka-
line phosphatase (ostase) is the most used surrogate. 
Combination with PTH yielded about 60% fi t with 
histology  [  43  ] . Other bone markers include urine 
cross-links, i.e., fragmentation products of bone col-
lagen. The diagnostic value of these markers is not 

   Table 5.2    PTH and calcium thresholds for regarding surgical success, failure, and recurrence   

 Category  PTH level 

 Success  Normal or below normal PTH later than 6 months after surgery 
 Failure  Higher than normal PTH and/or hypercalcemia within 6 months after surgery 
 Recurrence  Higher than normal PTH and/or hypercalcemia later than 6 months after surgery after 

initial success criteria fulfi lled 
 Multigland disease  Removal of two or more hyperfunctioning glands during surgery in pHPT evidenced 

by intraoperative PTH test 

   Table 5.3    Histomorphological classifi cation of renal osteodystrophy (ROD)   

 ROD notation  ROD type  Key pathophysiology 

 High turnover  1  Elevated cell turnover by PTH stimulation 
 Mixed uremic osteodystrophy (osteitis fi brosa)  3  Disturbed salt mineralization and PTH stimulation 
 Low turnover 
 Osteomalacia  2  Accumulation of nonmineralized bone matrix 
 Adynamic renal bone disease  4  Decreased volume of bone matrix along with 

suppressed cellular turnover 

  Fig. 5.8    Type 1 ROD. High-turnover variant of osteitis 
fi brosa with massive osteoclastogenesis (→), high resorp-
tive activity, Masson-Goldner. Kindly contributed by Dr. 
Gabriele Lehmann, University Hospital Jena, Germany       
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completely accepted by all. Following trends maybe 
more helpful than a single-point measurement in 
time. Therefore, they are promising but must be han-
dled with caution.   

   Alternative Diagnostic Tools 

   Biochemical Fine Needle Aspiration 

 A biochemical fi ne needle aspiration with PTH 
measurement allows differentiation of parathy-
roid tissue from lymph nodes and thyroid tissue 
with a specifi city of 100%. The sample is drawn 

through a 25-gauge needle, the aspirate is diluted 
with 1 ml saline solution; after centrifugation for 
10 min, the supernatant is used for the PTH mea-
surement  [  44  ] . This technique allows prompt tis-
sue identifi cation without frozen section, thereby 
limiting the preparation of nonparathyroid tissue. 
It has been proposed for preoperative procedures 
although with a weak level of evidence but rec-
ommendations at grade B  [  38  ] .  

   Differential Internal Jugular Venous 
Sampling 

 When the preoperative localization techniques 
are equivocal, a venous sampling may guide the 
surgeon to the side harboring the hyperfunction-
ing gland. It has been proposed to analyze simul-
taneously samples from both jugular veins and 
from a peripheral vein. In most cases, indirect 
regionalization, however, should be reserved for 
preoperative procedures particularly after an 
extended previous exploration.   

   Treatment 

 Therapeutic intervention in dysbalanced mineral-
metabolic pathways should consider multiple 
pathways as outlined in the pathophysiology chap-
ter. In brief and principle, intervention can be done 

  Fig. 5.11    Adynamic bone disease, only small osteoid 
volume (→) detectable; decreased cellular activity, 
Masson-Goldner. Kindly contributed by Dr. Gabriele 
Lehmann, University Hospital Jena, Germany       

  Fig. 5.10    Osteomalacia, intratrabecular disturbed miner-
alization (→), Masson-Goldner. Kindly contributed by Dr. 
Gabriele Lehmann, University Hospital Jena, Germany       

  Fig. 5.9    Type 3 ROD mixed osteitis fi brosa, peritrabecu-
lar fi brosis (→) and osteoclastic activity (→), Masson-
Goldner. Kindly contributed by Dr. Gabriele Lehmann, 
University Hospital Jena, Germany       
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at subsequent levels. Vitamin D replacement in 
“hormonal doses” acknowledges the central role 
of that hormone in CKD-MBD. Abolishment 
of the activity of the parathyroid can be performed by 
either excision of the glands totally or in parts, by 
pharmacological intervention in PTH secretion 
by means of calcimimetics or by “pharmacologi-
cal vitamin D dose intervention” with the active, 
double hydroxylated form of vitamin D (calcitriol 
or analogs/derivatives). Not very acknowledged, 
but helpful, is treating CKD-MBD by modifi ed 
dialysis conditions, which will be considered fi rst. 

   Impact of Dialysis Techniques 

 Both hemo (HD) and peritoneal dialysis (PD) fl u-
ids do use external solute conditions which have 
been based on a positive net calcium balance to 
suppress PTH secretion of patients in earlier era. 
In hemodialysis, calcium bath has been set to 1.5 
or 1.75 mEq/l, in PD to 1.2 mEq/l. Nowadays, 
with the focus on avoidance of PTH oversuppres-
sion along with low turnover ROD, calcium baths 
will be fi xed at 1.0–1.5 mEq/l in HD or at 0.9–
1.2 mEq/l in PD targeting a neutral calcium bal-
ance. That goal, however, is infl uenced by further 
dialysis conditions and might be diffi cult to 
accomplish. Since patients exhibit different bone 
status, individualization with regard to clinical 
condition is a necessary tool to consider  [  45  ] .  

   Vitamin D Analogues 

 Prospective studies have shown that pharmacological 
doses of Calcitriol and other active vitamin D deriva-
tives suppress parathyroid function and lower PTH 
levels in CKD and reduced even mortality in retro-
spective data analysis  [  46  ] . Osseous effects include a 
reduction in bone turnover, improvement of osteitits 
fi brosa, and stimulation of bone mineralization. Side 
effects comprise hypercalcemia and hyperphos-
phatemia. Oral and intravenous forms are on the mar-
ket, which can be adapted to the kind of treatment, to 
which patients are subjected (Table  5.4 ).  

 The correction of vitamin D defi ciency (as 
assessed by low 25 vitamin D 1-25 OH 

2 
D ) in CKD 

patients has not yet been proven to result in better 

clinical outcomes. However in routine clinical prac-
tice, a vitamin D 1-25 OH 

2 
D level of 45 ng/ml is 

currently considered optimal and can be reached by 
daily or weekly application of 1,000 or 10,000 inter-
national units, respectively. Hypocalcemia, which is 
on the other hand a frequent side effect of active 
vitamin D (i.e., calcitriol), is not common with low 
inactive vitamin D 1-25 OH 

2 
D (i.e., low 25 vitamin 

D) and the therapy is not costly. Therefore, many 
nephrologists treat their patients routinely with vita-
min D 

2 
 or D 

3 
 during European and American winter 

seasons with low light conditions.  

   Parathyroidectomy 

 In primary HPT due to adenoma, surgery is the 
primary therapy of choice to avoid secondary 
end-organ damage with renal calcinosis being the 
fi rst line (indications in Table  5.5 ). Indications 
were defi ned by a 2002 National Institute’s of 
Health summary statement  [  47  ] . A clear indica-
tion is given along with high-turnover ROD 
(types 1 and 3) refractory to active vitamin D 
and calcimimetics. In non- or oligosymptom-
atic patients, particularly with psychiatric 
symptoms, decision-making has to incorporate 
individual aspects of the patients (Table  5.6 ). 

   Table 5.4    Indication for parathyroidectomy in primary 
HPT   

 Increase of serum calcium  >0.26 mEq/l above 
upper reference 

 Calcium excretion/24 h  >400 mg 
 eGFR  <60 ml/min 
 Bone density  t -score  <2.5 
 Age  <50 years 

   Table 5.5    Indication for parathyroidectomy in second-
ary HPT   

 Serum calcium × phosphorus 
product 

 >5.5 mEq 2 /l 2  

 Serum calcium  >2.8 mEq/l 
 Bone pain, pruritus of no 
other cause 

 Any 

 ROD type 1 and 3  Any 
 Interstitial calcifi cations, 
calciphylaxis 

 Any 

 Patient awaiting renal 
transplantation 

 Need of cinacalcet 
>30 micg daily 
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These “nonspecifi c” symptoms, however, can be 
suffi ciently treated by PTX. Furthermore, reduc-
tion of blood pressure, left ventricular hypertro-
phy after PTX have been reported  [  48–  53  ] . In 
young patients with established but not suffi cient 
effective conservative therapy, indication for 
surgery should be established more liberally 
compared to older and multimorbid patients.   

 Despite the introduction of new therapeutics 
like calcimimetics or vitamin D derivatives, these 
classical indications are still valid in the presence 
of drug resistance  [  54  ] . A recent study has shown 
the increased mortality due to cardiovascular 
events in chronic renal failure patients  [  55  ] . 

 HPT can resolve after kidney transplantation, 
but persistent disease may occur in 10–50% of the 
patients  [  56  ] . Recently, the consequences of 
abnormal mineral metabolism after kidney trans-
plantation have been evaluated in a retrospective 
study. 11–25% of patients showed abnormal serum 
calcium or an increased Ca × P product within the 
fi rst year after kidney transplantation. A calcium 
>10.5 mg/dl at 3 months was identifi ed as an inde-
pendent risk factor for recipient death (OR 3.0; 
95% CI: 1.2–7.4); a Ca >10.5 mg/dl at 12 months 
was an independent risk factor for death censored 
graft loss (OR 4.0; 95% CI: 1.2–14)  [  57  ] . Other 
retrospective studies showed reduced graft sur-
vival after PTX following kidney transplantation 
 [  58  ] , and was augmented by another German  [  59  ]  
but contradicted by Dutch study  [  49,   60  ]  

   Operative Technique 
 In case of a conventional surgical procedure, a 
 Kocher’s  incision is the standard approach to the 
thyroid and the parathyroids. The strap muscles 

are divided in the midline, the parathyroids can 
then be approached on either side. A precise ana-
tomic knowledge is the key for a rapid and safe 
exploration (Fig.  5.12 ).  

 In case of a positive preoperative localization 
in one or two investigations, a unilateral prepara-
tion is justifi ed. After the removal of one enlarged 
gland, an intraoperative PTH allows to decide 
whether or not a further neck exploration is 
required. In contrast to a systematic bilateral 
exploration, an adequate drop of the PTH in the 
PTH assay after extirpation of one enlarged gland 
allows to fi nish the operation. However the inter-
pretation of the results remains controversial in 
some details, the success rates of parathyroid sur-
gery using this technique reach 96–98%. 

 In case of secondary HPT, a bilateral explora-
tion is mandatory in every case. There have been 
some controversial debates whether to perform a 
total or a subtotal PTX. Lorenz et al. evaluated 
the results of total versus subtotal PTX in renal 
hyperparathyroidism. They showed that measur-
able PTH following total PTX is the consequence 
of isolated cell nests that may be responsible for 
recurrences with time. The authors favored in 
their conclusions the advantage of total PTX and 

   Table 5.6    Active vitamin D analogs   

 Generic name  Biochemistry  Dosage intravenous (micg)  Dosage oral 
 Calcitriol  1,25-Dihydroxyvitamin D 

3
   1–2 micg three times per 

week 
 0.25–0.5 micg once daily 
(up to 2  m g after PTx) 

 Alfacalcidol  1-Hydroxycholecalciferol  No data  0.25–1 micg once daily (up 
to 3  m g after PTx) 

 Doxecalciferol  Synthetic derivative of 
1-hydroxycholecalciferol 

 4 micg three times per week  10 micg three times per week 

 Paricalcitol  Synthetic derivative of 
1,25-dihydroxyvitamin D 3  

 2–6 micg three times per 
week 

 1–5 micg three times 
per week 

  Fig. 5.12    Operative fi gure of an adenomatous parathy-
roid gland within the thyreothymic ligament       
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cryopreservation with regard to the prevention of 
recurrence  [  61  ] . 

 Follow-up of surgical removal must include 
close monitoring of serum calcium. Serum cal-
cium level decreases due to recalcifi cation of 
bones (“hungry bone syndrome”) in a typical 
course within fi rst days and weeks after surgery 
with the frequent sequela of symptomatic 
hypocalcemia (Fig.  5.13 ). Typical symptoms 
include diathesis and muscular cramps, i.e., the 
clinical picture of tetanus. Therefore, calcium 
must be supported orally or even intravenously, 
necessitating a central venous line. Intravenous 
calcium infusion raises the danger of cardiac 
arrhythmia and must not be avoided by using 
infusion rates less than 5 me/h. Oral calcium fre-
quently causes nausea and vomiting. To over-
come these shortcomings, active vitamin D 
beginning with a (high) daily dose of 2 micg is 
the therapy of best choice and should be titrated 
to low-to-normal serum calcium concentration. 
Since “hungry bone” resolves after weeks to 
months, that active D therapy has to be adapted 
following laboratory controls every 1–4 weeks.   

   Cryopreservation of Parathyroid Tissue 
 In 1975, S.A. Wells reported his fi rst experiences 
in autotransplantation of parathyroid tissue  [  62  ] . 

In 29 patients, Wells et al. demonstrated the 
 functional status of the glands 1 year after trans-
plantation. The technique of immediate trans-
plantation of parathyroid tissue during total 
thyroidectomy of cancer has been proposed in 
1977  [  63  ] . The risk of recurrent hyperparathy-
roidism following transplantation of parathyroid 
tissue from a parathyroid adenoma has been 
shown fi rst by Brennan et al.  [  64  ] . One case report 
has shown the occurrence of HPT after transplan-
tation of a normal parathyroid  [  65  ] . 

 Questions about the use of cryopreserved tis-
sue and the viability after long-term storage are 
still matter of debate  [  66  ] . Brennan et al. fi rst 
described viable grafted parathyroids after as 
long as 18 months of cryopreservation  [  67  ] . 

 Independent of the surgical approach, a cryo-
preservation of parathyroid tissue should be 
planned in every case of secondary and sporadic 
or hereditary multiglandular hyperparathyroidism. 
A frozen section of the parathyroids to be cryopre-
served is recommended. The tissue is placed in 
ice-cold physiologic saline solution, thereafter it is 
placed into a Petri dish with RPMI 1640 culture 
medium (RPMI: Roswell Park Memorial Institute). 
With a sharp scalpel, fragments of 1–2 mm are 
prepared, 5–8 pieces are stored in one tube, sev-
eral tubes may be used  [  68  ] .   
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  Fig. 5.13    Course of serum calcium after parathyroidectomy in renal transplant patients       
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   Calcimimetics 

 Calcimimetics interact with the CaR and increase 
its sensitivity to calcium to lower PTH secretion 
without increasing calcium serum concentration, 
which was signifi cantly shown in a controlled, 
randomized clinical trial  [  69  ] . They, moreover, 
enhance the expression of CaR  [  70  ]  and VDR 
 [  71  ]  and inhibit parathyroid gland proliferation 
 [  72  ] . This differentiates calcimimetics from the 
vitamin D analogs, which enhance calcium and 
phosphate resorption from the intestinal tract and 
increase serum calcium and serum phosphate. 
The EVOLVE study, a randomized placebo-con-
trolled outcome trial of 3,883 patients to evaluate 
the infl uence of cinacalcet on mortality is ongo-
ing and results are expected at the end of 2011 
 [  73  ] . In a meta-analysis of already conducted 
studies, the frequency of bone fractures and car-
diovascular morbidity (hospital admissions) was 
reported to be reduced  [  74  ] . The KDIGO guide-
lines  [  39  ]  give recommendations for using calci-
mimetics to lower PTH levels. 

   Calcimimetics after Renal Transplantation 
 After renal transplantation with a suffi cient kid-
ney graft, in the vast majority of cases, sHPT 
resolves together with reductions of serum cal-
cium and phosphorus. In a few cases that process 
does not occur appropriately, since parathyroid 
glands have been proliferated due to long lasting 
stimulation. That process is comparable to pri-
mary HPT with low phosphorus and high calcium 
both in opposite to sHPT. That condition is called 
transplant-persistent HPT and should be treated 
thoroughly since grafts are in danger due to inter-
stitial calcifi cation. Therapy must consider spe-
cifi c pathophysiological features of such state, 
what usually makes active vitamin D inappropri-
ate due to related hypercalcemia. Cinacalcet has 
been applied successfully  [  75–  79  ]  but is yet not 
approved in most European countries and the 
USA. PTX, in particular, in patients with already 
injured renal function boosts the risk of graft loss 
 [  58  ]  but must be considered anyway in some 
cases. To overcome the pitfalls, it must be recom-
mended to work-up sHPT in patients awaiting 
renal transplantation. Patients in need of  intensive 

medical therapy (active vitamin D and  cinacalcet 
>30 mg/day) should be treated with PTX and 
cryoconservation of glands for later autologous 
retransplantation.   

   Phosphorus Control in CKD 

 Hyperphosphatemia is a key issue in chronic 
renal disease as outlined in the introductory 
pathophysiology chapter. Since 50% uptake from 
the intestine is passive and uncontrolled, renal 
excretion is of crucial impact for phosphate 
homeostasis. However, while normophos-
phatemia is maintained through a wide range of 
renal failure presumably by the early exert of 
FGF-23, the association of increased phosphate 
levels with mortality is out of any doubt. This 
was shown in dialysis-dependent patients  [  80  ] , in 
renal transplantation  [  57  ] , and even in healthy 
subjects like the Framingham population  [  81, 
  82  ] . On the other hand, no randomized controlled 
trial (RCT) has ever been conducted comparing 
phosphate lowering versus no measure in terms 
of hard endpoint (mortality). There were, how-
ever, numerous efforts to decrease phosphate lev-
els by means of both nonpharmaceutical and 
pharmaceutical measures. 

 As for nonpharmaceutical action taking, it is 
important to recognize that modifi cation of diet 
with avoidance of phosphate intake is crucial to 
help patients maintain their phosphate homeosta-
sis. Physicians should convey detailed informa-
tion to their patients displaying the phosphorus 
content of daily nutrients. Of note, convenience 
and preconditioned food is stabilized with phos-
phate-containing ingredients. Gross amounts of 
phosphate are carried with Coke (soft drink) of 
any manufacturer, tinned food and softened 
cheese, to mention (not comprehensively) the 
most important ones. Phosphorus can hardly be 
avoided completely since it comes along with 
protein-rich food in general. A list of phosphate 
content of nutrients can be retrieved at a list of 
the NIH  [  83  ] . Patients in stage 5 CKD necessitat-
ing dialysis do benefi t from formalized nutrition 
programs which declare phosphorus content and 
aim to reduce nutritional intake  [  84  ] . Phosphate 
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control is of particular importance in patients 
undergoing peritoneal dialysis compared to 
hemodialysis. The overall phosphorus excretion 
is higher in HD compared to PD  [  85  ]  and can be 
increased further by choosing convective proce-
dure modalities like hemodiafi ltration and usage 
of larger dialysis fi lters. However, the best mea-
sure to increase phosphorus elimination is pro-
longation of dialysis time, e.g., use of nocturnal 
dialysis three times per week for 8 h  [  86  ] . 

 Following the need of protein-rich nutrition in 
hemodialysis, in a majority of patients, nutritional 
intake must exceed excretion capability and 
 therefore must be coped by measures to decrease 
intestinal absorption. Historically (until the mid-
1980s), aluminum was the cornerstone of phos-
phate binding. However, oral administration was 
complicated by systemic toxicity, which was 
mainly related to accumulation in brain, bone, and 
joints. Therefore, aluminum is nowadays mostly 
excluded from clinical use and clinical research, 
too. If such neglect is fully justifi ed can only be 
speculated  [  87  ]  since the poisonous properties 
were largely interlinked with covariates like non-
sterile dialysis water or bone turnover oversup-
pression, which have changed signifi cantly in 
recent times. The fi rst substitute of aluminum, 
introduced in the late 1980s years, was calcium-
based binders  [  88  ] , namely calcium carbonate and 
calcium acetate. These drugs have medium phos-
phate-binding capacity compared to aluminum 
and were never tested for outcome in RCT. 
However, they are the most applied binders until 
recent times. Along with the discussion of 
extraosseous calcifi cation in frame of CKD-MBD, 
calcium-containing phosphate binders have been 
incriminated to promote calcifi cation-related mor-
bidity and mortality  [  89,   90  ] . In a small RCT 
( n  = 27) comparing calcium carbonate and a cal-
cium-free alternative (sevelamer), attenuation of 
vascular calcifi cation has been reported  [  91  ] . 
Sevelamer was introduced in 1997 and acts 
through its anion-exchange capabilities within the 
bowel. Their phosphate-binding capacity is 
smaller compared to calcium salts and aluminum, 
and moderate gastrointestinal side effects are com-
mon. However, sevelamer showed in RCTs and 
retrospective studies slowing of calcifi cation and 

amelioration of bone disease  [  92–  96  ] . One RCT 
exploring mortality could not show a signifi cant 
effect of sevelamer versus calcium salts  [  97  ] . 

 A further calcium and aluminum-free com-
pound is lanthanum carbonate. As aluminum, 
lanthanum is a triple charged metal and has been 
therefore discussed widely envisioning cerebral 
and bone accumulation and toxicity. In fact it 
deposits in bones, but not at the mineralization 
front. In animal toxicological experiments, with 
multiplies of human dosage, it could be detected 
in rat brains  [  98,   99  ]  while no human central ner-
vous system toxicity was reported so far  [  99, 
  100  ] . Phosphate-binding capacity is high, so the 
substance is in principle highly needed nonalu-
minum, noncalcium choice. RCTs resulted in 
substantial phosphate lowering capacity and 
showed no severe side effects  [  101  ]  but a high 
incidence of substance discontinuation in verum 
groups. No RCT was targeted and powered to 
demonstrate mortality benefi t. 

 Taking these issues together, there is currently 
no “ideal” phosphate binder available. Our cur-
rent practice is summarized in Table  5.7  and can 
be appreciated further in a current comprehensive 
review from Tonelli et al.  [  102  ] .  

 Research on new substances does focus on 
iron-based binders, niacin, and chitosan chewing 
gums while no such substances are being cur-
rently available on the market. In a phase 1 study, 
an iron-containing compound (SBR 759) showed 
phosphate reduction into the KDIGO target using 
a dose between 3.5 and 15 g  [  103  ] , which trans-
lates into a pill burden of up to 20 tablets per day. 
Niacin, in opposite to direct intestinal binding of 
all other substances, inhibits the phosphate uptake 
into the bowel wall by inhibiting the small bowel 
phosphate cotransporter  [  104  ] . Chewing gums 
containing chitosan  [  105,   106  ]  have experimen-
tally shown to absorb phosphate already with 
salivation in the mouth.  

   Infl uencing Bone Metabolism 

 Serum parameters of mineral metabolism do not 
depict the whole complexity of CKD-MBD, in 
particular, the bone features end the vascular 
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injury permitted by such disease. To target these 
aspects, infl uencing bone turnover has come into 
scope during recent years again after two decades 
of neglect along with diminished use of bone 
biopsy. While having information’s about ROD 
type, infl uence on bone turnover, i.e., activity of 
osteoclasts or osteoblasts might be a suffi cient 
choice to treat patients with CKD-MBD. 

 In low-turnover ROD (type 4), osteo-arresting 
therapies like bisphosphonates, convey enhance-
ment of bone disease. They are, however, cur-
rently widely applied in postmature osteoporosis 
even in CKD without information on bone status. 
Bisphosphonates might be helpful in ROD type 1 
or 3, which should be established initially by 
bone histomorphometry. In two studies, alen-
dronat has been proved to infl uence bone diseases 
effectively in patients with  primary  HPT  [  107, 
  108  ] . In a clinical analog, pHPT could be trans-
lated in sHPT without low-turnover aspects and 
with high HPT and therefore be treated with bis-
phosphonates, although no RCT for such reason-
ing is available 

 In low-turnover ROD type 4, arrest of osteo-
blasts must be resolved. In patients with CKD 4 
or 5, most frequently, oversuppression of PTH by 
active vitamin D and/or positive calcium intake 
by phosphate binders and/or inadequately high 
calcium dialysis bath concentration (down to 
1.0 mEq/l) must be stopped or adopted, respec-
tively. Teriparatide, i.e., synthetic PTH, resem-
bles a pharmaceutical alternative for enhancing 

bone turnover. The substance has been used for 
fracture-prone osteoporosis  [  109  ]  and could be 
considered in CKD-MBD associated with abol-
ished PTH secretion as, for instance, after PTX. 
In a small open-label study in seven patients 
undergoing chronic hemodialysis with low-
turnover ROD, bone mineral density but not cor-
onary calcifi cation scores were improved  [  110  ] .  

   Integrative CKD-MBD Therapy 

 In summary, treatment of secondary hyperpara-
thyroidism must not target PTH levels above cer-
tain numerical thresholds alone but has to 
envision the concept of parathyroid function as a 
variable of complex regulation of the endocrine–
vasculature–bone axis in CKD. A schematic pro-
posal of integrative therapy is given in Fig.  5.14 . 
To conduct such time-dependent and multiple-
level approach, continuous monitoring of param-
eters of CKD-MBD is mandatory. According to 
recent KDIG guidelines, monthly laboratory 
monitoring of serum calcium and phosphorus 
levels in patients dependent from renal replace-
ment therapy is recommended. PTH should be 
regarded at least every 3 months. Although not 
directly included in the guidelines, we would rec-
ommend additional monitoring of “bone mark-
ers” like Ostase every 3 months. Bone biopsy and 
histomorphometry should be done, when differ-
entiation between high and low-turnover bone 

   Table 5.7    Phosphate binders, before and together with ordination consider nonpharmaceutical measures   

 Generic substance  Binding capacity  Indication  Side effects, caveats 
 Aluminum hydroxide  ↑↑↑  Short-term application (2–4 weeks) for 

critical phosphorus levels without 
concomitant calcium intake 

 Accumulation,  brain 
toxicity , aluminum 
osteopathy 

 Calcium carbonate  ↑↑  Cost-effective phosphate decrease in 
earlier CKD stages in patients with 
low-to-normal serum calcium 

 Calcium intake, 
extraosseous 
 calcifi cation  

 Calcium acetate  ↑↑↑  Cost-effective phosphate decrease in 
earlier CKD stages in patients with 
low-to-normal serum calcium, with higher 
binding capacity 

 Calcium intake, 
extraosseous  calcifi ca-
tion , plus gastrointesti-
nal (gi) side effects 

 Sevelamer  ↑  Phosphate decrease with no calcium 
intake, e.g., renal transplant setting 

 Gi side effects 

 Lanthanum carbonate  ↑↑↑  Phosphate decrease with no calcium 
intake, e.g., renal transplant setting with 
higher binding capacity vs. sevelamer 

 Bone accumulation, 
CNS toxicity not 
principally excluded 
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disease cannot be done clinically and suffi cient 
therapy choice can be considered. PTX is the 
therapy of choice in irreversible, autonomous 
parathyroid hypersecretion along with high-turn-
over bone disease with a particular regard to 
patients awaiting renal transplantation.  

 Overall, the fi eld evolves very rapidly and fur-
ther implication, e.g., of adipose and muscle tis-
sue can be awaited during the near future. With 
regard to the excess mortality in CKD, physicians 
must make any effort, to overcome or at least 
lighten such disease burden in their patients.       
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  Abstract 

 Calcifi c uremic arteriolopathy (CUA), also referred to as calciphylaxis, is 
a poorly understood syndrome of vascular calcifi cation and cutaneous 
necrosis fi rst described in 1898 when its presence was associated with ure-
mia. At present, it is believed to be caused by arteriolar calcifi cation and 
cutaneous plaque formation which causes vascular stenosis which predis-
poses to thrombotic occlusion causing tissue ischemia and violaceous skin 
lesions that may progress to nonhealing ulceration and gangrene which 
may lead to amputation, sepsis, and death. Although there are many reports 
of calciphylaxis associated with nonuremic causes, the majority of cases 
occur in patients with end-stage renal disease on dialysis. It is likely that 
uremia creates a favorable milieu for extraskeletal deposition of hydroxy-
apatite in soft tissues including small vessels, predisposing to thrombus 
formation, and the development of calciphylaxis. In this chapter, the 
authors present a discussion of the basic and clinical aspects of the disease 
process as well as novel therapeutic options.  
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  Abbreviations  

  25-(OH)D 
3
      25-Hydroxyvitamin D 

3
  (also 

known as: 25-hydroxycholecal-
ciferol, calcifediol, or calcidiol)   

  1,25-(OH 
2
 )D 

3
      1,25-Dihydroxyvitamin D 

3
  (also 

known as: 1,25-dihydroxychole-
calciferol or calcitriol)   

  ApoE    Apolipoprotein E   
  BMP    Bone morphogenic protein   
  CKD    Chronic kidney disease   
  CKD-MBD     Chronic kidney disease-mineral 

and bone disorder (also known 
as: renal osteodystrophy)   

  EGFRs    Epidermal growth factor 
receptors   

  ESRD    End-stage renal disease   
  FGF-23    Fibroblast growth factor-23   
  HPT    Hyperparathyroidism   
  IL-1, IL-6    Interleukin-1 and -6   
  LDL    Low-density lipoprotein   
  MGP    Matrix Gla protein   
  OPG    Osteoprotegerin   
  OPN    Osteopontin   
  PTH     Parathyroid hormone (also known 

as: parathormone or parathyrin)   
  TGF- a     Transforming growth factor-alpha   
  TGF- b     Transforming growth factor-beta   
  TNF- a     Tumor necrosis factor-alpha   
  ucMGP    Uncarboxylated matrix Gla 

protein       

   Introduction 

   Historical Perspective 

 Calcifi c uremic arteriolopathy (CUA), more com-
monly known as calciphylaxis, is a poorly under-
stood syndrome of vascular calcifi cation and 
cutaneous necrosis fi rst described in 1898 by 
Bryant and White when they noted its association 
with uremia. This relationship was not widely 
accepted because while vascular calcifi cation with 
uremia was relatively common, vascular calcifi ca-
tion with cutaneous necrosis was relatively rare. In 
1962, Hans Selye developed an experimental 
model of systemic calcifi cation with similar 

cutaneous manifestations and introduced the term 
 calciphylaxis  to describe this uncommon condition 
 [  1,   2  ] . In 1976, Gipstein et al. fi rst described the 
clinical signifi cance of this syndrome in terms of 
morbidity and mortality in a case series of 11 patients 
with late-stage chronic kidney disease (CKD), pre-
sumptive secondary hyperparathyroidism (HPT), 
and severe hyperphosphatemia who developed 
medial calcinosis of the arteries and painful isch-
emic ulcers  [  3  ] . All but one patient underwent total 
or subtotal parathyroidectomy with ulcer healing 
occurring in seven patients. The etiology and 
pathogenesis of calciphylaxis are still a matter of 
investigation as are therapeutic strategies to better 
manage this condition. However, it is now clear 
that calciphylaxis is caused by arteriolar calcifi ca-
tion and cutaneous plaque formation which causes 
vascular stenosis which predisposes to thrombotic 
occlusion causing tissue ischemia and violaceous 
skin lesions that may progress to nonhealing ulcer-
ation and gangrene which may lead to amputation, 
sepsis, and death. Based on these observations, it 
has recently been proposed that calciphylaxis is the 
cutaneous equivalent of a myocardial infarction, an 
analogy that may lead to development of more 
standardized and rational approaches to disease 
management  [  4  ] . Moreover, the absence of vascu-
lar calcifi cation and thrombotic occlusion in the 
Selye animal model of calciphylaxis and its 
 presence in humans has led to acceptance of the 
more recently introduced term  calcifi c uremic arte-
riolopathy  to describe this condition in humans 
 [  1,   2,   5,   6  ] . Many other terms used or proposed in 
the literature to describe calciphylaxis are summa-
rized (Table  6.1 )  [  3,   5,   7–  23  ] . However, the term 
 calciphylaxis  is still widely used to describe this 
disease in humans and will be utilized in this dis-
cussion as a matter of simplicity and convenience.   

   Prevalence and Mortality 

 The prevalence of calciphylaxis in the general 
population is largely unknown; however, a recent 
German study of the etiology of chronic leg ulcers 
in 31,169 patients found that venous insuffi ciency 
was the dominant cause accounting for 47.6% of 
cases, whereas calciphylaxis was among the rarer 
causes accounting for only 1.1% of cases  [  24  ] . 
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From a practical standpoint, calciphylaxis has 
been estimated to occur in approximately 1–4% of 
patients with end-stage renal disease (ESRD) on 
chronic peritoneal or hemodialysis  [  17,   25,   26  ] . In 
a retrospective case–control study, the diagnosis of 
calciphylaxis in dialysis patients was associated 
with an eightfold increased risk of mortality  [  27  ] . 
A 6-month mortality rate of 80% has been reported 
in dialysis patients with calciphylaxis that develop 
ulcers at any time after initial presentation with 
100% of deaths related to calciphylaxis  [  28  ] . In a 
meta-analysis of 155 cases of calciphylaxis 
reported between 1936 and 1996, mortality rates 
were also related to the location of calciphylactic 
lesions  [  13  ] . Proximal lesions (thighs, buttocks, 
and trunk) were associated with a 63% mortality 
rate compared to distal lesions (calves, forearms, 
fi ngers, toes, and penis) which were associated 
with a 23% mortality rate. Others have also 
reported increased mortality with proximal lesions 
 [  5,   27  ] . Hence, calciphylaxis should be considered 
a very poor prognostic indicator.   

   Etiology and Pathogenesis 

   Mechanisms of Vascular 
Calcifi cation in ESRD 

 Although much of the work on vascular calcifi ca-
tion has focused on the intimal calcifi cation of the 
arteries characteristic of cardiovascular  disease, 

rather than medial calcifi cation of  arterioles 
 characteristic of calciphylaxis, the knowledge 
gained is invaluable to our understanding of this 
disease as suggested by the proposed analogy 
that calciphylaxis is the cutaneous equivalent of a 
myocardial infarction  [  4  ] . Therefore, this discus-
sion of the mechanisms of vascular calcifi cation 
will draw largely from that body of knowledge 
while focusing on mechanisms of vascular calci-
fi cation in ESRD and calciphylaxis whenever 
possible. 

 There are two distinct patterns of vascular cal-
cifi cation: (1) intimal calcifi cation of arteries, 
which is usually a focal process often associated 
with atherosclerotic plaques and (2) medial calci-
fi cation of arteries, sometimes called Monckeberg’s 
medial sclerosis, which can occur independent of 
atherosclerosis and is characterized by diffuse 
medial calcifi cation that includes the internal elas-
tic lamina causing vascular stiffening and arterio-
sclerosis  [  29,   30  ] . Medial calcifi cation and 
arteriosclerosis are common in the coronary arter-
ies of older patients and especially prevalent 
among those with diabetes and ESRD. Moreover, 
intimal and medial calcifi cation can occur inde-
pendently or together in patients with ESRD  [  31  ] . 
Calciphylaxis is a distinct subtype of medial 
calcifi cation that is common among dialysis 
patients which affects cutaneous and subcutane-
ous arterioles leading to intimal proliferation, vas-
cular stenosis, and predisposing to thrombotic 
occlusion, all of which can contribute tissue isch-
emia  [  4,   29,   30  ] . Soft tissue calcium deposits in 
uremia as hydroxylapatite, also called hydroxy-
apatite or bone mineral, a naturally occurring 
mineral form of calcium apatite represented by 
the molecular formula Ca 

5
 (PO 

4
 ) 

3
 (OH)  [  32  ] .  

   Vascular Calcifi cation Is Actively 
Regulated 

 Vascular calcifi cation is no longer simply consid-
ered a passive process, rather it is predominantly 
actively regulated and likely arises as a result of 
multiple overlapping mechanisms  [  4,   29,   30,   33  ] . 
Four general and overlapping mechanisms for 
initiating vascular calcifi cation have been proposed: 
(1) loss of inhibition of vascular mineralization 

   Table 6.1    Other terms used or proposed to describe 
calciphylaxis   

 Calcifi c uremic arteriolopathy a  
 Uremic gangrene syndrome 
 Arterial calcifi cation and gangrene 
 Vascular calcifi cation-cutaneous necrosis syndrome 
 Obliterative calcifi c-thrombotic arteriolopathy 
 Uremic small artery disease 
 Small-vessel calcifi cation 
 Ischemic tissue necrosis 
 Calcifying panniculitis 
 Uremic necrosis 
 Necrotizing livedo reticularis 
 Disseminated ischemic necrosis 
 Cutaneous pseudovasculitis syndrome 

   a Currently the most widely accepted terminology  
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by constitutive circulating inhibitors which allows 
for extraskeletal mineral deposition, (2) differen-
tiation of vascular smooth muscle or stem cells to 
osteoblast-like bone-forming cells capable of 
extraskeletal mineral deposition, (3) circulating 
nucleation complexes released from actively 
remodeling bone which can serve as niduses for 
extraskeletal mineral deposition, and (4) cell 
death leading to release of apoptotic bodies and/
or other necrotic debris that may serve as nucle-
ation complexes for mineral deposition at sites of 
injury  [  29,   33  ] . Moreover, elevated phosphorus 
and/or calcium can passively promote extraskel-
etal mineral nucleation and crystal growth, espe-
cially in the context of any of these proposed 
active mechanisms of vascular calcifi cation.  

   Early Models of Extraskeletal Calcium 
Deposition in Calciphylaxis 

 Early studies by Selye suggested that a series of 
events might be necessary for the development 
of calciphylaxis in an experimental animal model 
 [  1,   2  ] . He postulated that calciphylaxis is a 
hypersensitivity reaction induced by exposure to 
one or more “sensitizing” agents or events fol-
lowed by exposure to a “challenging” agent. 
Experimental sensitization included exposure to 
high levels of parathyroid hormone (PTH), vita-
min D, phosphorus, or calcium salts or by induc-
ing ESRD by nephrectomy, followed by 
challenge with agents such as albumin, metal 
salts (e.g., iron, aluminum, others), polymyxin, 
5-hydroxytryptamine, or trauma. Sensitization 
followed by exposure resulted in soft tissue cal-
cifi cation, infl ammation, and necrosis. However, 
while calciphylaxis was initially described in 
this experimental animal model, the absence of 
vascular calcifi cation and microthrombi and 
their presence in humans suggests additional 
factors are involved that lead to development of 
the arteriolopathy component  [  1,   2,   5,   6  ] . 
Moreover, it has been suggested in retrospect 
that the syndrome that is most analogous to 
Selye’s experimental model is that of uremic soft 
tissue calcifi cation  [  34,   35  ] .  

   Role of Uremia in Calciphylaxis 

 Much has been learned about the etiology and 
pathogenesis of calciphylaxis since the early 
studies by Selye, however, as much remains 
unknown. Although there are many reports of 
calciphylaxis associated with nonuremic causes, 
the majority of cases occur in patients with ESRD 
on dialysis, hence its designation as a uremic 
arteriolopathy. It is likely that uremia creates a 
favorable milieu for extraskeletal deposition of 
hydroxyapatite in soft tissues including small 
vessels, predisposing to thrombus formation, and 
the development of calciphylaxis. Secondary 
HPT with elevated PTH is common among ure-
mic patients and likely further enhances this 
environment making it more favorable for the 
development of calciphylaxis, especially via its 
strong infl uence on bone metabolism making 
phosphorus and calcium more readily available, 
thereby promoting active vascular calcifi cation 
and mineralization of other soft tissues.  

   Role of HPT in Calciphylaxis 

 HPT is due to overactivity of the parathyroid 
glands resulting in excess production of PTH 
which regulates calcium and phosphorus homeo-
stasis  [  36  ] . Primary HPT results from hyperfunc-
tioning of the parathyroid glands themselves with 
oversecretion of PTH due to adenoma, hyperpla-
sia, or rarely carcinoma of the parathyroid glands. 
Secondary HPT results from excessive secretion 
of PTH in response to hypocalcemia and is asso-
ciated with hypertrophy of the parathyroid glands. 
Secondary HPT is most common among patients 
with late-stage CKD (stage 4 or 5) or ESRD and 
is due to failure of renal 1 a -hydroxylase (also 
known as 25-(OH)D-1 a -hydroxylase) to convert 
enough of the hepatic prehormone 25-hydroxyvi-
tamin D 

3
  (25-hydroxycholecalciferol, abbreviated 

25-(OH) D 
3
 ) to the active hormone 1,25-dihy-

droxyvitamin D 
3
  (1,25-dihydroxycholecalciferol, 

abbreviated 1,25-(OH 
2
 )D 

3
 ) in the kidney. 

Decreased serum 1,25-(OH 
2
 )D 

3
  levels impair 

intestinal calcium absorption and induce a state 
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of skeletal PTH-resistance. Late-stage CKD or 
ESRD also causes elevated serum phosphorus 
levels which also inhibits the activity of renal 
1 a -hydroxylase and consumes circulating calcium 
forming insoluble hydroxyapatite. Together these 
processes lead to hypocalcemia and inadequate 
negative feedback inhibition of the parathyroid 
glands mediated by calcium-binding to calcium-
sensing receptors (CaSRs), thereby resulting in 
increased PTH secretion in an attempt to restore 
serum calcium levels. Secondary HPT can also 
result from malabsorption (chronic pancreatitis, 
small bowel disease, and other malabsorption 
syndromes) of fat soluble vitamin D. Moreover, 
elevated PTH has additional deleterious effects 
on the immune, nervous, and other body sys-
tems that are beyond the scope of this 
discussion.  

   Role of Hyperphosphatemia 
in Calciphylaxis 

 The main causes of hyperphosphatemia in calci-
phylaxis are decreased renal excretion, increased 
dietary intake, and excess bone resorption. 
Decreased renal excretion of phosphorus is the 
most important contributor and occurs when the 
glomerular fi ltration rate falls below 20 mL/min 
and dietary intake is sustained. Excess bone 
resorption is an underrecognized cause and/or 
contributor to hyperphosphatemia. Several disor-
ders that stimulate bone resorption have been 
reported to cause hyperphosphatemia although 
the underlying mechanisms are not completely 
understood. In the setting of renal failure and ure-
mia, development of secondary HPT is the pre-
dominant cause of excess bone reabsorption. 

 Hyperphosphatemia plays an important role in 
the development of secondary HPT and chronic 
kidney disease-mineral and bone disorder (CKD-
MBD, also known as renal osteodystrophy) 
by several mechanisms including hyperphos-
phatemia-induced hypercalcemia, hyperphos-
phatemia-associated increased expression of 
transforming growth factor-alpha (TGF- a ) and 
epidermal growth factor receptors (EGFRs) in 

parathyroid chief cells causing hyperplasia, 
increased PTH secretion, inhibition of vitamin D 
synthesis, and hyperphosphatemia-induced vascu-
lar calcifi cation. In advanced renal failure, PTH-
mediated osteolysis may become the predominant 
factor infl uencing serum phosphorus levels. 

 Hyperphosphatemia contributes to an 
increased calcium–phosphorus product (Ca × P, 
serum calcium multiplied by serum phosphorus) 
which signifi cantly increases the risk of calcium 
deposition in soft tissues. Vascular calcifi cation is 
most often observed in patients with CKD, diabe-
tes, and/or severe atherosclerosis and worsens 
with age. Calcifi cation of the large blood vessels 
can cause coronary artery disease, peripheral 
artery disease, hypertension, heart failure, and 
myocardial infarction. In fact, both vascular cal-
cifi cation and hyperphosphatemia are indepen-
dent risk factors for cardiovascular disease and 
mortality  [  37–  40  ] . Calcifi cation of smaller 
peripheral arteries and arterioles can manifest 
clinically as calciphylaxis. Prolonged hyperphos-
phatemia and a Ca × P product >55 mg 2 /dL 2  are 
strongly associated with the development of 
calciphylaxis.  

   Role of Oxidative Stress and 
Infl ammation in Calciphylaxis 

 The uremic milieu also predisposes to and/or 
promotes multiple metabolic toxicities includ-
ing oxidative stress and infl ammation  [  37,   38,   41  ] . 
Oxidative stress has been clearly shown to 
infl uence infl ammatory pathways via the 
nuclear transcription factor NF- k B and is an 
independent risk factor for cardiovascular dis-
ease and mortality  [  37,   38  ] . Increased levels of 
reactive oxygen species and infl ammatory 
mediators promote the development of arteriol-
opathy by causing endothelial cell dysfunction, 
which predisposes to thrombus formation, and 
by infl uencing vascular smooth muscle cell 
remodeling  [  41  ] . Dysregulation of vascular 
smooth muscle cells causes intimal hyperpla-
sia, cell differentiation, apoptosis, and fi brosis. 
The recent understanding that vascular smooth 
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muscle cells can differentiate into osteoblast-
like bone-forming cells that promote vascular 
calcifi cation has greatly enhanced our under-
standing of this disease and provided new ave-
nues for research  [  42  ] .  

   Molecular Factors Involved in Vascular 
Calcifi cation and/or Calciphylaxis 

 Molecular factors important to calcium metab-
olism and regulation of skeletal and extraskel-
etal mineralization have been identifi ed and are 
likely involved in the etiology and pathogenesis 
of vascular calcifi cation, including that of cal-
ciphylaxis  [  4  ] . Moreover, factors that infl uence 
vascular remodeling and vascular smooth mus-
cle cell differentiation into osteoblast-like cells 
capable of producing bone have been identifi ed. 
Despite the numerous factors involved in these 
molecular signaling pathway, it appears that the 
fi nal common pathway leading to vascular cal-
cifi cation involves activation of the transcrip-
tion factor NF- k B  [  4,   43–  46  ] . NF- k B regulates 
transcription of many factors involved in cell 
growth, cell differentiation, and infl ammatory 
processes including growth factors, cytokines, 
and adhesion molecules. Receptor activator of 
nuclear factor- k B (RANK) and RANK ligand 
(RANKL) regulate NK- k B and are critical for 
normal bone development, osteoclast differen-
tiation, and bone mineral reabsorption. 
Regulators of NF- k B activity, including RANK, 
RANKL, and other endogenous promoters 
and inhibitors of vascular calcifi cation, are 
expressed by vascular smooth muscle cells, 
endothelial cells, osteoblasts, osteoclasts, and 
infl ammatory cells. 

 As is the case in many biological systems, 
homeostasis is maintained by balancing factors 
that promote and inhibit cellular processes and 
the same is true for skeletal and extracellular cal-
cifi cation. Dysregulation of factors that promote 
or inhibit NF- k B activity can lead to vascular cal-
cifi cation. RANKL activates RANK-mediated 
NF- k B activity which promotes skeletal calcium 

resorption and extraskeletal vascular calcifi cation, 
whereas inhibition of RANK-mediated NK- k B 
activity prevents skeletal calcium resorption and 
extraskeletal vascular calcifi cation. Moreover, it 
has been suggested that uremia-induced defects 
in this system may predispose to development 
of vascular calcifi cation, including that of 
calciphylaxis. 

 Recent evidence suggests that dysregulation 
or defects of endogenous promoters or inhibi-
tors that affect signaling pathways of skeletal 
calcium homeostasis can result in extraskeletal 
calcium deposition that contributes to patholog-
ical development of vascular calcifi cation. 
Several known endogenous promoters and 
inhibitors involved in vascular calcifi cation are 
summarized (Table  6.2 ).   

   Table 6.2    Molecular factors involved in vascular calcifi -
cation and/or calciphylaxis   

 Common fi nal pathway of vascular calcifi cation 
 NF- k B 
 RANK 
 RANKL 

 Inhibit vascular calcifi cation 
 OPG 
 MGP 
 Fetuin-A (AHSG) 
 BMPs (e.g., BMP-7) 
 CIP- a  
 VEGF 
 Smad6 
 Klotho gene product 
 Carbonic anhydrase 

 Promote vascular calcifi cation 
 BMPs (e.g., BMP-2) 
 Cbfa-1 
 OPN 
 Proinfl ammatory cytokines (TNF- a , IL-1, IL-6, TGF- b ) 
 Inorganic phosphorus 
 ROS 

   AHSG   a 2-Heremans–Schmid glycoprotein,  BMPs  bone 
morphogenic proteins,  Cbfa-1  core-binding factor  alpha-1, 
 CIP- a   calcifi cation inhibitory protein-alpha,  MGP  matrix 
Gla protein,  NF- k B  nuclear factor-kappa B,  RANK  recep-
tor activator of NF- k B,  OPG  osteoprotegerin,  OPN  osteo-
pontin,  RANKL  RANK ligand,  ROS  reactive oxygen 
species,  VEGF  vascular endothelial growth factor  
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   Factors That Inhibit Vascular 
Calcifi cation 

 The potential role of factors that inhibit develop-
ment of vascular calcifi cation (anticalcifi cation 
proteins) has become an area of great interest. 
There is evidence that the signaling pathways of 
osteoprotegerin, matrix Gla protein (MGP), 
fetuin-A, bone morphogenic proteins (BMPs), 
and other constitutively expressed anticalcifi ca-
tion mediators may be decreased (i.e., loss of 
inhibition) in the setting of calciphylaxis, allow-
ing for calcium deposition and development of 
arteriolar medial calcifi cation. 

   Osteoprotegerin 
 Osteoprotegerin (OPG) is a soluble antagonist of 
RANKL that inhibits RANK-mediated NF- k B 
activity, thereby inhibiting skeletal calcium 
resorption and extraskeletal vascular calcifi cation 
 [  4,   43–  47  ] . Since OPG and RANKL essentially 
bind to the same receptor, RANK, OPG is one of 
the most important regulators of RANK-mediated 
NF- k B activity. Moreover, it is interesting to note 
that bisphosphonates upregulate OPG expression 
and RANKL expression, but decrease RANKL 
activity in most studies possibly suggesting a 
mechanism to account for reports of healing of 
calciphylactic lesions in patients treated with bis-
phosphonates  [  48–  51  ] . It is likely that the ratio of 
OPG to RANKL expression may be the impor-
tant determinant since both bind RANK to medi-
ate NK- k B activity.  

   Matrix Gla Protein 
 Matrix Gla protein (MGP) is a member of the Gla 
protein family, which includes osteocalcin and a 
number of coagulation factors including factors 
II, VII, IX, X, and proteins C and S  [  52–  54  ] . All 
members of this family have glutamic acid resi-
dues that are posttranslationally carboxylated by 
the enzyme gamma-glutamyl carboxylase in a 
reaction that requires vitamin K as a cofactor. 
Carboxylation of Gla proteins confers a high 
affi nity for mineral ions such as calcium, phos-
phate, and hydroxyapatite crystals, the mineral 
components of bone. 

 MGP is an inhibitor of vascular calcifi cation 
and is expressed at high levels in the heart, lung, 
and kidney by tissue-specifi c populations of cells 
 [  52–  54  ] . MGP is found in bone along with osteo-
calcin, both of which are calcium-binding pro-
teins that participate in the organization of bone 
tissue. MGP is synthesized by vascular smooth 
muscle cells and chondrocytes, and its expression 
is upregulated by vitamin D in bone cells. 
Interestingly, MGP is related to proteins C and S, 
decreased levels of which are associated with the 
development of calciphylaxis. Moreover, the 
mechanism whereby warfarin is believed to 
induce or aggravate calciphylaxis may also 
involve this process  [  55  ] . 

 Mutations in the human MPG gene have 
been linked with Keutel syndrome, an auto-
somal recessive disorder characterized by 
abnormal cartilage calcifi cation, pulmonary 
artery stenosis, and midfacial hypoplasia  [  52  ] . 
MGP-defi cient mice also exhibit inappropriate 
calcifi cation of cartilage, including the growth 
plate, which leads to short stature, osteopenia, 
and fractures. MGP-defi cient mice typically 
die within 2 months due to accelerated arterial 
calcification which leads to blood vessel 
rupture  [  53  ] . 

 The circulating inactive uncarboxylated form 
of MGP (ucMGP) has recently been proposed as 
a potential biomarker for vascular calcifi cation 
 [  56,   57  ] . Vitamin K defi ciency leads to inactive 
MGP which accumulates at sites of arterial calci-
fi cation. A recent study found that the circulating 
fraction of ucMGP is decreased in certain popu-
lations at risk for vascular calcifi cation, likely as 
a result of deposition around sites of arterial cal-
cifi cation  [  57  ] . Serum ucMGP levels were 
decreased nearly in all hemodialysis and calci-
phylaxis patients studied compared to healthy 
control subjects. However, patients who under-
went angioplasty and in those with aortic steno-
sis, there was some overlap in serum ucMGP 
levels with control subjects. Nonetheless, serum 
ucMGP may prove useful as a biomarker to iden-
tify patients at risk for developing vascular calci-
fi cation, including calciphylaxis, especially in the 
setting of CKD.  
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   Fetuin-A 
 Fetuin-A, also known as  a 2-Heremans–Schmid 
glycoprotein (AHSG), is an endogenous inhibitor 
of systemic calcifi cation  [  58–  60  ] . Reduced serum 
levels of fetuin-A have been associated with vascu-
lar calcifi cation and increased mortality in dialysis 
patients  [  60–  64  ] . Both chronic infl ammation and 
uremia appear to contribute to decreased expres-
sion of fetuin-A and possibly AHSG gene muta-
tions  [  64–  68  ] . Mice defi cient in fetuin-A were 
found to have increased expression of osteopontin 
and widespread extraskeletal calcifi cation of the 
heart, lungs, and kidneys  [  69  ] . Fetuin-A defi ciency 
alone was not associated with disturbances of cal-
cium and phosphorus homeostasis. Although vas-
cular calcifi cation is present in the absence of 
uremia and hyperphosphatemia, it is severely exag-
gerated by their presence. Moreover, calcifi cation 
is severely exaggerated when mice defi cient in 
fetuin-A are combined with the DBA/2 genetic 
background which is prone to extraskeletal calcifi -
cation  [  70  ] . Mice defi cient in fetuin-A were also 
found to be hyperresponsive to BMP-induced 
extraskeletal osteogenesis  [  71  ] . Mice defi cient in 
fetuin-A and apolipoprotein E (ApoE) with CKD 
and hyperphosphatemia had a 15-fold increase in 
vascular calcifi cation, although mostly intimal 
rather than medial calcifi cation  [  72  ] . Finally, recent 
evidence suggests that elevated fetuin-A levels 
may be related to insulin resistance, hepatic dys-
function, and the metabolic syndrome  [  60,   73,   74  ] .  

   Bone Morphogenic Proteins 
 BMPs are a group of proteins that are considered 
cytokines and most are members of the trans-
forming growth factor-beta (TGF- b ) superfamily 
 [  75  ] . BMPs are not only known to be involved in 
bone formation, but are also considered key mor-
phogenic mediators of tissue development 
throughout the body. For example, BMP-2, -3, 
-4, and -7 are involved in osteoblast differentia-
tion and/or bone formation  [  75,   76  ] . Several 
BMPs are also involved in extraskeletal calcifi ca-
tion, some as promoters and others inhibitors. 
For example, BMP-2 and -7 have been shown to 
promote differentiation of vascular smooth mus-
cle cells into osteoblast-like cells capable of 

extraskeletal mineralization  [  76  ] . BMP-7 has 
also been shown to inhibit vascular calcifi cation 
in uremic mice defi cient in low-density lipoprotein 
(LDL) receptors  [  77  ] . In one study of patients 
undergoing renal transplantation, vascular calci-
fi cation of the medial layer of the inferior epigas-
tric artery was found in 44% of patients and was 
associated with deposition of BMPs  [  78  ] . 
Moreover, BMP-4 was demonstrated at the bor-
der of affected arterioles in a biopsy from a 
patient with calciphylaxis and was thought to be 
involved in promoting calcifi cation in this patient 
 [  79  ] . Moreover, regulation of BMP expression 
has been shown to involve the NF-kB pathway, 
considered the fi nal common pathway of vascu-
lar calcifi cation, as well as smad6, a negative 
regulator of BMP signaling pathways  [  80,   81  ] .   

   Factors That Promote Vascular 
Calcifi cation 

 The potential role of factors that promote devel-
opment of vascular calcifi cation has become an 
area of great interest. There is evidence that the 
signaling pathways of BMPs, core-binding factor 
 a -1, osteopontin, proinfl ammatory cytokines 
(TNF- a , IL-1, IL-6, others), and other calcifi ca-
tion mediators are increased in the setting of cal-
ciphylaxis, possibly allowing for calcium 
deposition and development of arteriolar medial 
calcifi cation. Moreover, inorganic phosphorus, 
an obvious suspect in the development of calci-
phylaxis, has also been shown to infl uence a 
number of regulatory pathways thought to be 
involved in the development of vascular calcifi -
cation and calciphylaxis. 

   Bone Morphogenic Proteins 
 As previously discussed, BMPs are known to be 
involved in bone formation, but are also consid-
ered key morphogenic mediators of tissue devel-
opment throughout the body. BMP-2, -3, -4, and 
-7 are involved in osteoblast differentiation and/
or bone formation  [  75,   76  ] . Again, some BMPs 
are promoters and some are inhibitors of vascular 
calcifi cation.  
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   Core-Binding Factor  a -1 
 Core-binding factor  a -1 (Cbfa-1) is a trans-
cription factor necessary for osteoblast differen-
tiation and function  [  82–  86  ] . Cbf1-a upregulates 
expression of RANKL which then activates 
RANK-mediated NF- k B pathways. Over-
expression of Cbf1-a promotes differentiation of 
vascular smooth muscle cells into osteoblast-like 
cells capable of extraskeletal mineralization 
 [  83,   84,   86  ] . Mutations in the human Cbfa-1 gene 
have been linked with cleidocranial dysplasia, an 
autosomal dominant disorder characterized by 
defective development of the cranial bones, com-
plete or partial absence of the clavicles, and asso-
ciated dental and otological abnormalities  [  87  ] . 
Moreover, mice overexpressing Cfb1-a develop 
osteoporosis, whereas Cfb1-a-defi cient mice lack 
skeletal mineralization and die soon after birth 
 [  82,   85  ] .  

   Osteopontin 
 Osteopontin (OPN) is an extracellular matrix 
protein expressed by a variety of tissue types and 
cells including fi broblasts, osteoblasts, osteo-
clasts, endothelial cells, and vascular smooth 
muscle cells  [  88–  91  ] . OPN is an important factor 
in bone remodeling where it is thought to stimu-
late development of osteoclasts, anchor them to 
the mineral matrix of bone, and promote bone 
reabsorption  [  92–  95  ] . OPN expression in bone is 
stimulated by serum 1,25-(OH 

2
 )D 

3
  (calcitriol) 

and requires the transcription factors Cbfa-1 and 
osterix for expression  [  93  ] . Under normal cir-
cumstances, hypocalcemia and hypophos-
phatemia stimulate kidney proximal tubule cells 
to produce 1,25-(OH 

2
 )D 

3
 , which in turn increases 

expression of OPN to promote bone resorption 
and restore serum levels. PTH, inorganic phos-
phate, proinfl ammatory cytokines (TNF a , IL-1, 
and TGF- b ), as well as angiotensin II have also 
been shown to stimulate OPN expression  [  89,   93, 
  94,   96,   97  ] . In one case–control study of 10 dial-
ysis patients with calciphylaxis, biopsy samples 
from cutaneous lesions demonstrated substan-
tially increased OPN and decreased  a -actin 
expression by vascular smooth muscle cells in 

the medial layer of all calcifi ed blood vessels 
compared to noncalcifi ed vessels  [  97  ] .  

   Proinfl ammatory Cytokines 
(TNF- a , IL-1, and IL-6) 
 Chronic infl ammation has a signifi cant impact on 
the development and accelerated progression of 
vascular calcifi cation, especially with advanced 
renal disease  [  98,   99  ] . The proinfl ammatory 
cytokines tumor necrosis factor- a  (TNF- a ), inter-
leukin-1 (IL-1), and IL-6 are known to promote 
differentiation of vascular smooth muscle cells 
into osteoblast-like cells capable of extraskeletal 
mineralization  [  4,   98–  100  ] . Expression of these 
cytokines are common in chronic infl ammatory 
and other diseases including late-stage CKD, 
ESRD, diabetes, obesity, hepatitis, and malignan-
cies. Strategies focused on modulating immune 
function are currently under investigation and will 
likely translate into new therapies to improve 
clinical outcomes for patients with chronic infl am-
mation associated with vascular disease.  

   Inorganic Phosphorus 
 Given the strong association between elevated 
phosphorus and Ca × P product and the develop-
ment of calciphylaxis, it is not surprising that 
phosphorus infl uences a number of pathways 
involved in vascular calcifi cation. Phosphorus 
has also been shown to induce differentiation of 
vascular smooth muscle cells into osteoblast-like 
cells capable of extraskeletal mineralization, now 
recognized as an important process in the devel-
opment of vascular calcifi cation  [  29,   101  ] . 
Phosphorus is also known to increase expression 
of Cbfa-1 and OPN  [  93,   96  ] . Phosphorus feeding 
was shown to induce medial calcifi cation in cal-
cifi cation-prone DBA/2 mice that was associated 
with increased expression of Cbfa-1, OPN, and 
fi broblast growth factor-23 (FGF-23)  [  102  ] . 
Although the association of elevated phosphorus 
and development of calciphylaxis was one of the 
earliest fi ndings associated with development of 
this disease, the multifaceted role of phosphorus 
in the molecular pathogenesis of vascular calcifi -
cation is only beginning to be understood.    
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   Clinical Manifestations 

   Overview 

 Calciphylaxis is essentially a manifestation of 
vascular calcifi cation of arterioles, hence the 
more recent terminology designating this disease 
as an arteriolopathy. The proposed analogy that 
calciphylaxis is the cutaneous equivalent of a 
myocardial infarction has several instructive 
implications  [  4  ] . First, both calcifi cation and 
stenosis of arterioles and thrombotic occlusion 
are necessary for development of full-blown cal-
ciphylactic lesions. Second, there is likely a tem-
poral separation between these two distinct 
processes—the insidious onset of calcifi cation 
and stenosis of arterioles and the acute manifes-
tations of thrombotic occlusion. Third, the insidi-
ous onset of calcifi cation and stenosis of arterioles 
likely accounts for the absent or mild signs and 
symptoms reported with early disease, whereas 
the acute onset of thrombotic occlusion of arteri-
oles likely accounts for the more severe signs and 
symptoms often reported as the disease pro-
gresses, most notably tissue necrosis and severe 
pain. Lastly, recognizing that calciphylaxis 
involves the distinct processes of calcifi cation 
and stenosis of arterioles and thrombotic occlu-
sion has obvious therapeutic implications.  

   Location and Distribution 
of Calciphylactic Lesions 

 Calciphylaxis can cause extensive calcifi cation of 
the skin, subcutaneous tissues, including muscle 
and adipose tissue, and in severe cases visceral 
organs. Lesions can occur in proximal, distal, and 
acral regions of the body, but are most commonly 
reported in proximal areas containing a high 
percentage of adipose tissue including the abdo-
men, thighs, and breasts, although lesions can 
occur in essentially any location (Table  6.3 ; 
Fig.  6.1 )  [  103  ] . Lesions have been reported to 
affect the fi ngers, toes, penis, tongue, temporal 
arteries, and visceral organs, including lungs, kid-
neys, pancreas, stomach, intestines, and  pancreas 

 [  104–  112  ] . However, underreporting of calciphy-
laxis due to non- or misdiagnosis and overreport-
ing of unusual cases make it diffi cult to determine 
the probability of any specifi c clinical manifesta-
tion. The location and distribution of calciphylac-
tic lesions also has signifi cant clinical 
consequences as many have reported signifi cantly 
worse mortality rates associated with proximal 
(thighs, buttocks, and trunk) lesions  [  5,   13,   27  ] .    

   Description of Calciphylactic Lesions 

 Characteristic cutaneous lesions typically begin 
as small erythematous patches, often associated 
with plaques and/or nodules, and tenderness to 
palpation. Early lesions often progress to full-
blown lesions that are commonly described as 
painful, violaceous, mottled, or reticulated skin 
patches (livedo reticularis) that may progress to 
nonhealing ulcerated necrotic tissue that com-
monly causes eschar formation, gangrene requir-
ing amputation, sepsis, and death (Fig.  6.2a, b ) 
 [  25  ] . The time course and progression of calci-
phylactic lesions likely refl ects the distinct pro-
cesses of insidious calcifi cation and stenosis of 
arterioles and acute thrombotic occlusion. 
Calciphylactic lesions initially may be mistaken 
for infectious cellulitis, treated as such without 

   Table 6.3    Distribution and location of calciphylactic 
lesions   

 Proximal  Trunk 
 Thigh 
 Buttocks 
 Breast 

 Distal  Forearm 
 Calves 
 Fingers 
 Toes 

 Visceral  Lungs 
 Kidneys 
 Pancreas 
 Stomach 
 Small and large intestines 

 Other  Penis 
 Tongue 
 Temporal arteries 
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signifi cant resolution, while delaying appropriate 
treatment  [  28  ] . Moreover, lesions may be diffi -
cult to identify in African American patients due 
to darker skin pigmentation which can make ery-
thema and violaceous skin discoloration more 
diffi cult to appreciate (Fig.  6.2c, d ). Moreover, 
experience in identifying lesions in African 
American patients is limited because they occur 
more commonly in Caucasian patients.  

 One study found that while the vast majority 
of published cases presented with characteristic 
ulceration, the initial presentation was usually 
nonulcerating, suggesting reporting bias  [  28  ] . Of 
36 new cases that occurred in a single dialysis 
unit over a 7-year period, all presented with 
lesions on the legs, 80% with tender indurated 
subcutaneous plaques only, 17% with painful 
ulceration only, and 3% with plaques and ulcer-
ation. Subcutaneous plaques were associated 
with erythema, warmth, and tenderness, and most 
commonly occurred 2–5 cm above the Achilles’ 
tendon (Fig.  6.1 , bottom left panel), ranging in 

diameter from a few to many centimeters. 
Moreover, approximately one-third of patients 
who presented with plaques only developed 
ulceration, suggesting that plaque formation 
likely refl ects early disease due to insidious calci-
fi cation and stenosis of arterioles, whereas ulcer-
ation likely refl ects disease progression due to 
acute thrombotic occlusion of arterioles. The 
time course of lesion progression also varied 
between individuals, likely refl ecting the tempo-
ral separation of calcifi cation and stenosis of 
arterioles and thrombotic occlusion, and progres-
sion was rapid in the absence of timely and 
aggressive intervention which had a direct impact 
on morbidity and mortality  [  28  ] .  

   Tissue Ischemia and Secondary 
Infection of Calciphylactic Lesions 

 Vascular calcifi cation and arteriolar stenosis in 
calciphylaxis likely predisposes to thrombotic 

  Fig. 6.1    Schematic diagram depicting some commonly reported locations and the progression of calciphylactic lesions. 
Illustration by Bashar Ericsoussi, M.D       
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occlusion resulting in tissue ischemia and necrosis. 
In one study, the transcutaneous oxygen tension 
was measured in 21 patients with calciphylaxis and 
compared to age-matched controls  [  113  ] . Patients 
with calciphylaxis had extremely low transcutane-
ous oxygen tension (<30 mmHg while breathing 
room air) in 62% of body regions with lesions and 
26% of body regions without lesions, compared to 
<1% in all body regions of control patients, sug-
gesting severe and diffuse skin ischemia exists 
even in areas without visible lesions. Moreover, 
while breathing 100% supplemental oxygen, 

transcutaneous oxygen tension remained relatively 
low in patients with calciphylaxis, suggesting that 
the vascular insuffi ciency may be fi xed. However, 
there was signifi cant improvement in transcutane-
ous oxygen tension of some patients with calciphy-
laxis suggesting oxygen therapy may be of some 
benefi t. The differential response to oxygen therapy 
in some patients may refl ect the difference between 
the presence of vascular calcifi cation and arteriolar 
stenosis, which may be more responsive to oxygen 
therapy, and the presence of vascular thrombosis, 
which may preclude oxygen delivery to affected 

  Fig. 6.2    ( a ,  b ) Biopsy-proven calciphylactic lesions in 
the absence of uremia of the right thigh ( a ) and leg ( b ) of a 
55-year-old Caucasian female with a history of diabetes, 
hypertension, and morbid obesity. These full-blown lesions 
demonstrate characteristic nonhealing, ulcerated, necrotic 
tissue with eschars. PTH level was <100 ng/L and calcium–
phosphorus product was <40 mg 2 /dL 2  at the time of lesion 

manifestation and biopsy. ( c ,  d ) Subcutaneous nodules of 
the forearm ( c ) and ischemic necrosis of the fi ngers ( d ) of 
biopsy-proven calciphylaxis in a 47-year-old African 
American male with ESRD on hemodialysis and history of 
a failed renal transplant. PTH level was >800 ng/L and 
calcium–phosphorus product was >70 mg 2 /dL 2  at the time 
of lesion manifestation and biopsy       
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tissues, as well as the relative severity of each of 
these distinct components. 

 Although not primarily infectious in etiology, 
tissue ischemia, breach of the skin barrier, and 
the painful debilitating nature of calciphylactic 
lesions make them highly vulnerable to second-
ary infection. Moreover, majority of patients are 
on chronic dialysis and spend a substantial 
amount of time in a healthcare setting which 
increases the risk of healthcare-associated multi-
drug-resistant infections in this highly vulnerable 
population  [  114–  116  ] .  

   Factors Associated with Calciphylaxis 

 Calciphylaxis is most often associated with late-
stage CKD or ESRD and uremia, although there 
are many reports of its presence in the absence of 
uremia. Given that calciphylaxis is poorly under-
stood, it stands to reason that understanding the 
factors associated with this disease may help to 
better understand the etiology and pathogenesis, 
identify patients at increased risk of developing 
the disease, and develop better treatment strate-
gies. However, it is important to emphasize that 
many of these factors are only associated with 
calciphylaxis, rather than causes or contributors 
to the disease, and may be analogous to the “sen-
sitizing” and “challenging” agents described in 
the early studies by Selye  [  1,   2  ] . Factors reported 
to be associated with calciphylaxis are summa-
rized in Table  6.4 . Although not necessarily dis-
tinct categories and some related factors may 
appear under more than one heading, for conve-
nience these factors are categorized as general 
associations, demographic factors, comorbid 
conditions, laboratory abnormalities, and medi-
cations or other agents reported to be associated 
with calciphylaxis.  

   Uremic Calciphylaxis 
 The vast majority of patients presenting with cal-
ciphylaxis have ESRD and are on peritoneal or 
hemodialysis  [  13,   25–  28,   117  ] . Some evidence 
suggests calciphylaxis may be more common 
among patients on peritoneal dialysis  [  28,   118  ] . 
Calciphylaxis has also been reported to occur 

after renal transplantation  [  9,   110,   119–  123  ] . 
Metabolic abnormalities associated with uremia 
are speculated to play an important role in the eti-
ology and pathogenesis of calciphylaxis, includ-
ing secondary HPT, hyperphosphatemia, and 
hypercalcemia (Fig.  6.3 )  [  26  ] . However, given 
the many reports of its presence in nonuremic 
patients, many of these factors are likely “sensi-
tizers” to the development of calciphylaxis.   

   Table 6.4    Factors reported to be associated with 
calciphylaxis   

 General associations 
 Uremic causes 
 Nonuremic causes 

 Demographic factors 
 Caucasian race 
 Female gender 
 Younger age 

 Comorbid conditions 
 Late-stage chronic kidney disease (stage 4 or 5) 
 End-stage renal disease 

 Peritoneal or hemodialysis 
 Postrenal transplant 

 Hyperparathyroidism 
 Hyperphosphatemia 
 Hypercalcemia 
 Diabetes 
 Obesity (BMI >30 kg/m 2 ) 
 Hypoalbuminemia 
 Hypercoaguable diseases or states 
 Infl ammatory diseases 
 Liver disease 
 POEMS syndrome 

 Laboratory abnormalities 
 Increased serum phosphorus levels 
 Increased serum calcium levels 
 Calcium–phosphorus (Ca × P) product >55 mg 2 /dL 2  
 Increased serum PTH levels 
 Increased serum alkaline phosphatase levels 
 Increased serum aluminum levels 
 Hypoalbuminemia 
 Protein S or C defi ciency 
 Increased serum aluminum levels 

 Medications or other agents 
 Calcium-containing medications (e.g., phosphorus 
binders, antacids, others) 
 High-calcium dialysate 
 Steroids 
 Warfarin 

   BMI  body mass index,  POEMS  polyneuropathy, organo-
megaly, endocrinopathy, monoclonal gammopathy, and 
skin abnormalities,  PTH  parathyroid hormone  
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   Demographic Factors Associated 
with Calciphylaxis 
   Caucasian Race 
 The vast majority of patients who develop calci-
phylaxis are Caucasian  [  13,   25,   27,   117,   124  ] . In 
one case series derived from 347 dialysis patients, 
nine of nine calciphylaxis cases occurred in 
Caucasian patients, despite the fact that approxi-
mately half of the study population was African 
American  [  117  ] .  

   Female Gender 
 Female gender has been associated with increased 
risk of developing calciphylaxis  [  5,   27,   28,   103, 

  117,   124–  127  ] . In a retrospective case–control 
study of 19 patients with calciphylaxis, females 
had sixfold increased likelihood of developing 
calciphylaxis  [  27  ] . In another study, females were 
affected fi ve times more frequently than males 
 [  128  ] . Some investigators have suggested this 
may be related to an increased percentage of adi-
pose tissue in females which may predispose to 
hypoperfusion of subcutaneous tissues and skin 
resulting in ischemic necrosis  [  27  ] . Moreover, 
calciphylactic lesions are more common in proxi-
mal locations (thighs, buttocks, and trunk) where 
adipose tissue is more abundant. This hypothesis 
is also supported by the fi nding of an association 

  Fig. 6.3    Schematic diagram depicting some of the com-
mon factors involved in the etiology and pathogenesis of 
calciphylaxis. Parathyroid-mediated bone resorption, 
dietary intake, and medications may contribute to an ele-
vated calcium–phosphorus (Ca × P) product. Vascular 
smooth muscle cells can be stimulated to differentiate into 
osteoblast-like cells capable of extraskeletal calcium and 
phosphorus deposition in the form of hydroxyapatite 

[Ca 
5
 (PO 

4
 ) 

3
 (OH)] in the medial wall of arterioles and other 

small vessels causing vascular stenosis and predisposing 
to thrombotic occlusion and ischemia that may progress 
to nonhealing ulceration. While many of these factors are 
common, likely serving as “sensitizing” or “challenging” 
agents, it important to note that none are required and 
calciphylaxis can develop in the absence of many or all of 
these factors. Illustration by Bashar Ericsoussi, M.D       
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between obesity and calciphylaxis  [  117,   128, 
  129  ] . The association between female gender and 
calciphylaxis has been speculated to involve estro-
gen and leptin  [  4  ] . Estrogen has been shown to 
increase the expression of the vascular calcifi ca-
tion inhibitor OPG, whereas estrogen defi ciency 
has been associated with osteoporosis and vascu-
lar calcifi cation  [  47  ] . Similarly, leptin has been 
shown to infl uence OPG and RANKL. Leptin is a 
hormone produced by adipocytes that is thought 
to have distinct effects by acting via the central 
nervous system to increase osteoblast activity or 
via by binding directly to its receptors on osteo-
blasts to increase activity  [  130,   131  ] . Dysregulation 
of leptin is thought to promote vascular calcifi ca-
tion which may contribute to the increased preva-
lence of calciphylaxis in females.  

   Younger Age 
 Younger age has been associated with the develop-
ment of calciphylaxis. One retrospective study of a 
single outpatient hemodialysis unit reported that 
the age at the time of diagnosis was 49 compared 
to 60 years old for control patients  [  25  ] . It has been 
suggested that younger age may be related to a 
longer time period on dialysis which also may be 
associated with the development of calciphylaxis. 
In fact, it was reported in this same study that the 
length of time on dialysis at the time of diagnosis 
was 80 months for calciphylaxis patients com-
pared to 20 months for control patients  [  25  ] .   

   Laboratory Abnormalities Associated 
with Calciphylaxis 
   Hypercalcemia and Vitamin D Therapy 
 Hypercalcemia has been associated with the 
development of calciphylaxis in only a few studies 
 [  118,   127,   132  ] . This is likely because cellular 
and extracellular calcium levels are tightly regulated 
within a narrow range and only relatively small 
deviations can be life-threatening. Vitamin D 
therapy also has been reported to cause or exacer-
bate calciphylaxis as it is known to increase 
absorption of both calcium and phosphorus. 
Patients on dialysis are generally in a positive 
calcium balance due to dietary calcium intake, 
ingestion of calcium-based phosphorus binders, 
absorption of calcium from dialysate, treatment 
of secondary HPT with vitamin D, and abnor-

malities in bone metabolism  [  133  ] . Renal trans-
plantation can also exacerbate hypercalcemia, 
especially before resolution of secondary HPT 
which may be prolonged in some cases  [  134  ] . 

 In one study, the median serum calcium level 
of 10 dialysis patients diagnosed with calciphy-
laxis was 9.7 mg/dL at the time of diagnosis com-
pared to 9.2 mg/dL for control patients  [  25  ] . High 
doses of calcium carbonate have been reported to 
cause calciphylaxis which resolves when discon-
tinued  [  132  ] . One case–control study of eight 
peritoneal dialysis patients over a 3-year period 
reported a strong trend toward increased risk of 
calciphylaxis with the use of calcium carbonate 
 [  118,   127  ] . In another study, treatment with both 
calcium salts and vitamin D increased the likeli-
hood of developing calciphylaxis threefold com-
pared to control patients  [  28  ] . Since calcium-based 
phosphorus binders have been identifi ed as a pos-
sible risk factor for the development of calciphy-
laxis, their use has fallen out of favor. In general, 
calcium salts of any kind should be avoided in 
dialysis patients whenever possible, except for 
patients with clinically signifi cant hypocalcemia. 
When vitamin D therapy is necessary in patients 
at risk or with established calciphylaxis, less cal-
cemic analogs should be considered.  

   Hyperphosphatemia 
 Calciphylaxis is commonly associated with 
hyperphosphatemia  [  3,   25,   27,   28,   117  ] . 
Clinically, hyperphosphatemia is often associated 
with hypocalcemia and tetany, secondary HPT 
and CKD-MBD, and extraskeletal soft tissue cal-
cifi cation. Soft tissue calcifi cation associated 
with hyperphosphatemia increases with advanc-
ing age in patients with late-stage CKD or ESRD, 
diabetes, and advanced atherosclerosis. In one 
study, the median serum phosphorus level of ten 
dialysis patients diagnosed with calciphylaxis 
was 8.2 mg/dL at the time of diagnosis compared 
to 5.7 mg/dL for control patients  [  25  ] . The mag-
nitude and importance of the association between 
serum phosphorus and the development of calci-
phylaxis is underscored by a case–control study 
of 19 patients with ESRD and calciphylaxis that 
found a 3.5-fold increased likelihood of develop-
ing calciphylaxis for each 1 mg/dL increase in 
serum phosphorus over the 12-month period 
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prior to the diagnosis  [  27  ] . Hyperphosphatemia 
has also been reported to increase the risk of sep-
sis in dialysis patients which may contribute to 
mortality in those with calciphylaxis  [  27,   133, 
  135,   136  ] .  

   Elevated Calcium–Phosphorus 
Product (Ca × P) 
 An elevated calcium–phosphorus (Ca × P) prod-
uct >55 mg 2 /dL 2  is commonly associated with the 
development of calciphylaxis  [  28,   128,   137  ] . In 
one study, the median Ca × P product of ten dialy-
sis patients diagnosed with calciphylaxis was 
81.5 mg/dL at the time of diagnosis compared to 
52.9 mg/dL for the control patients  [  25  ] . However, 
several studies did not fi nd an elevated Ca × P 
product suggesting that its presence is not 
required for the development of calciphylaxis 
 [  117,   127  ] . While both calcium and phosphorus 
contribute to the elevated Ca × P product com-
monly reported with calciphylaxis, hyperphos-
phatemia is almost always present, whereas 
hypercalcemia is not. Hypercalcemia alone rarely 
accounts for the elevated Ca × P product com-
monly reported with calciphylaxis, except in 
cases of severe hypercalcemia, often associated 
with excess calcium salts, vitamin D therapy, and 
malignancy. In one study of nonuremic calciphy-
laxis, malignancy was the second most common 
cause accounting for 22.2% of cases  [  138  ] .  

   Elevated Serum PTH 
 Elevated serum PTH levels are commonly asso-
ciated with the development of calciphylaxis 
 [  3,   25,   124,   139  ] . In one study, the median serum 
PTH level of ten dialysis patients diagnosed with 
calciphylaxis was 1496 pg/mL at the time of 
diagnosis compared to 138 pg/mL for the control 
patients  [  25  ] . However, increased serum PTH is 
not required for the development of calciphylaxis 
 [  117,   127  ] . In fact, some patients with calciphy-
laxis have low or normal PTH levels  [  127  ] . Like 
elevated serum calcium and phosphorus, elevated 
serum PTH levels likely represent a “sensitizing” 
agent for the development of calciphylaxis rather 
than a cause of the disease. When present, ele-
vated serum PTH is usually due to secondary 
HPT caused by late-stage CKD or ESRD. 

However, in one study of nonuremic calciphy-
laxis, primary HPT was the most common cause 
accounting for 27.8% of cases  [  138  ] .  

   Elevated Serum Alkaline Phosphatase 
 Elevated serum alkaline phosphatase levels have 
been associated with the development of calci-
phylaxis  [  3,   25,   27,   117  ] . In one study, the median 
serum alkaline phosphatase level of ten dialysis 
patients diagnosed with calciphylaxis was 
188 IU/L at the time of diagnosis compared to 
89 IU/L for the control patients  [  25  ] . In a case–
control study of 19 patients with calciphylaxis, 
there was a 19% increase in the likelihood of 
developing calciphylaxis for each 10 IU/L 
increase in serum alkaline phosphatase at the 
time of diagnosis  [  27  ] . Some investigators have 
suggested that increased serum alkaline phos-
phatase may refl ect more advanced bone disease 
in some patients, especially those with ESRD and 
severe secondary HPT  [  27  ] .  

   Elevated Serum Aluminum 
 Elevated serum aluminum levels have been asso-
ciated with the development of calciphylaxis 
 [  4,   128  ] . Aluminum-induced osteomalacia has 
many features in common with other forms of bone 
disease associated with vascular calcifi cation; 
therefore, it has been suggested to potentially be 
involved in the pathogenesis of calciphylaxis for 
several reasons  [  4,   140,   141  ] . Aluminum-induced 
osteomalacia was found in some patients with 
calciphylaxis who underwent bone biopsy  [  140  ] . 
Aluminum also has direct toxic effects on osteo-
blasts, thereby potentially perturbing the balance 
between bone resorption and formation  [  142  ] . In 
one study, elevated serum aluminum levels were 
more common among dialysis patients with calci-
phylaxis than without  [  128  ] . Aluminum deposits 
have also demonstrated along with medial calcifi -
cation in biopsy specimens from patients with 
calciphylaxis  [  4  ] . Based on these observations, it 
has been suggested that aluminum likely repre-
sents a “challenging” agent for the development 
of  calciphylaxis rather than a cause of the disease. 
In fact, aluminum was one of the “challenging” 
agents described in the early studies by Selye to 
induce calciphylaxis in “sensitized” animals  [  1,   2  ] . 
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However, it is important to note that some studies 
have reported that serum aluminum levels were 
not associated with calciphylaxis  [  27  ] .   

   Comorbidities Associated with 
Calciphylaxis 
   Hyperparathyroidism 
 Both primary and secondary HPT with elevated 
serum PTH are commonly associated with the 
development of calciphylaxis  [  3,   20,   25,   137–  139, 
  143–  145  ] . The signifi cance of HPT was previously 
discussed in the context of elevated PTH as a “sen-
sitizing” agent for the development of calciphy-
laxis  [  1,   2,   4  ] . Elevated PTH levels are not always 
present in patients who develop calciphylaxis; 
therefore, neither HPT nor elevated PTH levels are 
necessary for the development of calciphylaxis 
 [  138  ] . However, when HPT and elevated PTH lev-
els are present, they likely represent powerful sen-
sitizers to the development of calciphylaxis as 
treatment has been reported to cause resolution of 
lesions in a substantial number of cases.  

   Diabetes 
 Diabetes has been associated with the develop-
ment of calciphylaxis in some studies, while oth-
ers did not fi nd this association  [  13,   27,   28,   129  ] . 
However, the mechanisms whereby diabetes may 
be related to the development of calciphylaxis are 
unknown. Perhaps hyperglycemia or some other 
metabolic disturbance related to diabetes can act 
as a “sensitizing” agent predisposing to the devel-
opment of calciphylaxis.  

   Obesity 
 Obesity (BMI, body mass index >30 kg/m 2 ) has 
been associated with the development of calci-
phylaxis is some studies, while others did not 
fi nd this association  [  27,   117,   128  ] . In one study, 
obesity was approximately four times more 
common in dialysis patients with calciphylaxis 
than without  [  128  ] . Obesity may be related to 
development of calciphylaxis in a number of 
ways. Some investigators have suggested that 
increased percentage of adipose tissue predis-
poses to hypoperfusion of subcutaneous tissues 
and skin resulting in ischemic necrosis  [  27  ] . 
Moreover, calciphylactic lesions are more common 

in proximal locations (thighs, buttocks, and trunk) 
where adipose tissue is more abundant. This 
hypothesis is also supported by the fi nding of an 
association between obesity and calciphylaxis 
 [  117,   128  ] . Moreover, obesity is clearly associ-
ated with the development of diabetes and the 
metabolic syndrome, both of which may poten-
tially predispose to the development of 
calciphylaxis.  

   Hypoalbuminemia 
 Hypoalbuminemia has been associated with the 
development of calciphylaxis  [  27,   117  ] . In one 
case–control study of nine patients with proximal 
calciphylaxis, there was a 17-fold increased 
 likelihood of developing calciphylaxis for each 
1 g/ dL decrease in serum albumin  [  117  ] . In 
another study, there was a 21% decrease in the 
likelihood of developing calciphylaxis for each 
increase in serum albumin 0.1 g/dL over the 
12-month period prior to and at the time of diag-
nosis  [  27  ] . In a case series of 16 patients with 
calciphylaxis, it was reported that 43% of patients 
lost >10% of their total body weight over the 
6-month period prior to diagnosis  [  5  ] . In general, 
protein malnutrition as refl ected by low serum 
albumin levels likely predisposes patients with 
calciphylaxis to poor wound healing and increased 
risk of infection, sepsis, and death  [  27,   136  ] .  

   Hypercoaguable States 
 Hypercoaguable states have been associated with 
the development of calciphylaxis, especially pro-
tein C and/or S defi ciency  [  138,   146–  149  ] . In one 
review of 36 cases of nonuremic calciphylaxis, 
protein C and/or S defi ciency was present in 11% 
of patients  [  138  ] . In another review of calciphy-
laxis cases that reported protein C and/or S lev-
els, 38% had decreased protein C and 43% had 
decreased protein S levels  [  146  ] . Other reports of 
calciphylaxis associated with hypercoaguable 
states include antiphospholipid syndrome and 
cryofi brinogenemia  [  146,   150,   151  ] .  

   Infl ammatory Diseases 
 Infl ammatory diseases, including connective tis-
sue, autoimmune, and other diseases, have also 
been associated with development of calciphylaxis. 
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There are several reports of calciphylaxis associ-
ated with rheumatoid arthritis, systemic lupus 
erythematosus, Crohn’s disease, temporal arteri-
tis, and various other inflammatory diseases 
 [  8,   104,   112,   138,   145,   152–  159  ] . Moreover, 
calciphylaxis is associated with infl ammatory 
disease and is often reported in the absence of 
uremia or HPT; therefore, additional triggers 
are suspected in this context  [  138,   156,   157  ] . 
Moreover, many patients with infl ammatory dis-
eases are treated with corticosteroids, which are 
considered a predisposing or “sensitizing” factor, 
and various other immune-modulating agents 
which may further confound these associations.  

   POEMS Syndrome 
 POEMS syndrome has recently been associated 
with the development of calciphylaxis. POEMS 
syndrome is a rare plasma cell lymphoproliferative 
disorder associated with  p olyneuropathy,  o rgano-
megaly,  e ndocrinopathy,  m onoclonal gammopa-
thy, and  s kin abnormalities. Multiple cases of 
POEMS syndrome with skin abnormalities mani-
festing as calciphylaxis in the absence of renal fail-
ure, HPT, or clotting disorders have been reported 
 [  160–  164  ] . Although a pathogenic link between 
POEMS syndrome and calciphylaxis has yet to be 
elucidated, in one case report the patient was found 
to have markedly elevated serum vascular endothe-
lial growth factor (VEGF)  [  161  ] . This led to the 
hypothesis that VEGF may play a role in the patho-
genesis of calciphylaxis as it is known to infl uence 
vascular calcifi cation along with other bone mor-
phogenetic proteins. Moreover, corticosteroids and 
several proinfl ammatory cytokines that activate 
NF- k B, considered the fi nal common pathway of 
vascular calcifi cation, also may be involved.  

   Liver Disease 
 Liver disease has been associated with the devel-
opment of calciphylaxis  [  128,   165–  167  ] . In one 
study of nonuremic calciphylaxis, alcoholic liver 
disease accounted for 16.7% of cases  [  138  ] . 
Although the relationship between liver disease 
and development of calciphylaxis is poorly 
understood, liver disease causes a multitude of 
metabolic abnormalities many of which may 
serve as “sensitizing” or “challenging” agents. 

Liver disease is often associated with renal fail-
ure, and liver failure is almost universally associ-
ated with hypoalbuminemia, severe malnutrition, 
and all of their respective associated comorbidi-
ties. Therefore, like uremia associated with late-
stage CKD and ESRD, chronic liver disease or 
failure may create a favorable milieu for the 
development of calciphylaxis.    

   Medications Associated with 
Calciphylaxis 

   Warfarin 
 Warfarin has been associated with the develop-
ment of calciphylaxis which has been reported 
to resolve upon discontinuation in some cases 
 [  5,   168,   169  ] . The association between warfarin 
and calciphylaxis may potentially be explained by 
warfarin’s ability to inhibit vitamin-K-dependent 
carboxylation of the vascular calcifi cation inhibi-
tor MGP, thereby locally decreasing its activity 
allowing for the development of vascular calcifi -
cation  [  55  ] . Low molecular weight heparin has 
been suggested as an alternative if continuation 
of anticoagulation is necessary. Moreover, it is 
important to note that the clinical manifestations 
of warfarin-induced skin necrosis and calciphy-
laxis are similar; therefore, the diagnoses are eas-
ily confused  [  168,   170  ] .  

   Corticosteroids 
 Corticosteroid use has been associated with the 
development of calciphylaxis; however, it does 
not necessarily resolve readily upon discontinua-
tion  [  112,   128,   152–  154  ] . Corticosteroids are 
often used to treat autoimmune and infl ammatory 
diseases which also have been associated with 
the development of calciphylaxis. Steroids likely 
represent a predisposing or “sensitizing” agent 
for the development of calciphylaxis, rather than 
a cause of the disease  [  138  ] . Moreover, corticos-
teroids are often associated with poor wound 
healing and should be avoided in the presence 
of ischemic ulcers. By contrast, some studies 
have reported corticosteroid therapy may be ben-
efi cial in some cases in the absence of ischemic 
ulcers  [  28  ] . Indeed, corticosteroid therapy may 
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be necessary for some patients, especially those 
with autoimmune or connective tissue diseases; 
therefore, the risks versus benefi ts must be care-
fully considered for each individual patient.   

   Nonuremic Calciphylaxis 

 Calciphylaxis is usually associated with ESRD 
and occasionally with renal transplantation, and 
hence its designation as a uremic arteriolopathy. 
However, nonuremic causes have also been 
reported with morphologically similar skin 
lesions, but often in the absence of some of the 
major  purported associated factors. In a review of 
36 cases of nonuremic calciphylaxis reported 
between 1956 and 2007, defi ned as a histopatho-
logic diagnosis of calciphylaxis in the absence of 
ESRD, renal transplantation, or acute kidney 
injury requiring renal replacement therapy, pri-
mary HPT (27.8%), malignancy (22.2%), alco-
holic liver disease (16.7%), and connective tissue 
disease (11.1%), were among the most common 
causes  [  138  ] . Similar to uremic calciphylaxis, 
majority of patients were Caucasian females, 
mortality was high (52%), and sepsis was the most 
common cause of death. In contrast to uremic cal-
ciphylaxis, normal serum calcium (58.0%), phos-
phorus (69.4%), and Ca × P product <55 mg 2 /dL 2  
(38.9%) were found in a signifi cant number of 
cases. Moreover, although PTH levels were high 
in many cases (30.5%), levels were normal in 
even more cases (38.9%) and low in a signifi cant 
number of cases (11.1%). Clearly, the metabolic 
abnormalities associated with uremic calciphy-
laxis and secondary HPT (hyper calcemia, 
 hyperphosphatemia, Ca × P product >55 mg 2 / dL 2 , 
and elevated PTH) do not predominate in nonure-
mic calciphylaxis despite similar morphologic 
and histologic disease manifestations suggesting 
that other mechanisms may contribute signifi -
cantly to the etiology and pathogenesis of calci-
phylaxis. More over, it is interesting to note that 
 calciphylaxis associated with renal transplanta-
tion has been reported with varying degrees of 
renal function and sometimes without the meta-
bolic abnormalities associated with uremic calci-
phylaxis  [  121  ] .   

   Diagnosis 

   Clinical Diagnosis vs. Biopsy 

 In most patients, the diagnosis of calciphylaxis is 
made only after vascular calcifi cation has caused 
signifi cant tissue damage. Biopsy is considered 
the gold standard for defi nitive diagnosis; how-
ever, it has been reported to cause nonhealing 
ulcers in some cases and is usually unnecessary 
when clinical manifestations suggest the diagno-
sis  [  28  ] . Clinically, calciphylaxis is the likely 
diagnosis in ESRD patients on dialysis with 
hyperphosphatemia, Ca × P product >55 mg 2 /dL 2 , 
elevated PTH, and characteristic painful lesions 
with plaques resembling livedo reticularis, non-
healing ulcerated necrotic tissue with eschars, or 
some combination of both (Fig.  6.2 ). 

 The differential diagnosis of calciphylaxis is 
extensive as clinical manifestations and lesions 
can mimic many other disease states, many of 
which are common in late-stage CKD or ESRD 
(Table  6.5 )  [  8,   23,   104,   147,   150,   151,   170–  172  ] . 
Distinguishing between lesions associated with 
calciphylaxis and those associated with other 
causes is often diffi cult. Early calciphylaxis is 
often mistaken for cellulitis, whereas nonhealing 
ulcerations in advanced calciphylaxis may resem-
ble ulcerations from other causes. For example, 
ulcerations of the lower extremities in late-stage 
CKD or ESRD patients are often caused by 
peripheral vascular disease (PVD) and are usually 
associated with signifi cant pain, whereas ulcer-
ations in diabetic patients are often associated 
with peripheral neuropathy and may be painless.   

   Histopathology 

 Calciphylaxis is characterized histopathologi-
cally by vascular and extravascular calcifi cation. 
Extravascular calcifi cation of subcutaneous tis-
sues and skin, along with vascular insuffi ciency, 
causes tissue ischemia that may manifests as 
necrosis and epidermolysis on biopsy (Fig.  6.4a, b ). 
Vascular calcifi cation is characterized by promi-
nent medial calcifi cation, intimal proliferation 
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(hyperplasia), and arteriolar stenosis, often with 
superimposed thrombotic occlusion causing vas-
cular insuffi ciency (Fig.  6.4c, d )  [  143  ] . However, 
it is important to note that not all biopsy speci-
mens will demonstrate all of the characteristic 
fi ndings of calciphylaxis owing to sampling error. 
In one study, evidence of subcutaneous tissue or 
skin thrombosis was found in only 38 of 44 (86%) 
of biopsies  [  128  ] .   

   Diagnostic Imaging 

  99m Tectnetium-methylene diphosphonate ( 99m Te-
MDP) scans have been reported to be useful in 
supporting the clinical diagnosis of calciphylaxis 
by demonstrating areas of increased radiotracer 
activity corresponding to subcutaneous calcifi ed 
plaques  [  28,   173  ] . Moreover, effective treatment 
of calciphylaxis may result in decreased 
radiotracer activity corresponding to clinical 
resolution of calciphylactic lesions  [  173–  175  ] . 
While not considered diagnostic, such scans 
may support the clinical diagnosis and possibly 
help avoid the risks associated with biopsy of 
suspicious lesions. 

 X-ray surveys may demonstrate areas corre-
sponding to subcutaneous calcifi ed plaques, but 

has been reported to appear normal in up to 30% 
of patients with confi rmed disease  [  28  ] . Moreover, 
false-positive X-ray bone surveys have been 
reported in a signifi cant percentage of patients 
without the diagnosis of calciphylaxis  [  25  ] . 
Therefore, while X-ray bone surveys    may sup-
port the clinical diagnosis when positive, they 
are neither sensitive nor specifi c enough to rec-
ommend routine clinical use. 

 Novel techniques for imaging of arteriolar calci-
fi cation in patients with calciphylaxis have also 
been reported. A recent report of digital subtraction 
mammography suggests that it may be a safe and 
effective technique and is superior to X-ray surveys 
and computed tomographic scans. Such techniques 
may prove useful in the future for screening patients 
at high risk of calciphylaxis  [  176  ] .   

   Prevention 

   Approach to Patients at Risk 
for Calciphylaxis 

 Prevention is the mainstay of management for 
patients at risk for calciphylaxis (e.g., ESRD, pri-
mary or secondary HPT with increased PTH, 
hyperphosphatemia) and strategies should target 
known risk factors, particularly those that can be 
modifi ed by lifestyle changes or medication. 
Serum phosphorus should be <5.5 mg/dL, 
although levels within the reference range of 
2.5–4.5 mg/dL (0.81–1.45 mmol/L) may be more 
ideal. Corrected serum calcium should be 
<9.6 mg/dL (corrected calcium [mg/dL] = mea-
sured calcium [mg/dL] + 0.8 (4.0-measured 
serum albumin [g/dL]), where 4.0 represents an 
normal serum albumin concentration in g/dL), 
although levels within the reference range of 9.0–
10.5 mg/dL (2.2–2.6 mmol/L) may be more ideal. 
In either case, maintaining a Ca × P product 
<55 mg 2 /dL 2  may decrease the risk of developing 
calciphylaxis. Although an ideal target has yet to 
be established, lowering PTH levels to <200 pg/mL 
has been suggested  [  133  ] . 

 Treatment of hyperphosphatemia and mainte-
nance of normocalcemia to avoid an elevated 
Ca × P product is very important. The approach to 
achieving these goals should focus primarily on 

   Table 6.5    Differential diagnosis of calciphylaxis and 
calciphylactic lesions   

 Infectious cellulitis 
 Peripheral vascular disease 
 Venous stasis ulceration 
 Cutaneous vasculitis 
 Coumadin- or warfarin-induced skin necrosis 
 Heparin-induced skin necrosis 
 Nephrogenic systemic fi brosis (nephrogenic fi brosing 
dermopathy) 
 Hypercoaguable diseases or states 

 Protein C or S defi ciency 
 Antiphospholipid syndrome 
 Cryofi brinogenemia 
 Thromboembolic phenomena 
 Other clotting abnormalities 

 Erythema nodosum 
 Bullous pemphigoid 
 Pyoderma gangrenosum 
 Necrotizing fasciitis 
 Temporal arteritis (giant cell arteritis) 
 Brown recluse spider bite 
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managing secondary HPT associated with late-
stage CKD or ESRD, targeting serum PTH, phos-
phorus, and calcium levels to improve overall 
calcium–phosphorus balance which may prevent 
or delayed the development of calciphylaxis. 
Since phosphorus is not removed effectively by 
peritoneal or hemodialysis and most patients who 
develop calciphylaxis have ESRD, prevention 
for must focus on limiting or avoiding intake or 
exposure by dietary modifi cation, use of alumi-
num- and calcium-free phosphorus binders, and 
use of low-calcium dialysate. Limiting or avoiding 
calcium salts (calcium-based phosphorus binders, 
antacids, supplements, others) and vitamin D 

supplements are recommended. Other novel ther-
apies for the treatment of calciphylaxis have also 
been reported in the literature and some will be 
included in this discussion.   

   Treatment 

   Multidisciplinary Approach to Patients 
with Established Calciphylaxis 

 Therapeutic strategies are still under inves tigation, 
but are mostly supportive. Early recognition and 
an aggressive multidisciplinary approach including 

  Fig. 6.4    Histopathology of calciphylactic lesions. ( a , 
 b ) Skin biopsy of the right thigh of a patient with the 
clinical diagnosis of calciphylaxis prepared using von 
Kossa’s method for calcium demonstrating extravascu-
lar calcium deposition in the subcutaneous tissues and 
skin consistent with a diagnosis of calciphylaxis. 

 Magnifi cation × 40 (  a  ) and × 100 (  b  ) . ( c ,  d ) Characteristic 
prominent medial calcifi cation and intimal proliferation 
of the arterioles consistent with a diagnosis of calciphy-
laxis. As is often the case, superimposed thrombotic 
occlusion causing vascular insuffi ciency are absent in 
this tissue section       
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medical, surgical, wound, and dietary interven-
tion may slow, halt, or reverse the progression of 
the disease, potentially minimizing the loss of 
limbs and improving survival. Although there are 
currently no standard treatments for established 
calciphylaxis, the most effective approaches are 
those that target calcium–phosphorus homeosta-
sis. Aggressive correction of serum calcium and 
phosphorus levels as quickly and safely as possi-
ble is recommended  [  177  ] . The mainstays of 
treatment are dietary modifi cation, aluminum- 
and calcium-free  phosphorus binders, low-cal-
cium dialysate for hypercalcemia and 
hyperphosphatemia, parathyroidectomy or calci-
mimetics for primary or secondary HPT with 
increased PTH levels, and aggressive wound care 
including debridement, antibiotics, and amputa-
tion when necessary. Reported treatments for cal-
ciphylaxis are summarized in Table  6.6 .   

   Discontinuation of Potential 
Aggravating Factors 

 Discontinuation of potential aggravating factors 
including calcium salts, aluminum salts, vitamin D 
supplements, warfarin, corticosteroids, and intra-
venous iron therapy should be considered  [  127, 
  132  ] . When vitamin D therapy is necessary in 
patients with established calciphylaxis, less calce-
mic analogs should be used at the minimum effec-
tive dose  [  133  ] . Discontinuation of warfarin may 
allow resolution of calciphylactic lesions and low 
molecular weight heparin has been suggested as a 
suitable alternative in patients without contraindi-
cation if continuation of anticoagulation is neces-
sary  [  5,   168  ] . Argatroban may also be used when 
contraindication to heparin exists, such as with 
heparin-induced thrombocytopenia (HIT), which 
is not uncommon among dialysis patients  [  178  ] .  

   Adjustment of Dialysis Therapy 

 Low-calcium dialysate should be used for patients 
with calciphylaxis in the absence of hypocalce-
mia. Peritoneal dialysis has been associated with 
the development of calciphylaxis and one study 

reported that conversion to hemodialysis led to 
marked early improvement of calciphylactic 
lesions  [  118  ] . Some have also suggested that 
increasing the frequency of hemodialysis may be 
benefi cial, especially for patients with hypercal-
cemia, hyperphosphatemia, and/or an elevated 
Ca × P product.  

   Phosphorus Binders 

 Phosphorus binders are a mainstay of treatment for 
calciphylaxis as they decrease intestinal phospho-
rus absorption when ingested with food  [  3,   27,   28, 
  103,   179  ] . There have been case reports of refrac-
tory calciphylaxis responsive to phosphorus 
binders  [  179  ] . Available phosphorus binders include 
calcium, sevelamer, lanthium, and aluminum. 

   Table 6.6    Reported treatments for calciphylaxis   

 General 
 Treat the underlying cause or associated factors 
whenever possible 
 Discontinue aggravating medications or other agents 
 Lower serum phosphorus and calcium 
 Lower calcium–phosphorus (Ca × P) product to 
<55 mg 2 /dL 2  
 Treat hyperparathyroidism and elevated PTH levels 
 Treat hypercoaguable states 
 Optimize diabetes management 
 Improve nutritional status 
 Aggressive wound treatment 

 Medical 
 Discontinue calcium-containing medications (e.g., 
phosphorus binders, antacids) 
 Discontinue other aggravating medications (e.g., 
vitamin D, warfarin) 
 Noncalcium containing phosphorus binders to lower 
serum phosphorus 
 Low-calcium dialysate to lower serum calcium 
 Calcimimetics to lower serum PTH (e.g., cinacalcet) 
 Sodium thiosulfate to solubilize or curtail further 
calcium deposition 
 Hyperbaric oxygen to promote wound healing 
 Antibiotics to treat or curtail infection 

 Surgical 
 Parathyroidectomy 
 Renal transplantation a  
 Wound debridement 
 Limb revascularization or amputation 

   a Has also been reported to be associated with the develop-
ment of calciphylaxis  
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Calcium-based phosphorus binders (e.g., calcium 
carbonate, calcium acetate) are effective and inex-
pensive, but are relatively contraindicated in calci-
phylaxis because they increase both serum calcium 
levels and the Ca × P product. Their use is gener-
ally be avoided in dialysis patients, except perhaps 
for patients with hypocalcemia  [  180  ] . 

 Sevelamer-based phosphorus binders (e.g., 
sevelamer hydrochloride, sevelamer carbonate) 
are effective but expensive; however ,they are 
not absorbed and therefore cause diarrhea more 
often  [  181  ] . Moreover, sevelamer hydrochloride 
has been associated with metabolic acidosis, 
whereas sevelamer carbonate has not. Sevelamer 
also reduces serum uric acid which may be ben-
efi cial to calciphylaxis patients with hyperurice-
mia, uric acid nephrolithiasis, and gout. Despite 
these issues, sevelamer-based preparations have 
become the leading calcium-free binders used to 
treat hyperphosphatemia. 

 Lanthium-based phosphorus binders (e.g., 
lanthium carbonate) are useful in patients who 
cannot tolerate sevelamer-based phosphorus 
binders  [  179  ] . However, lanthium carbonate is 
one of the largest pills manufactured and should 
be chewed, not swallowed whole, to avoid chok-
ing which has been reported. 

 Aluminum-based phosphorus binders (e.g., 
aluminum hydroxide) are highly effective; how-
ever, their long-term use is associated with alu-
minum toxicity and deposition in the bones, 
joints, and brain which has limited their use 
mostly to short-term treatment of severe hyper-
phosphatemia. Although epidemiological studies 
have failed to establish an link between alumi-
num exposure and neurological disorders, there 
are still concerns that long-term exposure may 
cause or promote dementia. Moreover, evidence 
of aluminum deposits in calciphylactic lesions 
further limits their use. 

 Phosphorus binders must be ingested with 
food in order to bind dietary phosphorus. 
However, gastrointestinal intolerance (bloating, 
nausea, vomiting, and diarrhea) is common. 
Moreover, high dietary phosphorus intake 
requires a high pill burden for some phosphorus 
binders. These simple issues likely account for a 

signifi cant portion of the noncompliance com-
monly associated with phosphorus binders. 
Route of administration can also be problematic 
as only certain phosphorus binders are available 
as liquid or powder formulations. Finally, phos-
phorus binders cannot be used in patients on 
total parenteral nutrition, rather the phosphorus 
content of the nutritional formulation must be 
adjusted.  

   Parathyroidectomy 

 Total or subtotal parathyroidectomy may also be 
benefi cial in the setting of HPT with signifi cantly 
elevated PTH and has been reported to reverse 
calciphylaxis in many, but not all, cases  [  3,   13, 
  28,   103,   124,   126,   139,   144,   182,   183  ] . In gen-
eral, parathyroidectomy for the treatment of cal-
ciphylaxis reduces serum PTH, calcium, 
phosphorus, and the Ca × P product and improves 
wound healing and overall survival. Once 
strongly advocated as a reasonable and defi nitive 
treatment for calciphylaxis associated with sec-
ondary HPT and elevated PTH levels, the overall 
benefi t is still a matter of debate. Many now 
advocate a more conservative approach and 
reserve parathyroidectomy for patients with very 
high PTH levels, high Ca × P product, or rapidly 
progressive disease  [  13  ] . Others argue that para-
thyroidectomy still offers the highest rate of cure 
for calciphylaxis associated with secondary HPT 
and should be considered fi rst-line treatment in 
some cases. In one observational study of 46 
patients with secondary HPT that underwent total 
parathyroidectomy, there was no evidence of 
clinical bone disease or pathologic fractures after 
a median follow-up period of more than 5 years 
 [  184  ] . Parathyroidectomy for the treatment of 
calciphylaxis associated with primary HPT is 
usually indicated, especially when due to hyper-
active parathyroid adenomas  [  143  ] . Medical 
parathyroidectomy with local injection of para-
thyroid glands with alcohol has been suggested 
as an alternative to parathyroidectomy for patients 
with poor wound healing or that are otherwise 
poor surgical candidates  [  181  ] . Calcimimetics 
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have also been suggested as an alternative to 
parathyroidectomy for poor surgical candidates.  

   Calcimimetic Agents 

 Calcimimetic agents may also be benefi cial to 
treat calciphylaxis in the setting of primary or 
secondary HPT with signifi cantly elevated PTH 
 [  185–  189  ] . Calcimimetics work by increasing 
the sensitivity of CaSRs to available calcium, 
thereby decreasing PTH secretion. Cinacalcet is 
the prototypic drug of this class and some suggest 
it may offer an alternative to parathyroidectomy 
for the treatment of calciphylaxis in the setting of 
secondary HPT and some have also suggested it 
may be useful as fi rst-line therapy in certain cases 
 [  186,   188  ] .    Cinacalcet is currently not approved 
by the FDA for the treatment of calciphylaxis, 
nor would it be appropriate in all cases. However, 
cinacalcet is approved for the treatment of sec-
ondary HPT; therefore, it is reasonable to incor-
porate it into the treatment regimen for secondary 
HPT in patients at risk or with established calci-
phylaxis given the high mortality and potential 
for signifi cant benefi t. However, cinacalcet may 
be inappropriate in the setting of primary HPT, 
secondary HPT with normal or low PTH levels, 
or in the presence of hypocalcemia. In any case, 
more studies are needed to better understand the 
potential role of calcimimetics for the treatment 
of calciphylaxis.  

   Sodium Thiosulfate 

 Sodium thiosulfate is a colorless crystalline 
sulfur-containing compound that bears a signifi -
cant negative charge on its sulfur moiety, can 
distribute throughout the extracellular fl uid 
compartment, and is excreted in the urine. 
Sodium thiosulfate is an antioxidant cation che-
lator that has several medical applications, most 
notably as an antidote for cyanide poisoning 
where it acts as a sulfur donor, and more recently 
as prophylaxis for carboplatin- and cisplatin-
induced nephrotoxicity  [  190,   191  ] . Sodium 
thiosulfate has been reported to be benefi cial in 

the treatment of calciphylaxis in recent years. 
The thiosulfate anion is believed to react directly 
with calcium forming highly soluble calcium 
thiosulfate which is then excreted  [  173,   192  ] . 
There is also some evidence that sodium thio-
sulfate-induced metabolic acidosis may play a 
role in promoting calcium excretion  [  192  ] . 

 Sodium thiosulfate had previously been 
reported to successfully treat tumoral calcinosis, 
masses of calcium–phosphate usually occurring 
in a periarticular distribution in dialysis patients 
 [  193–  195  ] . Given the similarities between calci-
phylaxis and tumoral calcinosis, including the 
nature of the calcium deposits as hydroxyapatite, 
sodium thiosulfate was used to successfully used 
to treat a patient who developed debilitating cal-
ciphylactic lesions 4 months after initiating peri-
toneal dialysis  [  173  ] . Intravenous sodium 
thiosulfate three times weekly resulted in rapid 
and dramatic improvement in the signs and symp-
toms of calciphylaxis within 2 weeks of initiating 
therapy. Since then, others have reported similar 
results and advocate using sodium thiosulfate 
alone or in combination with other therapies 
 [  123,   196–  202  ] . 

 While the precise mechanism of sodium thio-
sulfate remains unknown, many believe it 
increases the solubility of calcium deposits 
thereby promoting urinary excretion  [  173,   192–
  195  ] . Studies of vascular calcifi cation in uremic 
rats found that sodium thiosulfate prevented aor-
tic calcifi cation, decreased serum calcium, 
increased urinary calcium excretion, decreased 
the calcium content of aortic, heart, and renal tis-
sue, induced metabolic acidosis, increased serum 
PTH levels, and also increased serum levels of 
the calcifi cation inhibitor MGP compared to con-
trol animals  [  192  ] . However, there was evidence 
of decreased bone strength in treated animals 
likely related to increased PTH levels and hyper-
calciuria, associations that have been reported to 
reduce bone mineral density in humans  [  203  ] . 
Moreover, sodium thiosulfate has been reported 
to prevent calcium nephrolithiasis in humans, 
which may be related to decreased urinary excre-
tion of endogenous thiosulfate causing recurrent 
calcium nephrolithiasis, which also may be related 
to soft tissue calcium deposition  [  204–  206  ] . 
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Finally, given that sodium thiosulfate is an anti-
oxidant, it may also have additional benefi t in 
curtailing infl ammation and oxidative stress, both 
known to be involved in vascular calcifi cation 
 [  41,   42  ] . Unfortunately, sodium thiosulfate is 
currently not approved by the FDA for the treat-
ment of calciphylaxis and the use is considered 
off-label. Therefore, as the popularity of sodium 
thiosulfate for the treatment of calciphylaxis 
increases, outcome studies for this indication are 
warranted as the long-term effects of chronic 
administration are unknown, especially as they 
relate to bone mineral density.  

   Bisphosphonates 

 Several bisphosphonates also have been reported 
to be benefi cial in the treatment of calciphylaxis 
 [  164,   207–  211  ] . Bisphosphonates are mainly 
used to inhibit bone resorption in patients with 
osteoporosis and Paget disease and to treat hyper-
calcemia associated with malignancy. However, 
bisphosphonates are also known to inhibit cal-
cium–phosphate crystal formation which is a 
much more prominent feature of fi rst-generation 
bisphosphonates such as etidronate. Multiple 
case reports of successful treatment of calciphy-
laxis with etidronate, pamidronate, and iban-
dronate have been reported  [  164,   207–  211  ] . 
Ibandronate has also been shown to prevent cal-
ciphylaxis in an animal model at doses that inhibit 
bone resorption  [  212  ] . Moreover, it should be 
noted that the bioavailability of intravenous bis-
phosphonates is 100%, whereas that of oral prep-
arations is less than 5% which may infl uence 
treatment decisions.  

   Anticoagulation 

 The potential role of hypercoagulable states in 
the pathogenesis of calciphylaxis suggests anti-
coagulation may be benefi cial  [  146  ] . There are 
reports of improvement of calciphylactic lesions 
with low molecular weight heparin, particularly 
when associated with hypercoaguable states 
 [  146,   149  ] . Healing of calciphylactic lesions has 

also been reported with low dose tissue plasmi-
nogen activator  [  21,   213  ] . The use of anticoagu-
lation intuitively makes sense since tissue 
ischemia and necrosis likely results from throm-
botic occlusion of calcifi ed and stenotic arteri-
oles. However, long-term anticoagulation may be 
problematic given the association of warfarin 
with development or aggravation of calciphy-
laxis, a theoretical mechanism by which it may 
occur, and a relative paucity of reasonable alter-
natives to warfarin  [  55,   168,   170  ] .  

   Corticosteroids 

 Corticosteroids have been suggested to be benefi -
cial for some patients without ulcerations; how-
ever, their use has been identifi ed as a predisposing 
factor in many cases  [  28  ] . Indeed, corticosteroid 
therapy may be necessary in some cases; there-
fore, the risks versus benefi ts must be carefully 
considered for each individual patient. However, 
there is no evidence to suggest their routine use 
in the treatment of calciphylaxis.  

   Wound Management 

 Wound infections should be treated aggressively 
with debridement of necrotic tissue and antibiot-
ics to avoid development of life-threatening sep-
sis, the most common cause of death among 
patients with calciphylaxis  [  13,   27,   124,   128, 
  133  ] . Surgical debridement of calciphylactic 
lesions has been reported to substantially improve 
1-year survival  [  128  ] . Physicians should be aware 
of local microbial resistance patterns to guide 
antibiotic therapy for specifi c clinical situations. 
Consider infectious disease consultation when 
secondary infections fail to respond to antibiotic 
therapy. In some cases, revascularization for limb 
salvage may be considered, but only after aggres-
sive management of modifi able risk factors. 
However, one case series and review of the litera-
ture suggested patients with calciphylaxis may 
not necessarily benefi t from revascularization 
 [  214  ] . Limb amputation should also be considered 
for infected nonhealing lesions to help avoid 
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sepsis, the most common cause of death. For 
patients with calciphylactic ulcerations that are 
responding to medical and/or surgical treatment, 
excision and skin grafting may be benefi cial 
 [  119,   215  ] .  

   Hyperbaric Oxygen 

 Hyperbaric oxygen therapy has been used to treat 
patients who do not respond to medical and sur-
gical wound treatment, especially those who are 
hypoxic, and also has been reported to enhance 
healing of calciphylactic lesions  [  189,   201,   216–
  223  ] . Use of hyperbaric oxygen therapy is sup-
ported by the fi nding of extremely low 
transcutaneous oxygen tension in body regions of 
calciphylaxis patients with and without lesions 
compared to control patients, suggesting severe 
and diffuse subcutaneous tissue and skin isch-
emia exists even in areas without visible lesions 
 [  113  ] . Although transcutaneous oxygen tension 
in calciphylaxis patients breathing 100% supple-
mental oxygen remains relatively low, suggest-
ing that the vascular insuffi ciency may be fi xed, 
oxygen tension does increase enough in some 
patients to suggest there may be clinical benefi t. 
It is thought that increasing the partial pressure of 
oxygen (PO 

2
 ) in tissue to normal or above-normal 

promotes fi broblast and endothelial cell prolifer-
ation, collagen synthesis, angiogenesis, and 
wound healing  [  189,   201,   222,   223  ] . In a retro-
spective case series of dialysis patients treated 
for calciphylaxis with hyperbaric oxygen, eight 
of nine patients responded favorably with signifi -
cant healing of calciphylactic lesions  [  218  ] .  

   Pain Management 

 Pain management is an important component of 
any comprehensive treatment plan and can sig-
nifi cantly improve quality of life. Unfortunately, 
the severity of pain causes many patients become 
dependent on narcotic analgesics for relief. 
However, neurolytic lumber sympathetic block 
may offer an alternative for pain associated with 
calciphylaxis in some patients  [  224  ] .  

   Future Therapies 

 There are currently no standard treatments for 
calciphylaxis, and outcomes for the aforemen-
tioned therapies are unknown as there are no pro-
spective randomized controlled trials. Moreover, 
there are even fewer treatment options for patients 
without renal failure associated with hyperphos-
phatemia and/or without HPT associated with 
elevated PTH levels. Future therapies are likely 
to target molecular mechanisms that mediate the 
development of vascular calcifi cation. Several of 
the inhibitors of vascular calcifi cation that have 
been identifi ed may hold promise as potential 
future treatments.   

   Prognosis 

 Prognosis is directly related to the progression 
and extent of disease. Fine et al. reported in a pro-
spective case–control study of 33 patients with 
calciphylaxis that the 1-year mortality rate was 
41% for patients initially presenting with plaques 
only, 67% for patients initially presenting with 
ulcers with or without plaques, and 45% for all 
patients  [  28  ] . Moreover, the 1-year mortality rate 
was 80% for patients who developed ulcers at 
any time during the course of their disease, in 
contrast to 17% for patients who did not develop 
ulcers at any time. Therefore, calciphylaxis 
should be considered a very poor prognostic indi-
cator and every effort should be made to halt dis-
ease progression, with particular emphasis on 
preventing the development of ulcers. 

 Prognosis also may be related to the location 
of calciphylactic lesions with more proximal 
lesions (thighs, buttocks, and trunk) associated 
with a worse prognosis than more distal 
lesions (calves, forearms, fi ngers, toes, and penis) 
 [  5,   13,   27  ] . Moreover, 61% of diabetic patients 
with calciphylaxis and late-stage CKD or ESRD 
had acral gangrene compared to 34% of nondia-
betic patients  [  13  ] . In a retrospective study of 64 
patients with calciphylaxis (49 on dialysis), the 
1-year survival was 61.6% for patients who 
received surgical debridement compared to 
27.4% for those who did not  [  128  ] . 
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 Parathyroidectomy appears to signifi cantly 
affect the progression, extent of disease, and sur-
vival and may be appropriate for patients who are 
resistant to medical therapy  [  13,   103  ] . Arch-
Ferrer et al. reported in a retrospective [more spe-
cifi c] study of 35 calciphylaxis patients treated 
with total or subtotal parathyroidectomy that sur-
gical patients had signifi cantly improved serum 
calcium, phosphorus, PTH, calciphylactic lesions, 
and overall survival rate (80 months) compared 
to nonsurgical patients (35 months)  [  103  ] .  

   Discussion 

 Calciphylaxis is a poorly understood syndrome of 
vascular calcifi cation and cutaneous necrosis. 
Clinically, calciphylaxis is the likely diagnosis in 
ESRD patients on dialysis with hyperphos-
phatemia, Ca × P product >55 mg 2 /dL 2 , elevated 
PTH, and characteristic painful lesions with 
plaques resembling livedo reticularis, nonhealing 
ulcerated necrotic tissue with eschars, or some 
combination of both. Calciphylaxis appears to 
result from a number of predisposing factors and/
or “sensitizing” events that are commonly present 
in the uremic milieu. However, many of the meta-
bolic abnormalities common among uremic 
patients with calciphylaxis may not be present in 
nonuremic calciphylaxis. Moreover, while the 
precise etiology and pathogenesis of calciphylaxis 
have yet to be elucidated, the understanding that 
vascular calcifi cation is an active, cell- mediated 
process that results from an imbalance between 
factors that promote and inhibit extraskeletal min-
eralization has greatly advanced our understand-
ing of calciphylaxis and will likely lead to the 
development of more effective treatments. 

 Identifying the patients at risk and targeting 
modifi able risk factors are key to prevention. 
There are currently no standard treatments for 
established calciphylaxis and many strategies are 
of unproven benefi t. Current treatment strategies 
are mostly supportive and new approaches are 
under investigations. Early recognition and 
aggressive treatment are key to improving the 
overall prognosis. Comprehensive wound care 

and antibiotics are key to avoiding life-threatening 
complications as many patients eventually suc-
cumb to wound infection, gangrene and sepsis, 
the most common cause of death.  

   Conclusion 

 The majority of our clinical knowledge is based 
on individual case reports often of advanced, 
complicated, or unusual cases and with relatively 
few controlled studies. Moreover, there is a rela-
tive paucity of case reports or studies of early 
disease, when intervention would likely have the 
greatest impact in terms of morbidity and mortal-
ity. Interestingly, the overwhelming majority of 
calciphylaxis patients have ESRD and spend an 
extensive amount of time in dialysis centers 
which are highly specialized and controlled med-
ical environments which theoretically should 
make it easier to conduct multicenter prospective 
randomized controlled trials. 

 The prevalence of calciphylaxis is currently 
estimated at approximately 1 in 25 hemodialysis 
patients; therefore, as the number of patients on 
hemodialysis increases so too will the need for 
more effective disease prevention, early recogni-
tion, and treatment strategies. Since majority of 
patients developing calciphylaxis are on dialysis, 
education programs should be targeted at this 
patient population, nephrologists, and other 
healthcare professionals involved in providing 
dialysis services.      
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  Abstract 

 Cystic lesions in parathyroid glands are often incidentally discovered, but in 
general, the cystic component has no clinical signifi cance. This chapter 
primarily focuses on cystic parathyroid lesions (CPLs) with a predomi-
nantly cystic component large enough to be clinically signifi cant. CPLs 
arise in two different settings: (1) as a true cyst with an epithelial lining, 
which are usually referred to as nonfunctional parathyroid cysts (NFPCs) and 
(2) as the cystic degeneration of an adenoma, also referred to as functional 
parathyroid cysts (FPCs). Whereas the former is usually asymptomatic, the 
latter is commonly associated with symptoms of hyperparathyroidism.  

  Keywords 

 Parathyroid cysts  •  Functional  •  Nonfunctional  •  Hyperparathyroidism    

   Introduction 

 Cystic lesions in parathyroid glands are often 
incidentally noted but generally the cystic com-
ponent has no clinical signifi cance. This chapter 
only deals with cystic parathyroid lesions (CPLs) 
with a predominant cystic component large 
enough to be clinically signifi cant. 

 Clinical CPLs are rare lesions of the neck and 
the superior mediastinum that were fi rst described 
by Sandstrom in 1880  [  1  ] . The fi rst resection of a 
cervical CPL was performed by Goris in 1905 
 [  2  ] , and since then only case reports or small 
series of no more than 50 cases have been reported 
in the world literature. 

 CPLs arise in two different settings: (1) as a 
true cyst with an epithelial lining or (2) as the 
cystic degeneration of an adenoma or more rarely 
a hyperplastic gland. True parathyroid cysts are 
observed without any symptoms of hyperpara-
thyroidism. They have been described as non-
functional parathyroid cysts (NFPCs). On the 
other hand, CPLs resulting from the cystic degen-
eration of an adenoma are associated with symp-
toms of hyperparathyroidism. They have been 
described as functional parathyroid cysts (FPCs). 
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This division into two groups, namely, functional 
which cause hyperparathyroidism and nonfunc-
tional which do not, may be challenged, since 
embryological and histological data suggest that 
FPCs and NFPCs differ and are likely two sepa-
rate entities. If the term cystic parathyroid lesion 
can be used for both lesions, some authors 
consider that only NFPCs should be considered 
as true or essential parathyroid cysts.  

   Nonfunctional Parathyroid Cysts 

   Clinical Presentation 

 NFPCs or true parathyroid cysts are very rare 
lesions. They are reported to occur in 1.5% of para-
thyroid diseases  [  3,   4  ]  and represent 1% of all cystic 
lesions of the neck  [  5  ] . The largest series reports 37 
cases observed in 22,009 patients (0.17%) operated 
on for thyroid lesions  [  4  ] . Mediastinal localization 
has been reported in up to 30% of cases  [  6  ] . NFPCs 
present most commonly in middle-aged women, 
with a female to male ratio of 2.5:1. They are usu-
ally asymptomatic and most often discovered on a 
routine clinical examination. At physical examina-
tion, NFPCs tend to be soft, mobile, nontender soli-
tary lumps, moving with deglutition, and usually 
located in the lower part of the neck where they 
may be mistaken for a thyroid nodule. There is a 
disposition for left laterality. They may be partially 
descended into the anterosuperior mediastinum 
and may be discovered on a routine chest X-ray. 
They may occasionally cause compressive symp-
toms such as dyspnea, hoarseness, dysphagia, or 
chest pain, especially when localized in the medi-
astinum. Cases complicated by massive hemor-
rhage into the neck or the mediastinum have also 
been reported  [  7,   8  ] , but these hematomas are more 
usually related with the cystic degeneration of an 
adenoma than with a true NFPC.  

   Diagnosis 

 Prior to the advent of fi ne needle aspiration 
(FNA), NFPCs were most often mistaken for 
thyroid lesions and diagnosed during surgery. 

When performed, radionuclide thyroid scanning 
showed an area of no uptake, simulating an infe-
rior solid thyroid nodule or a thyroid cyst. Today, 
the diagnosis of NFPCs can be made preopera-
tively. Ultrasound reveals a thin-walled cystic 
unilocular structure (Fig.  7.1 ). Computed tomog-
raphy (CT) and magnetic resonance imaging 
(MRI) may also demonstrate the cystic nature of 
these lesions. Nevertheless, these imaging tech-
niques are not able to determine the exact etiol-
ogy  [  9  ] . FNA is the main diagnostic tool. When 
intracystic fl uid is water-clear and colorless, it is 
highly suggestive not only of a parathyroid origin 
but also of a NFPC  [  3,   4,   10,   11  ]  (Fig.  7.2 ). 
According to the characteristics of the aspirate, it 
is possible to distinguish NFPCs not only from 
thyroid cysts but also from FPCs. NFPCs typi-
cally contain a crystal-clear, colorless fl uid, 
whereas FPCs and thyroid cysts produce an 
amber or brown, or even hemorrhagic fl uid.   

 The diagnosis is usually confi rmed by sending 
the fl uid for chemistry. Detection of high para-
thormone (PTH) levels on aspirated material 
confi rms that the cyst is of parathyroid origin 
 [  3,   4,   10,   11  ] .With NFPCs the PTH concentration 
in the cyst fl uid is elevated many times above 
serum PTH levels, and thyroglobulin level should 
be undetectable, in contrast with thyroid cyst 
fl uid that has higher thyroglobulin concentration, 
with undetectable or low PTH levels  [  12  ] . 
Parathyroid cysts may contain breakdown prod-
ucts rather than the intact PTH molecule itself 
 [  5,   13  ] . Although intact PTH assays are generally 
used, it has been suggested that the measurement 
of PTH using a mid-molecule assay may be a 
more appropriate test since the intact specifi c 
assay could be normal or only slightly increased 
 [  13  ] . In a series of 27 patients with NFPCs, mean 
intracystic C-terminal/mid-region PTH level was 
1,900 pg/ml (normal serum level <105 pg/ml) 
and mean intact PTH level was 552 pg/ml, rang-
ing from 97 to 1,300 pg/ml (normal serum range: 
10–65 pg/ml)  [  4  ] . However, detection of high 
PTH levels on aspirated cystic fl uid does not 
indicate that the cyst is functioning. All these 
27 patients had normal serum calcium and normal 
serum PTH levels  [  4  ] . 

 Finally, a crystal-clear and colorless fl uid is 
virtually pathognomonic for NFPCs. Parathyroid 
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hormone assay of the cyst fl uid can confi rm the 
diagnosis, although it is probably unnecessary. 

 Mediastinal NFPCs are often unexpectedly 
discovered in chest radiography. They should be 
considered in the differential diagnosis of space-
occupying cystic lesions in the superior medi-
astinum such as thymic cysts, bronchogenic 

cysts, cystic lymphangiomas, cystic strumas. 
Mediastinal NFPCs can extend very deep into the 
mediastinum down to the level of the carina, but 
the location of their superior pole is characteristic 
always at the level of the inferior pole of the 
thyroid lobe. Unenhanced CT shows homoge-
neous areas of water density, and unenhanced 

  Fig. 7.1    Sagittal ( a ) and transverse ( b ) ultrasound images of a left inferior nonfunctional parathyroid cyst. Ultrasound 
reveals a thin-walled, cystic, unilocular structure       
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MRI shows homogeneous areas isointense to 
cerebrospinal fl uid, refl ecting the serous fl uid 
content. Mediastinal NFPCs can be very large, 
containing more than 200 ml of water-clear fl uid. 
As for cervical NFPCs, diagnosis is made by 
examining the fl uid extracted from the cyst.  

   Management 

 The management of NFPCs is a matter of debate. 
It has been suggested that the optimal treatment 
for NFPCs is aspiration alone  [  3,   14  ] . Successful 
outcomes of this initial treatment have been 
reported  [  4,   15,   16  ] . However, NFPCs can recur 
after conservative treatment, and although 
repeated aspiration may be performed, the effec-
tiveness of this approach is variable. Intracystic 
tetracycline injection may be used in patients 
with a recurrence  [  17,   18  ] . This treatment may be 
associated with neck pain and inferior laryngeal 
nerve palsy due to leakage of the sclerosing 
agents through the disrupted cyst wall which is 
particularly thin in NFPCs  [  19  ] . 

 Overall, FNA under ultrasound guidance with 
detection of PTH on aspirated cystic fl uid repre-
sents the approach of choice for both diagnosis 
and initial treatment since this is safe, easy and 
repeatable. The effectiveness of this approach 
requires long-term follow-up. Repeated recurrence 
should be treated surgically when compressive 

symptoms are associated. Nevertheless, surgery 
is not imperative in all cases, since NFPCs are 
virtually never cancer. Carcinomas within para-
thyroid cysts were only observed in patients pre-
senting with FPCs  [  20,   21  ] . 

 At surgery, NFPCs have a well-defi ned plane 
of dissection, with the exception of rare cysts that 
are intrathyroidal  [  4  ] . When examined, other 
parathyroid glands are normal. Very few patients 
present with two NFPCs  [  4  ] . In most cases, the 
origin of NFPCs is from inferior parathyroid 
glands. The literature describes a predominance 
of left sided NFPCs. Intraoperatively, NFPCs are 
thin-walled, translucent, and unilocular (Fig.  7.3 ), 
with diameters ranging from a few mm to 60 mm, 
or even more (up to 12 cm) when they are in 
cervicomediastinal location  [  6  ] . Usually, they are 
loosely attached to the inferior pole of the thyroid 
gland with a defi nitive cleavage. Great care 

  Fig. 7.2    Fine needle aspiration (FNA) of a left inferior 
nonfunctional parathyroid cyst. Intracystic fl uid is water-
clear and colorless       

  Fig. 7.3    Intraoperative view of a nonfunctional parathy-
roid cyst ( a ). The cyst is thin-walled, translucent, and uni-
locular ( b )       
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should be taken not to rupture these cysts during 
dissection and mobilization to facilitate complete 
resection. Despite this, rupture of these very frag-
ile lesions can occur sometimes, but until now, no 
case of parathyromatosis has been reported.   

   Etiopathogeny 

 The etiology of NFPCs is uncertain and there are 
several theories concerning their origin. Based on 
histologic assessment, it seems unlikely that 
NFPCs represent the ultimate evolution of the 
cystic degeneration of an adenoma or a hyper-
plastic gland. 

 Indeed, NFPCs are true cysts with an epithelial 
lining. Microscopic examination shows the NFPC 
to be composed of a connective tissue wall lined 
by a single thin layer of cuboidal cells. Nests of 
parathyroid cells are found embedded deeply or 
compressed around the cyst wall without any signs 
of acute and chronic organization  [  4,   22,   23  ] . 

 The microcyst theory suggests that NFPCs 
originate from an accumulation or retention of 
secretions, with a gradual enlargement or coales-
cence of the cysts  [  24  ] . In autopsy series, micro-
cysts are common, increase with age, and may be 
detected in 50% of otherwise normal parathyroid 
glands  [  25  ] .While it is conceivable that these 
cysts could become grossly visible, it remains to 
be explained why NFPCs are rare and occur in 
young patients and microcysts are so common 
particularly in older patients. 

 NFPCs may be persistent embryological rem-
nants of branchial pouches, and more likely of the 
third branchial pouches. The inferior parathyroid 
glands and the thymus arise from the dorsal and 
the ventral portion of the third branchial pouches, 
respectively. At the 13–14 mm stage, the parathy-
mus complex separates from the pharyngeal wall 
and moves toward the caudal and medial region. 
At 20 mm stage, the inferior parathyroids are nor-
mally abandoned by the thymus at the level of the 
thyrothymic ligaments, vestigial structures indic-
ative of their former connections. A variable 
number of small epithelial tubules, canal of 
Kürsteiner, arise intimately related to the thymic 
tissue  [  26  ]  and extend into surrounding connective 

tissue, possibly persisting into postnatal life as 
vesicular, canalicular or gland-like rudiments, 
given origin to a NFPC. This theory would explain 
why NFPCs are typically found in the inferior 
parathyroids. In a series of 38 NFPCs, all cysts 
were located in the inferior parathyroid glands 
 [  4  ] . Furthermore, beneath the epithelial lining, 
various combinations of mesenchymal cells, thy-
mic remnants, salivary gland heterotopia, and adi-
pose, muscular and lymphoid tissue have been 
also noted. In one case, an immunohistochemical 
study of the wall was performed, which demon-
strated that the lining stained positively for low-
molecular-weight keratins (AE1-AE3, CK7, 
pan-keratin) and mesenchymal markers (HBME1, 
vimentin). The wall stained negatively for high-
molecular-weight keratins (CK 19), chromogra-
nin, and NSE  [  4  ] . These fi ndings are also highly 
suggestive of a branchial origin.   

   Functional Parathyroid Cysts 

   Etiopathogeny 

 The term of FPCs has been proposed to describe 
CPLs resulting from the cystic degeneration of a 
parathyroid adenoma. Cystic degeneration is very 
common in adenomas but the cystic component 
is rarely large enough to be clinically signifi cant 
and palpable (Fig.  7.4 ). This can explain that the 

  Fig. 7.4    Limited cystic degeneration of a parathyroid 
adenoma. In this case the cystic component is not large 
enough to be clinically signifi cant       
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reported incidence of FPCs in literature is variable 
according to the criterion used to defi ne these 
lesions: either parathyroid adenomas with a cys-
tic component more or less predominant, or  cystic 
adenomas clinically palpable.  

 Moreover, even when the cystic component of 
the adenoma is predominant the term of FPC is 
probably inappropriate to defi ne these lesions. In 
most cystic adenomas, a fragment of the adenoma 
protrudes from the cyst wall into the lumen. Very 
rarely, the lesion is cystic in its entirety, the hyper-
functional parathyroid tissue being fl attened in 
the cyst wall. Whether true parathyroid cysts 
associated with symptoms of hyperparathyroid-
ism exist remains questionable. 

 When defi ned as parathyroid adenomas with a 
cystic component, FPCs are more frequently 
observed than NFPCs. In a recent reported series 
of 48 patients with CPLs, 41 (85%) had FPCs and 
7 (15%) had NFPCs  [  11  ] . These fi ndings differ 
from data described in other articles in the litera-
ture  [  3,   22  ]  because nearly all patients were 
referred to surgery for primary hyperparathyroid-
ism. FPCs account for 1–2.5% of all cases of 
hyperparathyroidism  [  11,   27  ] . 

 The pathogenesis of hypercalcemia in patients 
with FPCs has not been fully elucidated. The 
hyperfunctional parathyroid tissue fl attened in 
the cyst wall or fragments of the adenoma 
protruding from the cyst wall into the lumen may 
secrete PTH directly into the blood circulation. It 
has also been suggested that PTH from the lumen 
of the cyst might leak into the bloodstream  [  28  ] . 
In the latter case, it remains to be explained why 
PTH does not leak from the lumen of NFPCs.  

   Clinical Presentation 

 The usual clinical presentation of FPCs is hyper-
parathyroidism in a patient with a neck lump. This 
explains that there is a predominance of female sex 
for FPCs, with a female to male ratio of 2.4:1  [  11  ] . 
FPCs can arise in two settings: (1) in a patient with 
symptoms of hyperparathyroidism in whom the 
biochemical diagnosis has been confi rmed and in 
whom localization studies show a functional cystic 
parathyroid lesion or, (2) in a patient presenting 
with a cystic neck lump, initially mistaken for a 

thyroid cyst, but in whom preoperative serum 
calcium level is increased and in favor of an asso-
ciated primary hyperparathyroidism. 

 Today, few patients with FPCs are misdiag-
nosed before surgery. In both the above-described 
settings, the diagnosis of hyperparathyroidism is 
established before surgery. Overall, all symptoms 
of primary hyperparathyroidism can be observed. 
Compressive neck or mediastinal symptoms are 
less likely to occur in patients with FPCs than in 
patients with NFPCs because the functional status 
of FPCs might be expected to lead to earlier clini-
cal presentation  [  11  ] . However, the development 
of spontaneous cervical or cervicomediastinal 
hematomas or massive extracapsular hemor-
rhages from FPCs have been reported and can be 
associated with dysphagia and dyspnea  [  8  ] . In 
addition, massive infarction of FPCs can lead to a 
hypercalcemic crisis. 

 In contrast to NFPCs, FPCs have an equal 
affi nity for parathyroid glands arising from the 
third or fourth branchial pouches and have an 
even distribution with regard to side. Rarely, they 
can also be found in ectopic parathyroid glands 
and therefore be located anywhere from the angle 
of the mandible to the mediastinum. 

 At physical examination FPCs do not differ 
from NFPCs. They present as smooth, nontender, 
soft, solitary lumps, often mistaken for thyroid 
lesions. They may be partially developed into the 
superior mediastinum.  

   Diagnosis 

 As for NFPCs, the diagnosis of FPCs can be 
made preoperatively. The association hyperpara-
thyroidism-cystic mass in the neck is already 
very suggestive of a FPC. Morphologic imaging 
studies including ultrasonography, CT and MRI 
show a lesion with a cystic component predomi-
nant. Nevertheless, rarely the lesion is cystic in 
its entirety, and ultrasonography shows solid 
fragments in the wall or in the lumen of the cyst. 
The accuracy rate of parathyroid scintigraphy 
(99mTc-sestamibi) is considerably lower than 
that reported for parathyroid lesions overall. 
False-negative results are observed in approxi-
mately one third of FPCs. As for NFPCs, FNA is 
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particularly useful to confi rm the diagnosis. FPCs 
produce an amber, brown, or even hemorrhagic 
fl uid. However, the appearance of the fl uid is not 
characteristic and cannot exclude the diagnosis 
of a thyroid cyst. To further differentiate FPCs 
from thyroid cysts, aspirated fl uid should be ana-
lyzed for PTH. As observed with NFPCs, FPCs 
produce fragments rather than intact PTH. 

 FNA may be temporarily related to the devel-
opment of a hypercalcemic crisis  [  29  ] . It was pos-
tulated that needle tracks made holes in the cyst 
wall, which allowed fl uid rich in PTH to leak into 
the bloodstream. This is questionable as FNA of 
NFPCs has not been reported to be associated 
with hypercalcemia  [  4  ] . More probably, the 
hypercalcemia is related to the mobilization of 
the solid component of the lesion during FNA.  

   Management 

 Patients who have FPCs should be treated in a sim-
ilar fashion as those who have noncystic parathy-
roid tumors. In contrast with the management of 
NFPCs, aspiration alone cannot be proposed as the 
fi rst-line treatment. Aspiration eliminates the cys-
tic mass, most often temporarily, but above all does 
not cure hyperparathyroidism. Intracystic injection 
of tetracycline or alcohol have been proposed but 
one must be concerned about injury to the adjacent 
recurrent laryngeal nerve due to leakage of the 
sclerosing agents through the disrupted thin cyst 
wall. In addition, although exceptional, cases of 
parathyroid carcinomas presenting as a cystic neck 
mass have been reported in the literature  [  20,   21  ] . 

 Therefore, FPCs must be surgically removed 
according to the established guidelines for patients 
with primary hyperparathyroidism. Identifi cation 
of four parathyroid glands and resection of those 
that are enlarged formed the basis of a standard 
operative approach to primary hyperparathyroid-
ism. Today, with the development of improved 
localization studies and the introduction of intra-
operative quick parathyroid hormone (QPTH) 
assay, a less extensive exploration, targeted on the 
FPC, may be proposed. The concept of limited 
parathyroid surgery is based on the fact that 85% 
of patients will have a single-gland disease and 
therefore systematic exploration of all four glands 
is not mandatory in all cases. This is also observed 
in patients with FPCs. Very few cases of patients 
with multiple functioning cytic parathyroid 
lesions have been described  [  30  ] . 

 Nevertheless, in patients with FPCs, intraop-
erative QPTH level monitoring may be mislead-
ing  [  11  ] . In some patients, who were considered 
cured at follow-up, intraoperative postresection 
QPTH levels did not meet the usual criteria for 
defi nitive cure. This was more specifi cally 
observed in patients whose cyst was ruptured 
during the dissection  [  11  ] . 

 At surgery, FPCs are loosely attached to the 
thyroid gland and are easily dissected free from 
the surrounding tissues. Certain features of their 
gross appearance help to differentiate them from 
NFPCs. They are less thin-walled and less translu-
cent than NFPCs. The cyst fl uid is not crystal-
clear, but usually turbid, amber or brown (Fig.  7.5 ). 
Even when the cystic component of the adenoma 
is largely predominant, fragments of fl attened 

  Fig. 7.5    Intraoperative view of a functional parathyroid cyst ( a ). The cyst fl uid is not crystal-clear but brown ( b )       
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hyperfunctional parathyroid tissue can be macro-
scopically identifi ed in the cyst wall (Fig.  7.6 ).   

 Removing FPCs without perforating the cyst 
is crucial because, as with any parathyroid tumor, 
rupture can cause parathyromatosis. Because 
FPCs are very fragile lesions, great care must be 
taken not to rupture the cyst wall during dissec-
tion. Patients with large FPCs are at higher risk of 
symptomatic hypocalcemia after surgery  [  11  ] . 
Nevertheless, postoperative hypocalcemia is 
more probably related with the weight of the 
solid component of the adenoma than with the 
size of the cyst itself.   

   Conclusion 

 Cystic parathyroid lesions, large enough to be 
clinically signifi cant and palpable, are rare lesions 
of the neck and the mediastinum. They have been 
described as functional, causing hyperparathy-
roidism, or nonfunctional. This division is ques-
tionable, since embryological and histological 
data suggest that FPCs and NFPCs are likely two 
separate entities. NFPCs are true cysts with an 
epithelial lining and are probably of branchial 
origin. FPCs result from the cystic degeneration 
of an adenoma or more rarely a hyperplastic 

gland. FPCs are cystic parathyroid lesions rather 
than true parathyroid cysts. 

 NFPCs are very rare lesions found in the infe-
rior parathyroid glands, usually asymptomatic 
and most often discovered on routine clinical 
examination. FNA is diagnostic, due to the char-
acteristic of the fl uid and high PTH levels on 
assay, and may be curative. Repeated recurrence 
may be treated surgically. 

 FPCs account for 1–2.5% of all cases of pri-
mary hyperparathyroidism. FNA and analysis of 
cyst fl uid for PTH is particularly important to 
confi rm the diagnosis of FPCs. Patients with 
FPCs should be treated surgically according to 
the established guidelines for patients with pri-
mary hyperparathyroidism. Surgical exploration 
of all four glands is not mandatory in patients 
with a preoperative diagnosis of solitary FPC. 
During limited parathyroid exploration, the sur-
geon must keep in mind that intraoperative QPTH 
level monitoring may be misleading, in particular 
after cyst rupture.      
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  Abstract 

 Parathyroid carcinoma is a rare endocrine malignancy derived from the 
parenchymal cells of the parathyroid glands. It is usually associated with 
more severe and profound clinical and laboratory manifestations than its 
more common benign counterparts. Its course is usually indolent but pro-
gressive; unlike other malignancies, most patients die because of meta-
bolic complications of parathormone (PTH)-related hypercalcemia rather 
than tumor invasion and spread. 

 The defi nitive diagnosis of parathyroid carcinoma may be particularly 
challenging, since the histology of parathyroid tumors may be equivocal 
or frankly misleading; for this reason, malignancy is often confi rmed on a 
clinical basis only when local or distant metastases occur. Recent advances 
in the molecular pathogenesis of the disease will lead to the development 
of more reliable diagnostic markers.  

  Keywords 

 Parathyroid carcinoma  •  Hyperparathyroidism  •  PTH-dependent hypercal-
cemia  •  Jaw tumor syndrome  •  HRPT2  •  Parafi bromin  •  Atypical parathy-
roid adenoma    

   Introduction 

 Parathyroid carcinoma is a rare endocrine 
malignancy derived from the parenchymal cells 
of the parathyroid glands. It accounts for 1–5% 
of all cases of primary hyperparathyroidism 
  [  1–  5  ] ; it is usually associated with more severe 
and profound clinical and laboratory manifesta-
tions than its more common benign counterparts. 
Its course is usually indolent but progressive; 
unlike other malignancies, most patients die 
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because of metabolic complications of parathor-
mone (PTH)-related hypercalcemia rather than 
tumor invasion and spread  [  1,   6–  10  ] . 

 The fi rst case of metastatic parathyroid carci-
noma causing manifestations of Recklinghausen’s 
disease was reported in 1933 by Sainton and 
Millot  [  11  ] , although the very fi rst description of 
this malignant neoplasm was probably made by 
De Quervain in 1904, and, interestingly, it was a 
nonsecreting parathyroid carcinoma  [  12  ] . This 
report described the case of a 68-year-old man 
with a large neck mass who died with local 
recurrences and distant metastases, in the 
absence of any evident signs and symptoms of 
hypercalcemia. 

 The defi nitive diagnosis of parathyroid carci-
noma may be challenging, since the histology of 
parathyroid tumors may be equivocal or frankly 
misleading also for experienced pathologists 
 [  13,   14  ] ; for this reasons, malignancy is often 
confi rmed on a clinical basis only when local or 
distant metastases occur  [  1,   15  ] . Recent advances 
in the molecular pathogenesis of the disease will 
lead to the development of more reliable diagnos-
tic markers  [  16–  25  ] . 

 To date, surgery remains the most effective 
therapy for parathyroid carcinoma, since ultimate 
prognosis depends upon complete successful 
excision at initial operation  [  1,   8,   9,   26–  28  ] .  

   Epidemiology 

 Parathyroid cancer accounts for approximately 
1% of cases of PTH-dependent hypercalcemia in 
most series. Fewer than 1,000 cases have been 
reported in the entire English-language literature 
 [  15  ] ; no single center has ever published data on 
more than 50 patients, and all such observations 
are retrospective. A meta-analysis  [  29  ]  including 
20,225 cases of primary hyperparathyroidism 
revealed only 0.74% of parathyroid carcinoma. 
The largest series collected by the National 
Cancer Data Base  [  2  ]  reported 286 cases in a 
10-year period, accounting for 0.005% of all can-
cer; in this series, no clustering was seen with 
respect to race or geographic regions. However, 

the incidence of the disease appears to be higher 
(approximately 5%) in the Japanese and Italian 
series  [  1,   3–  5  ] . It remains unknown if this dis-
crepancy may be related to geographic, environ-
mental, epidemiologic, and genetic reasons or to 
varying pathological criteria for its diagnosis. 

 Usually men and women are equally affected 
by parathyroid carcinoma, differently from 
benign parathyroid disease in which females pre-
dominate over males by 3–4:1  [  6–  10,   15,   30–  33  ] ; 
the age at diagnosis is approximately a decade 
earlier (in the mid-40s or 50s)  [  6,   10,   15,   30,   33  ] , 
although patients as young as 8 years of age have 
been reported  [  34  ] .  

   Etiopathogenesis 

 The etiology of parathyroid carcinoma is largely 
unknown. Several risk conditions have been 
reported: neck irradiations, chronic stimulation 
from long-standing hypocalcemia, and familial 
hyperparathyroidism  [  7,   15,   35–  38  ] . 

 Prior neck irradiation has been documented in 
some cases, with a reported latency of more than 
20 years  [  39,   40  ] . However, its role is less evident 
than in the development of benign parathyroid 
disease  [  31,   38–  42  ] . 

 End-stage renal disease with secondary hyper-
parathyroidism has been reported in a subset of 
patients with parathyroid carcinoma  [  43  ] , with an 
average latency of 6 years following the start of 
hemodialysis. In these cases, the clinical course 
of the disease is more indolent because of the ten-
dency of renal insuffi ciency to lower serum cal-
cium levels  [  43,   44  ] .    However, though the 
increased number of hemodialyzed patients in 
the recent years, the prevalence of parathyroid 
carcinoma remains constant, suggesting an uncer-
tain pathogenetic role for this condition  [  2,   8,   9  ] . 
To date, only one case has been reported in a 
patient with a prolonged secondary hyperpara-
thyroidism due to celiac disease  [  45  ] . 

 Although parathyroid carcinoma is usually a 
sporadic tumor, it has also been reported in 
associations with hereditary variants of 
hyperparathyroidism  [  46–  50  ] , especially in 
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hyperparathyroidism-jaw tumor syndrome 
(HPT-JT; online Mendelian inheritance in man 
OMIM #145001). HPT-JT syndrome    ( please 
refer to Chapter on Jaw Tumor Syndrome for fur-
ther discussion ) is an autosomal dominant dis-
ease with incomplete penetrance and variable 
expression, characterized by multiple parathyroid 
tumors, with a signifi cantly increased prevalence 
of carcinomas and atypical adenomas (10–25% 
of cases), ossifying fi bromas of mandible and/or 
maxilla (5–30% of cases) (see Figs.  8.1–  8.3 ), 
uterine tumors in approximately 60% of cases 
(leyomiomas, endometrial hyperplasia, adenom-
yosis, adenosarcomas, and adenofi bromas), and a 
variety of renal lesions in 5–15% of cases (hama-
rtomas, polycystic disease, Wilms tumors, and 
adenocarcinomas)  [  16,   51,   52  ] .    

 HPT-JT is caused by mutations in the tumor 
suppressor gene HRPT2 (also known as CDC73), 
located on chromosome 1q25-31, which encodes 
a protein with antiproliferative properties, named 
parafi bromin  [  16  ] . 

 Parafi bromin is a nuclear protein evolutionary 
conserved  [  37,   53,   54  ] , that is involved in the cell 
cycle control, with a role in the transcription 
elongation, in the RNA processing pathways, and 
in the hystone methylation  [  55–  64  ] . Parafi bromin 
has been shown to participate in transcription 

regulation by interacting with the polymerase 
II-associated factor 1 transcription elongation 
complex  [  57  ] ; it may inhibit cell proliferation by 
inducing cell cycle arrest by blocking cyclin D1 
expression  [  60,   65  ] ; wild type but not mutant 
parafi bromin promotes apoptosis in transfected 
cells  [  62  ] . 

 In HPT-JT patients, inactivating mutations 
(generally, frameshift mutations, deletions, inser-
tions, and duplications scattered throughout the 
encoding region of the HRPT2 gene) lead to 
abnormal hemizygosity; loss of heterozygosity 
after chromosomial deletions or further inactivat-
ing mutations in the remaining copy of the gene 
cause a biallelic HRPT2 inactivation, with subse-
quent premature codon stop and/or production of 
a truncate, inactive, or easily degradable parafi -
bromin  [  16,   66  ] . 

 Parafi bromin inactivation has been confi rmed 
by immunohistochemical and functional studies, 
which demonstrated that HRPT2 mutations result 
in the loss of parafi bromin expression  [  25,   51,   59, 
  67,   68  ]  or abnormal subcellular localization 
 [  62,   63  ] , and subsequent abolition of its antipro-
liferative activity  [  60  ] . 

 The loss of parafi bromin expression could be 
a pivotal step in parathyroid oncogenetic process; 
in fact, it is considered the distinctive feature in 

  Fig. 8.1    Orthopantomographic X-ray: ossifying fi broma of the left ramus of the mandible (*) in a young patient with 
hyperparathyroidism–jaw tumor syndrome       
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affected parathyroid glands in HPT-JT patients 
and in sporadic parathyroid carcinoma  [  21,   25, 
  51,   52,   68  ] , suggesting also a diagnostic role for 
this protein. 

 HRPT2 mutations occur not only in all affected 
parathyroid glands in HPT-JT patients but also in 
approximately one third of cases of sporadic car-
cinoma, while they are rare in sporadic parathy-
roid adenomas  [  17–  19,   25,   69–  72  ] ; this fi nding 
supports the hypothesis that a subset of patients 
with apparently sporadic parathyroid carcinomas 
may have the HPT-JT syndrome or a variant with 
altered penetrance of the mutation  [  6,   13,   19,   37, 
  69,   73  ] . For these reasons, every patient with 
apparently sporadic parathyroid carcinoma should 
be tested for germ-line HRPT2 mutations. 

 Few cases of parathyroid carcinoma occurring 
in an MEN1 setting have been described  [  74,   75  ] , 
although these reports should be cautiously con-
sidered since recurrences of MEN1-related 
hyperparathyroidism at the site of previous sur-
gery may simulate parathyroid malignancy. 
Somatic mutations of the MEN1 gene have been 
rarely reported in parathyroid carcinoma  [  55,   76  ] , 
suggesting a limited role for Menin in the patho-
genesis of parathyroid malignancies. 

 Only one case of parathyroid carcinoma has 
been observed in patients with MEN2A  [  77  ] , and 
none in MEN2B. 

  Fig. 8.2    CT scan (reconstruction): ossifying fi broma of the left ramus of the mandible ( arrow ) in a young patient with 
hyperparathyroidism-jaw tumor syndrome       

  Fig. 8.3    CT scan: ossifying fi broma of the left ramus of 
the mandible in a young patient with hyperparathyroid-
ism-jaw tumor syndrome       
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 Many other tumor suppressor genes and 
oncogenes have been related to parathyroid can-
cer, especially those that have a role in the 
control of the cell cycle as retinoblastoma (Rb), 
breast carcinoma susceptibility (BRCA2), p53 
and cyclin D1/parathyroid adenomatosis gene 
1 (PRAD1) genes  [  6,   10,   15  ] . However, it is not 
certain whether these genes may have a primary 
role in parathyroid carcinoma, although their 
altered expression may contribute to the process 
of malignant transformation  [  6,   7,   15  ] . 

 Rb is located on chromosome 13; acquired 
mutations might contribute to the development of 
parathyroid carcinoma  [  10  ] . Rb mutations and 
loss of Rb nuclear expression have been reported 
in parathyroid cancer, although these alterations 
have been also reported (although less frequently) 
in parathyroid adenomas  [  6,   13,   37,   70,   78–  82  ] . 
Also, BRCA2 gene is located on chromosome 13; 
it has a role in homologous recombination, an 
important DNA mechanism. Cells that are defi -
cient for BRCA2 accumulate chromosomal aber-
rations and are sensitive to radiation; this fi nding 
may suggest an increased risk of primary hyper-
parathyroidism in patients subjected to head and 
neck irradiation  [  37,   81  ] . A loss of heterozygosity 
on chromosome 13, a region including both the 
Rb and the BRCA2 genes was demonstrated by 
several investigators in parathyroid cancer  [  78, 
  80,   83  ] , although others were not able to demon-
strate tumor-specifi c somatic mutations in either 
Rb or BRCA2 in a series of parathyroid carcino-
mas with 13q loss of heterozygosity  [  69  ] . However, 
the role of these genes in the pathogenesis of para-
thyroid carcinomas needs further investigations. 

 Cyclin D1 is an oncogene located at chromo-
some band 11q13 and codify for a cell cycle reg-
ulator which plays an important role in transition 
of cells from the G1 phase of the cell cycle into 
the S phase  [  84  ] . A possible mechanism for the 
oncogenic activity of cyclin D1/PRAD1 is the 
inactivation of protein encoded by Rb gene  [  69  ] . 
According to some studies, in 20–40% of patients 
affected by parathyroid adenoma and in up to 
91% of those with parathyroid carcinoma, an 
overexpression of the oncogene cyclin D1 has 
been found. However, it is unclear if this feature 
is causative or only an association  [  10,   37  ] . 

 P53 is another important cell cycle regulator 
which has been considered as a candidate for 
malignant parathyroid tumors, but the frequency 
of abnormal p53 expression in parathyroid carci-
nomas is low  [  10  ] .  

   Clinical Presentation 

 The majority of parathyroid cancers are function-
ing tumors with indolent tendency to local inva-
sion; therefore, the most frequent symptoms and 
signs are related to hyperparathyroidism while 
clinical manifestations from tumor burden occur 
lately  [  10,   85,   86  ] . Metabolic complications sub-
sequent to the increased secretion of PTH and 
hypercalcemia, rather than tumor invasiveness, 
are the main causes of death  [  1,   6,   7  ] . 

 Generally, manifestations of hyperparathy-
roidism in parathyroid cancer are virtually indis-
tinguishable from those in patients with benign 
disease, although they are usually more severe 
 [  10,   30  ] . 

 Hypercalcemia may results in fatigue, mal-
aise, weakness, weight loss, and anemia. 
Psychiatric manifestations such as depression are 
also discovered in some patients  [  6,   15,   33,   37, 
  82  ] ; lethargy, confusion, and coma may occur in 
case of severe hypercalcemia  [  33  ] . Hypercalcemic 
crisis, although rare (approximately 10%), are 
more commonly associated with parathyroid car-
cinoma than benign tumors  [  6,   7,   10,   13,   47  ] . 
Classic target organs, such as the kidneys and 
skeleton, are frequently affected. Polyuria, poly-
dipsia, renal colic, nephrolithiasis, nephrocalci-
nosis, and impaired renal function occur in up to 
80% of cases. Bone impairment includes diffuse 
osteopenia, pathologic fractures, and bone pain 
that occur in 90% of cases, while in benign hyper-
parathyroidism renal and bone involvement are 
present in 20% and 5%, respectively  [  10,   87–  89  ] ; 
radiologic fi ndings as subperiostal resorption, 
“salt and pepper” skull and osteitis fi brosa cystic 
are seen in more than 40% of patients (see 
Fig.  8.4 ). Different from benign disease, most 
patients with parathyroid carcinoma manifest 
evidence of both renal and skeletal involvement 
at the time of presentation  [  8–  10  ] . Digestive 
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symptoms such as nausea, vomiting abdominal 
pain, peptic ulcer, recurrent severe pancreatitis, 
and constipations occur with greater frequency in 
patients with malignant disease than in those 
with benign primary hyperparathyroidism. 
Nonfunctioning carcinomas are extremely rare 
(2% of all parathyroid malignancies) and usu-
ally show only signs and symptoms of local 
growth and invasion, including neck mass, 
hoarseness, and dysphagia  [  90  ] . As opposed to 
functional parathyroid cancer, patients with non-
functional tumors eventually die from invasion 
to vital organs and systemic spread rather than 
hypercalcemia  [  33,   90  ] .  

 Physical examination in patients with parathy-
roid carcinoma is generally unrevealing but the 
presence of a paralyzed vocal cord and a palpable 
cervical mass may predict the presence of a para-
thyroid malignancy. In fact, a paralyzed vocal 
cord in a hyperparathyroid patient not previously 
subjected to a neck surgery may predict a para-
thyroid carcinoma on the side of paralysis; a pal-
pable cervical mass is very rare in case of benign 
parathyroid mass (less than 5%), while it may 
be found in 15–70% of cases of parathyroid 

carcinoma  [  1–  5,   8–  10,   86,   91–  94  ] ; however, 
these fi ndings have become less frequent in the 
recent years since the diagnosis is possibly per-
formed earlier  [  2,   33  ] .  

   Diagnosis 

 The diagnosis of parathyroid carcinoma is quite 
diffi cult: it may be suspected pre- or intraopera-
tively but, in practice, it is most often made post-
operatively through histological examination. In 
some equivocal cases, also pathology may be 
inconclusive, and the diagnosis must be con-
fi rmed only by the clinical course at a prolonged 
follow-up by the occurrence of metastases 
(Table  8.1 )  [  1,   6,   7,   13,   14  ] .  

   Preoperative Diagnosis 

 Parathyroid cancer cannot be diagnosed preoper-
atively, but only suspected by the mean of a triad 
of clinical, laboratory, and radiological examina-
tions (Table  8.2 )  [  7–  10  ] .  

  Fig. 8.4    Plain radiographs of the right clavicle: presence of a pathological fracture of a lytic bone lesion (Brown’s 
tumor)       
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 However, these features may be frequently 
absent and so the preoperative confi rmation is 
very diffi cult if not impossible. Only the unequiv-
ocal presence of local invasion or distant metas-
tases can defi nitively assess the diagnosis of 
parathyroid carcinoma, but it is rare at initial pre-
sentation, since usually it occur late because of 
the slow and indolent course of the disease  [  1,   6, 
  15,   30,   33,   95  ] . Usually the clinical features are 

similar to those of primary hyperparathyroidism 
but may be more marked  [  76  ] . 

   Clinical Features 
 The clinical suspicion should rise if the patient is 
an adult male patient, with a palpable neck mass, 
renal and skeletal disease from hyperparathyroid-
ism, peptic ulcers, pancreatitis, and recurrent 
laryngeal nerve palsy  [  6,   10,   14,   32,   76,   96–  99  ] . 
In fact, in parathyroid carcinoma, men and 
women are equally affected  [  6,   7,   10,   15,   30–  33  ] ; 
the average age of patients is approximately 
40–50 years, one decade younger than that of 
patients with benign disease  [  6,   10,   15,   30,   33  ] . 
However, considerations of gender and age are of 
little help in evaluating the individual patient. 

 Neck mass are more frequent because para-
thyroid carcinomas are usually larger than benign 
disease, but the inadequate predictive value of 
this fi nding and the frequent presence of concom-
itant thyroid nodules limit the diagnostic role of 
these features. In contrast of benign disease, 
where the majority of patients are actually asymp-
tomatic, parathyroid cancer patients usually show 
clinical features of end-organ disease. Renal and 
bone involvement (and the combination of both) 
occur more frequently at the presentation in para-
thyroid carcinoma  [  6,   10,   15,   30,   31,   33,   99  ] .  

   Laboratory Studies 
 The biochemical abnormalities observed in 
benign primary hyperparathyroidism are usually 
over-expressed in parathyroid carcinoma. Patients 
with parathyroid carcinoma have PTH levels 

   Table 8.1    Criteria of suspicion of parathyroid carcinoma   

  Preoperative criteria  
 Male sex, 40–50-year old • 
 Severe hypercalcemia (>3, 5 mmol/L) • 
 Very high PTH levels (>4-fold of normal levels) • 
  Palpable neck mass associated with unilateral vocal • 
cord paralysis 
  Symptomatic hyperparathyroidism (concomitant • 
renal and skeletal disease) 

  Intraoperative criteria  
  Large stonyhard mass (>30 mm if solid), with a • 
fi brous, grayish-white capsule 
  Presence of infi ltrative aspects with tenacious • 
adhesion to adjacent structures 
 Presence of local lymph-node involvement • 

  Postoperative criteria  
  Pathological criteria  

  Uniform sheets of chief cells with lobular pattern • 
of growth 
 Presence of dense, thick fi brous trabeculae • 
 Atypical mitotic fi gures • 
 Vascular, capsular, or perineural invasion • a  

  Clinical criteria  
 Recurrences and distant metastases • a  

   a Unequivocal criteria  

   Table 8.2    Clinical features in benign versus malignant parathyroid tumors   

 Benign primary 
hyperparathyroidism  Parathyroid carcinoma 

 Age at presentation  50–60 years  40–50 years 
 Women:men ratio  >3:1  1:1 
 Serum calcium  Mildly elevated  Markedly elevated 
 Serum PTH  Mildly elevated  Markedly elevated 
 Palpable neck mass  Very rare  Common (15–70%) 
 Renal involvement  <20%  >50% 
 Severe bone involvement  Rare (<5%)  Common (>50%) 
 Concomitant bone and renal involvement  Rare  Common 
 Hypercalcemic crisis  Very rare  Very common 
 Asymptomatic  Very common  Very rare 
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3–10 times above normal values and calcium 
levels above 3.5 mmol/l; sometimes they show 
hypercalcemic crisis  [  6,   7,   36  ] . On the contrary, 
in case of benign disease, serum PTH and cal-
cium values are usually only mildly raised, often 
discovered while being investigated for an unre-
lated problem, and patients have usually mild 
symptoms or none  [  6,   8,   9,   15  ] . However, no pre-
dictive cutoff values may be indicated  [  100  ] , 
although the diagnosis of malignancy can be reli-
ably ruled out for PTH increments inferior to four 
times the upper limit of normal range and tumor 
weights inferior to 1.9 g  [  100  ] . 

 Furthermore, different PTH molecules (other 
than the usual intact human 1–84 PTH) may be 
produced by parathyroid carcinoma, especially 
N-terminal fragments that can be selectively 
identifi ed by modern laboratory techniques, 
although the diagnostic value of this fi nding need 
to be further assessed  [  101,   102  ] . Paraneoplastic 
production of alfa and beta subunits of human 
chorionic gonadotropin has also been detected in 
these patients  [  102,   103  ] . Also, alkaline phos-
phatase activity is higher in patients with para-
thyroid carcinoma. 

 Fine-needle aspiration cytology of a sus-
pected parathyroid carcinoma is not recom-
mended: benign and malignant disease cannot 
be effectively differentiated on cytology; a 
potential risk of track seeding is present, since a 
case with cutaneous spread of parathyroid car-
cinoma after aspiration cytology has been 
described  [  104  ] ; furthermore, false negatives 
and false positive may be caused by sampling 

errors and by degenerative changes following 
fi ne-needle aspiration that closely mimic para-
thyroid carcinoma at fi nal pathology  [  105–  107  ] .  

   Imaging Techniques 
 Various imaging modalities such as ultrasonogra-
phy, computed tomography (CT), magnetic reso-
nance imaging (MRI), and sestamibi scintigraphy 
can be used to investigate parathyroid carcinoma. 
These investigations are rarely diagnostic of 
malignancy but are effective in assessing the size 
and localizing the pathological glands. Imaging 
studies are optional at initial presentation, but 
mandatory in case of recurrent or metastatic dis-
ease before surgery  [  108,   109  ] . 

 Ultrasonography and Technetium-99 m sesta-
mibi are the fi rst line investigations  [  107–  110  ] . 
Ultrasound is a very useful and noninvasive 
method for parathyroid tumors located at the 
neck, providing general information about the 
structure of the lesion and its rapport with adja-
cent structures  [  15  ] . Parathyroid carcinoma 
appears as a large hypoechoic soft tissue mass 
with poorly defi ned margins and, possibly, signs 
of local invasion; lymph-node metastases can be 
also accurately detected  [  82  ] . 

 Technetium-99 m sestamibi is a radiopharma-
ceutical with a high affi nity for the mitochondria 
of parathyroid tissue (see Fig.  8.5 ). Sestamibi 
scanning may localize abnormal parathyroid tis-
sue with a reported sensitivity of 85% and speci-
fi city of 95%  [  107–  111  ] .  

 Contrast CT is useful for providing some 
details on the localization of the lesion; it can also 

  Fig. 8.5    Sestamibi scan (MIBI, Technetium, and sub-
traction images): large inferior right parathyroid lesion 
that histologically proved to be parathyroid carcinoma 

(courtesy of Diego Cecchin, Department of Nuclear 
Medicine, University of Padua, Italy)       
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reveal invasion of surrounding structures and 
enlarged lymph nodes; it is more sensitive in 
detecting recurrent and metastatic parathyroid 
carcinoma, especially at mediastinal, pulmonary, 
hepatic, and bone sites  [  109  ] . MRI with gadolin-
ium and fat suppression gives the best details on 
the soft tissues of the neck; it is the investigation 
of choice for localizing an ectopic gland in the 
mediastinum and for characterization of meta-
static lesions at specifi c sites such as liver and 
bone. Moreover, MRI, during any assessment of 
recurrence, also avoids the artifacts produced by 
surgical clips that make interpretation of CT scans 
diffi cult  [  15,   82,   112  ] . However, ultrasonography, 
CT, and MRI, although sensitive, have a limited 
specifi city, because they are not able to differenti-
ate between recurrence and non-neoplastic masses 
(lymph nodes, scar tissue) while sestamibi scan is 
more sensitive and specifi c in detecting the sites 
of recurrent and metastatic disease  [  108,   109  ] . 

 Very few reports exist on the use of fl uorode-
oxyglucose positron emission tomography (FDG-
PET) in parathyroid carcinoma. Both primary 
parathyroid carcinoma and recurrent and meta-
static lesions have a mildly increased metabolic 
activity; it should be remembered that also lytic 
bone lesions appear hypermetabolic at FDG-PET 
and can be mistaken as bone metastases  [  113  ] . 
Also, the classical nuclear bone scans show 
increased bone turnover consistent with metabolic 
bone disease both in Brown’s tumors and meta-
static lesions; in these cases, whole-body MIBI 
scan will help differentiate Brown’s tumors from 
metastatic bone disease  [  113  ] . In case of recurrent 
disease, if noninvasive imaging are inconclusive to 
identify the lesion, selective venous catheteriza-
tion with PTH measurements has been recom-
mended, or, in alternative, at least two concordant 
noninvasive localization studies should be per-
formed before embarking on iterative surgery, in 
order to avoid negative re-explorations  [  108,   109  ] .   

   Intraoperative Diagnosis 

 Parathyroid carcinoma may be intraoperatively 
suspected in case of glands particularly large 
(>30 mm if solid), lobulated, fi rm to stonyhard 

mass, whitish-gray, surrounded by a dense, 
fi brous, grayish-white capsule, with tenacious 
adhesion to adjacent structures, or if local lymph-
node involvement is found (although it occurs 
rarely)  [  76,   93,   114,   115  ] . This is in contrast to 
normal parathyroid glands which have the color 
of peanut butter, soft consistency, and a median 
size of approximately 10–30 mm. However, the 
surgical appearances of parathyroid cancer may 
be sometimes indistinguishable from benign 
parathyroid disease; degenerative changes in 
parathyroid adenomas may simulate the gross 
appearance of parathyroid malignancy  [  14,   116  ] . 

 Intraoperative frozen section may sometimes 
suggest the diagnosis (e.g., dense fi brosis, nuclear 
monotony), but it is usually of little value in dis-
tinguishing benign from malignant disease, and 
may cause artifactual dislodgement that can sim-
ulate falsely positive aspects at defi nitive histol-
ogy  [  13  ] .  

   Postoperative Diagnosis 

 The histopathological diagnosis of parathyroid 
carcinoma is sometimes obvious, but—in case of 
absence of unequivocal features—may be an 
extremely challenging task. The malignant para-
thyroid gland is usually particularly large, typi-
cally with a weight between 2 and 10 g, fi rm, 
solid, whitish-gray, adherent to the adjacent 
structures (see Fig.  8.6 ). Several histopathologi-
cal fi ndings have been described to diagnose 
parathyroid carcinoma, but, as is the case with 
many endocrine neoplasms, the histopathological 
distinction between benign and malignant para-
thyroid tumors is diffi cult. The most used criteria 
have been established by Schantz and Castleman 
in 1973  [  93  ] . These histological features consist 
in the presence of uniform sheets of chief cells 
arranged in a lobular pattern separated by dense, 
thick fi brous trabeculae that extend into and 
divide the gland; atypical mitotic fi gures within 
tumor cells and vascular or capsular invasion (see 
Figs.  8.7  –8.12 ).        

 The epithelial cells of parathyroid carcinoma 
are larger than normal cells; mitotic activity is 
present in 80% of carcinomas (but also in 60% of 
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parathyroid adenomas); furthermore, it should be 
distinguished from endothelial cell mitoses  [  117  ] . 
However, a high mitotic rate (>5 per 50 high-
power fi elds) and atypical mitoses indicate an 
increased risk of malignant behavior  [  118  ]  and 

should lead to a careful search of other features 
of disease. Giant cells and/or focal necrosis may 
also be present  [  14,   36,   119,   120  ] . 

 Furthermore, dense fi brous trabeculae and tra-
becular growth pattern have been found also in 
parathyroid adenomas, especially, in the presence 
of degenerative changes  [  13  ] . Degenerative 
changes in a nonmalignant gland that closely 
mimic the features of a parathyroid carcinoma 
may be caused also by a preoperative fi ne-needle 
aspiration  [  105,   106  ] . 

 True capsular invasion is early evident only in 
a limited portion of cases  [  81,   91  ]  and should be 

  Fig. 8.6    Surgical specimen: parathyroid carcinoma; 
necrosis and degenerative changes are also present (the 
specimen has been sectioned longitudinally)       

  Fig. 8.7    Photomicrograph of a histological section of para-
thyroid carcinoma. Solid ( sheet-like ) proliferation of 
monotonous cells with solid architectural growth pattern; 
focal tumor necrosis and fi brous bands within the tumor are 
also evident (H&E, 100×) (courtesy of Gianmaria Pennelli, 
Department of Pathology, University of Padua, Italy)       

  Fig. 8.9    Photomicrograph of a histological section of 
parathyroid carcinoma. High mitotic activity with atypical 
fi gures (H&E, 400×) (courtesy of Gianmaria Pennelli, 
Department of Pathology, University of Padua, Italy)       

  Fig. 8.8    Photomicrograph of a histological section of 
parathyroid carcinoma. Neoplastic clear cells separated 
by broad bands of fi brous tissue (H&E 200×) (courtesy of 
Gianmaria Pennelli, Department of Pathology, University 
of Padua, Italy)       

 

 

 

 



1678 Parathyroid Cancer

distinguished from entrapment of tumor cells 
within the capsule, which may be particularly 
prominent in adenomas that have undergone cys-
tic regressive transformation. 

 Vascular invasion is evident even in fewer 
cases  [  81,   91  ]  and should be diagnosed only in 
cases of vessels present within the tumor capsule 
or in the surrounding soft tissues. The tumor 
clusters should be surrounded by endothelium or 
associated with fi brin thrombi. Artifactual 
dislodgement of tumor cells is characterized by 
the presence of irregularly shaped cell clusters 
that are not endothelialized or associated with 

thrombus, as it may occur when fresh specimens 
are handled for intraoperative frozen sections 
 [  13,   14  ] . 

 However, adopting current hystopathological 
criteria  [  118  ] , only capsular and adjacent tissue 
invasion (present in 60% of cases, vascular inva-
sion (10–15%)) and perineural space invasion 
(rarely present)  [  81,   91,   121  ]  appear to correlate 
best with tumor recurrence and metastatic 
course, and can be considered pathognomonic of 
malignancy. 

 True parathyroid carcinoma should be distin-
guished from parathyromatosis and “atypical 
parathyroid adenoma.” Parathyromatosis may 
occur in case of implantation of parathyroid tis-
sue following intraoperative capsular rupture or 
incomplete excision of a parathyroid benign 
lesion  [  122  ] . Differentiation of parathyromatosis 
from recurrence of a previously excised and pos-
sibly underdiagnosed carcinoma is diffi cult since 
both may be associated with extensive infi ltration 
of soft tissues and fi brosis. The presence of vas-
cular and perineural space invasion are helpful 
features to distinguish recurrent parathyroid car-
cinoma from parathyromatosis. 

 The “atypical parathyroid adenoma” is an 
equivocal lesion that share only some of the fea-
tures of carcinomas (fi brosis, mitoses, eventual 
capsular invasion), without defi nitive evidence of 

  Fig. 8.12    Photomicrograph of a histological section of 
parathyroid carcinoma. Vascular invasion is present in the 
soft tissue surrounding the thyroid gland (Chromogranin, 
50×). En cartouche: particular of the invaded vessels 
(Chromogranin, 400×) (courtesy of Gianmaria Pennelli, 
Department of Pathology, University of Padua, Italy)       

  Fig. 8.10    Photomicrograph of a histological section of 
parathyroid carcinoma. The neoplasm invades the perig-
landular soft tissue (H&E, 100×) (courtesy of Gianmaria 
Pennelli, Department of Pathology, University of Padua, 
Italy)       

  Fig. 8.11    Photomicrograph of a histological section of 
parathyroid carcinoma. Vascular invasion in the tumor 
capsule (H&E, 200×) (courtesy of Gianmaria Pennelli, 
Department of Pathology, University of Padua, Italy)       
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invasive growth of the surrounding tissue and 
vascular invasion  [  123  ] . The behavior of atypical 
adenomas may not differ from that of adenomas 
of usual type  [  124  ] , although late recurrences and 
metastasis have also been reported, thus requir-
ing a prolonged follow-up  [  13,   33,   82,   116  ] . 

 In fact, histology alone will not diagnose all 
cases  [  115  ] , since a proportion of parathyroid 
tumors which do not meet the histopathological 
criteria for carcinoma may recur or (rarely) 
metastasize  [  16,   59  ] . In contrast, only a subset of 
tumors classifi ed as malignant at histopathologi-
cal examination demonstrate recurrent disease or 
distant metastases  [  59,   125  ] . It remains unclear if 
it depends on incomplete excision of benign 
lesions or radical and curative ablation of malig-
nant mass, respectively. 

 For these reasons, several other histological 
techniques are required to improve the accuracy 
of diagnosing parathyroid carcinoma. Electron 
microscopy of parathyroid cancer tissue reveals 
nuclear and mitochondrial alterations and evi-
dence of increased secretory activity, but does not 
appear to be of value in distinguishing benign 
from malignant tumors  [  95,   126–  129  ] . Nuclear 
diameter appears to be greater and the chromatin 
is clumped and dispersed through the karyo-
plasms in parathyroid carcinoma, but this index is 
not very useful in the individual case  [  93,   95, 
  126–  129  ] . 

 Measurement of nuclear DNA content by fl ow 
cytometry may be of some value; mean nuclear 
DNA content is greater, and an aneuploid DNA 
pattern is more common in parathyroid carci-
noma than in adenomas, but it occurs too fre-
quently in parathyroid adenomas to be of great 
use in differentiating benign from malignant 
parathyroid lesions  [  26–  28,   130–  133  ] . 

 Studies of the proliferative fractions of 
parathyroid tumors have revealed higher 
values in carcinomas than in adenomas. 
Immunohistochemistry for the cell cycle marker 
Ki67 has been used; a count above 5% may sug-
gest carcinoma  [  133,   134  ] , but the overlap of val-
ues in equivocal cases has limited the role of this 
approach  [  135  ] . 

 Immunohistochemical staining of Rb protein 
has been suggested to differentiate benign from 

malignant parathyroid tumors, since it has been 
reported to be commonly absent in parathyroid 
carcinomas while present in adenomas  [  78,   136  ] , 
although controversial results have been also 
reported  [  137  ] . 

 An additional approach has involved the use 
of antibodies to p27, which encodes a cyclin-
dependent kinase inhibitor. Carcinomas have a 
threefold decrease in p27 expression respect of 
parathyroid adenomas  [  138  ] ; however, these fi nd-
ings are diffi cult to be used in single cases because 
the diagnostic predictive value is often 
inadequate. 

 More recently, immunohistochemical evalua-
tion of parafi bromin (the product of the HRPT2 
gene) has been used to diagnose parathyroid 
malignancy. Loss of parafi bromin may suggest 
the defi nitive diagnosis with a sensitivity of 
68–96% and a specifi city of 99%  [  21,   25  ] ; how-
ever, this protein is also absent in adenomas in 
HPT-JT patients  [  17,   51,   52,   59,   67,   68  ] . 
Furthermore, normal parafi bromin expression 
has been reported in 80% of metastatic unequivo-
cal parathyroid carcinomas in a series of patients 
with chronic renal failure  [  139  ] . This fi nding sug-
gests that genetic events other than HRPT2 muta-
tions may be of signifi cance in the genesis of 
different subsets of parathyroid malignancies  [  23, 
  24,   139  ] . Recently, also the adenomatous polypo-
sis coli (APC, that has an established role in col-
orectal cancer and play key roles in various fi elds 
such as cell migration, adhesion, apoptosis, 
chromosome segregation) and the protein gene 
product 9.5 (PGP9.5, encoded by ubiquitin car-
boxyl-terminal esterase L1) have shown a prom-
ising role in the diagnosis of parathyroid 
carcinoma. In fact, the loss of APC expression 
and the increased expression of PGP9.5 may be 
strongly predictive of parathyroid malignancy, 
especially when associated to the loss of parafi -
bromin expression  [  22,   140  ] .   

   Prognosis 

 The prognosis of parathyroid carcinoma is quite 
variable, although it usually has a slow, indolent 
but progressive course because of the rather low 
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malignant potential. In fact, more than 80% of 
cases are described as “well differentiated” by 
pathologists  [  2  ] . 

 The series of patients with parathyroid carci-
noma of the National Cancer Data Base  [  2  ]  
reported a cumulative 5-year and 10-year survival 
of 86% and 49%, respectively. Other series have 
reported 5-year survival from 40% to 90%  [  141  ] . 
The most common causes of death are complica-
tions of hypercalcemia (renal failure, cardiac 
arrhythmias, pancreatitis) rather than tumor bur-
den  [  1,   4,   6–  10,   86,   107,   109  ] . The tumor tends to 
invade the surrounding structures and to spread to 
regional lymph nodes (30% of cases). In spite of 
radical excision, it tends to recur locally at the 
operative site; recurrence rates from 30% to 80% 
have been reported  [  15  ] . Most recurrences will 
manifest in the fi rst 3 years  [  1,   10,   51  ] , but recur-
rences as late as 20 years have been reported  [  10, 
  28  ] ; thus, a prolonged follow-up is required if a 
parathyroid carcinoma is suspected. It is diffi cult 
to predict such a variable aggressiveness; a 
younger age and preoperative higher calcium lev-
els have been reported as risk factors for early 
recurrence  [  1  ] . Once the disease has recurred, the 
chances of cure are remote. However, aggressive 
resection of residual disease and metastasectomy 
may improve the survival  [  1–  10  ] . Tumor cells 
also disseminate hematogenously, and distant 
metastases occur in lungs (40%), liver (10%), 
and bones, although very few patients (<5%) 
have the involvement of regional lymph nodes or 
distant sites (<2%) at initial presentation  [  6,   10  ] . 

 The most important factor affecting prognosis 
is the completeness of tumor resection  [  8,   9,   27  ] . 
Patients undergoing complete en bloc tumor 
resection can have survival rates as high as 90% 
at 5 years and 67% at 10 years  [  141  ] . Negative 
prognostic factors include lymph-node metasta-
ses at the time of diagnosis, distant metastases, 
and incomplete excision  [  31  ] ; moreover, patients 
treated initially with simple parathyroidectomy 
have a worse prognosis, although in some series, 
tumor size and lymph-node involvement are not 
prognostic predictive factors  [  2  ] . 

 There is no agreed prognostic staging system 
for parathyroid cancer. A TNM staging system 
has been proposed by Shaha  [  142  ] . Recently, 

Talat and Schulte have proposed in a meta-analy-
sis of 330 cases a simpler prognostic staging sys-
tem recognizing low-risk (according to the 
presence of capsular and soft tissue invasion) and 
high-risk patterns (according to the presence of 
vascular invasion and/or lymph node or distant 
metastases or invasion of vital organs), similarly 
to other neuroendocrine tumors  [  32  ] . This cate-
gorization may identify a 3.5-fold increased risk 
for recurrence and 4.9-fold for death in high-risk 
patients  [  32  ] . 

 Aneuploidy appears to be associated with a 
poorer prognosis  [  26–  28,   123,   129,   143  ] ; higher 
proliferation rates (Ki67) (see Fig.  8.13 ) within 
parathyroid carcinomas predict more aggressive 
behavior  [  2,   139,   144  ] .   

   Surgical Treatment    (Please Refer 
to Chapter on  Surgical Management 
of Parathyroid Diseases  for Further 
Discussion) 

 The single most effective treatment of parathy-
roid carcinoma is surgery  [  6,   7,   31,   33,   76,   81, 
  114,   143  ] . The gold standard therapy is an “en 
bloc” resection of the primary lesion at the time 
of initial operation  [  6,   7,   31,   37,   76,   145  ] . This 
approach consists of parathyroidectomy with 
the excision of the adjacent ipsilateral thyroid 
lobe in continuity with the tumor, with minimal 

  Fig. 8.13    Photomicrograph of a histological section of 
parathyroid carcinoma. High ki67 labeling index (cour-
tesy of Gianmaria Pennelli, Department of Pathology, 
University of Padua, Italy)       
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manipulation, in order to achieve a complete 
resection with disease-free margins. Any capsu-
lar rupture of the tumor and neoplastic spillage 
should be accurately avoided, since seeding leads 
to recurrence  [  1,   7,   31,   37,   76,   81,   82,   146  ] . The 
recurrent laryngeal nerve—in the absence of 
unequivocal sign of infi ltration—should be pre-
served by the mean of a careful dissection, when-
ever possible; therefore, the knowledge of the 
preoperative status of the vocal cord mobility is 
very useful  [  15  ] . To the contrary, if the nerve is 
infi ltrated, its sacrifi ce might be necessary  [  7,   15, 
  30,   33,   37,   82,   108  ] . 

 Intraoperative assay of quick PTH may con-
fi rm the complete removal of all hyperfunction-
ing parathyroid tissue and possibly it may help to 
determine the extent of surgery  [  37,   81  ] ; in fact, 
it may predict the persistence of the disease sug-
gesting wider excision or prolonged exploration, 
but does not prevent from late recurrences  [  147  ] . 

 More extended procedures have been also 
proposed, consisting in the removal of the tumor 
in addition to the surrounding soft tissues, ipsilat-
eral thyroid hemithyroidectomy, skeletonization 
of trachea, excision of the strap muscles and of 
the recurrent laryngeal nerve  [  76  ] . However, the 
main criticism to such systematic extensive exci-
sions is related to the possibility of misdiagnos-
ing lesions  [  15  ]  with the risk of an overtreatment 
of a parathyroid adenoma. In fact, unfortunately, 
the defi nitive diagnosis of parathyroid cancer is 
hardly available pre- or intraoperatively; subse-
quently, the morbidity related to systematic 
aggressive approaches could be unacceptable in 
case of diagnostic errors, for example, benign 
lesions with degenerative changes simulating 
malignancy. However, it should be underlined 
that—to the contrary—another possible risk is 
the undertreatment of a true parathyroid cancer; it 
could be preferable to have a high index of suspi-
cion for parathyroid carcinoma when these fea-
tures are present than to miss the opportunity for 
surgical cure by failing to consider it in the dif-
ferential diagnosis. 

 Therapeutic cervical lymph-node dissection is 
usually recommended in case of evident nodal 
metastases  [  7,   15,   76,   82,   146  ] ; the mediastinal 
dissection, along with central compartment 

dissection, may be required for extension of soft 
tissue disease through the thoracic inlet  [  33  ] . 

 The role of prophylactic nodal dissection is 
still controversial. Most authors have reported that 
nodal metastases are exceedingly rare  [  1,   26–  28, 
  30,   76  ] , and prophylactic neck dissection does 
not improve the prognosis but may increase the 
morbidity (recurrent laryngeal nerve palsy and 
postoperative hypocalcemia)  [  27,   76,   143  ] . 

 Recently, others have suggested a systematic 
clearance of the central compartment (corre-
sponding to level VI) with prophylactic removal 
of all soft tissues and lymph nodes  [  3,   32,   33, 
  145  ] , because nodal metastases might be found in 
up to 41% of patients undergoing systematic 
nodal dissection; microscopic nodal involvement 
may be the source of local recurrences; thus, 
nodal dissection might improve the cure rate 
 [  145  ] .The prophylactic clearance of the lateral 
compartment in the absence of demonstrable 
involvement is not recommended, given that 
jugular lymph-node metastases seem to be 
uncommon and this procedure does not lead to 
therapeutic benefi ts  [  15,   33,   91,   145  ] . 

 Effective surgery is usually followed by severe 
hypocalcemia due to “hungry bone syndrome,” 
requiring adequate calcium and vitamin D 
replacement and close monitoring of calcium and 
PTH levels. 

 When the diagnosis of parathyroid cancer is 
made in the early postoperative period on the 
basis of histology, as usually occurs, the manage-
ment plan becomes more complex and the bene-
fi ts of further radical operations remain 
controversial. If the serum calcium and PTH lev-
els are normal, most tend to follow the patient 
without attempts to immediate reoperations, 
given that the fi rst surgery could have been cura-
tive  [  5,   30,   148  ] . Further explorations of the neck 
have been proposed in case of persistent hyper-
calcemia  [  6,   7,   10  ] , following adequate preopera-
tive imaging study to localize the disease as 
accurately as possible  [  108,   109  ] . 

 In spite of every efforts, most patients experi-
ence recurrent disease after initial surgery  [  7,   10, 
  108  ] . Reoperation, in these cases, can be consid-
ered a good palliation  [  1,   6,   10,   27,   31,   37,   109, 
  146  ] . Appropriate localization studies should be 
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performed in all patients before repeated surgery 
and, if noninvasive imaging approaches are nega-
tive, selective venous sampling for PTH measure-
ment may be an useful tool  [  6,   7,   108  ] . Recurrences 
in the neck and in the mediastinum, including the 
regional lymph node and all involved structures, 
should be excised with margins as wide as pos-
sible  [  6,   7,   10  ] . Multiple reoperations may be 
required, since they offer a valuable palliative 
option, although surgical morbidity should be 
considered  [  108,   109  ] . Distant metastases should 
also be excised  [  5,   15,   109,   149  ] , although resec-
tion is rarely curative, but may result in a period 
of normocalcemia from months to years. 
Moreover, also palliative debulking may facili-
tate the medical management of hypercalcemia 
 [  6,   109  ] . 

 Finally, although surgery remains the main-
stay of management in these cases, the availabil-
ity of new drugs (calcimimetics) is opening new 
perspectives for the treatment of patients with 
intractable hypercalcemia  [  148  ] .  

   Medical and Adjuvant Treatments 

 Patients with parathyroid carcinoma generally 
die from metabolic complications of uncontrol-
lable hypercalcemia rather than from tumor bur-
den; subsequently, serious measures should be 
taken to reduce serum calcium values. Whenever 
possible, severe hypercalcemia should be recti-
fi ed before surgical treatment, because surgery 
should not be done on an emergency basis but 
rather once the patient’s calcium values have 
been stabilized by nonsurgical approach  [  33  ] . 
Furthermore, the treatment of hypercalcemia is 
particularly important in the patients with recur-
rent or metastatic parathyroid cancer or not suit-
able for surgical treatment. 

 At initial presentation, severe hypercalcemia 
should be treated with urgent restoration of fl uid 
volume through intravenous access along with 
the administration of diuretics, biphosphonates, 
and calcimimetic agents. Patients with severe 
hypercalcemia are signifi cantly dehydrated 
because of nephrogenic diabetes insipidus and 

associated nausea and vomiting; an aggressive 
hydration (200–300 cm 3 /h of normal saline) is 
necessary as initial treatment; loop diuretics, as 
furosemide, are given to increase renal calcium 
excretion. Biphosphonates, such as clodronate, 
etidronate, pamidronate, zolendronate (a class of 
drugs that inhibit osteoclast-mediated bone 
resorption by incorporation into the bone matrix) 
are effective but they lose effi cacy over time  [  7, 
  10,   26,   33,   37,   82,   143,   150  ] . The bisphospho-
nates are poorly absorbed when given orally, 
therefore, intravenous administration is required. 
Pamidronate, infused in doses of 30–90 mg/day 
over 2–4 h, has been effective in lowering serum 
calcium levels in patients affected by parathyroid 
cancer, at least transiently; responses last for 
1–3 weeks and the treatment can be repeated  [  26, 
  82,   143,   150  ] . Zolendronate has been reported to 
be more effective at lowering serum calcium lev-
els in patients with hypercalcemia associated 
with malignancy and can be infused more quickly 
(4 mg intravenously over 15 min)  [  8,   82,   151, 
  152  ] . However, possible complications of bis-
phosphonates are represented by avascular necro-
sis of the jaw and the acute renal failure following 
rapid intravenous administration in patients with 
decreased renal function  [  153  ] . Furthermore, the 
effectiveness of these drugs typically decreases 
over time  [  82  ] . When patients are unresponsive 
to intravenous biphosphonates, mithramycin (an 
antibiotic found to have calcium lowering prop-
erties) has been indicated as a second-line drug 
for life-threatening hypercalcemia. It is adminis-
tered intravenously at a dose of 25  μ g/kg over 
4–8 h and may be repeated at daily intervals for 
up to 7 days until the serum calcium returns into 
an acceptable range  [  10  ] . However, also this drug 
is toxic and not very effective, since complete 
normalization of the calcium values is rarely 
achieved  [  7,   10,   15  ] . 

 Calcitonin and corticosteroids can also be 
used. Calcitonin inhibits osteoclastic bone resorp-
tion and facilitates renal excretion of calcium; it 
is administered through subcutaneous or intra-
muscular access at a dose of 3–6 IU/kg and has a 
rapid onset of action (12–24 h). However, serum 
calcium levels only show a modest reduction and 
rapidly return to pretreatment values within 48 h. 
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Corticosteroids may be used to lower the serum 
calcium levels increasing the urinary excretion of 
calcium and decreasing intestinal calcium absorp-
tion. However, they have a slow onset of action 
and may cause side effects such as immunosup-
pression, hyperglycemia, and cushingoid symp-
toms. The combination of calcitonin and 
hydrocortisone may be useful when patients are 
affl icted by renal failure  [  82  ] . Amifostine, a 
chemoprotective agent that acts by inhibiting 
PTH secretion, is effective in controlling hyper-
calcemia but its use is limited because of severe 
toxicity  [  10  ] . Also gallium nitrate is effective to 
inhibit bone resorption by preventing dissolution 
of hydroxyapatite crystal but is extremely neph-
rotoxic  [  154  ] . 

 Most part of these treatments has been sup-
planted by more recent agents; cinacalcet is an 
effective drug for medical therapy of PTH-related 
hypercalcemia  [  82,   155  ] . Cinacalcet is a calcimi-
metic acting as an allosteric modulator of cal-
cium-sensing receptors that are responsible for 
the regulation of PTH secretion. It binds to the 
calcium receptors on the surface of parathyroid 
cells and increases the receptor sensitivity to 
extracellular calcium and subsequently reduces 
the serum PTH and calcium levels  [  7,   8,   15,   33, 
  82,   155,   156  ] . Cinacalcet is administrated orally 
(30–60 mg) once daily and is well tolerated  [  82  ] ; 
nausea and vomiting are the most common 
adverse events. Patients with the highest calcium 
levels have showed the greater reduction, 
although, it is not usually accompanied by a simi-
lar fall in PTH values. There is no evidence that 
cinacalcet will modify the course of parathyroid 
cancer; therefore, it cannot replace surgical inter-
vention in case of resectable disease, but in 
patients with widely metastatic disease or with 
renal insuffi ciency this drug can potentially alle-
viate the consequences of hypercalcemia and rep-
resents an important option  [  6,   15,   33,   155–  157  ] . 

 Finally, octreotide, the somatostatin analog, 
has been reported to inhibit PTH secretion  [  158  ] . 
Recent reports have demonstrated palliative 
effects from the use of indium-labeled octreotide 
therapy for metastatic neuroendocrine tumors; 
the radiometabolic treatment might represent a 

therapeutical option in patients with metastatic 
carcinoma in the future  [  158  ] . 

 In the recent years, also antiparathyroid 
immunotherapy is reported as an useful treat-
ment in patients with refractory hypercalcemia 
from metastatic disease  [  7  ] . A rapid decline of 
PTH and serum calcium levels, improvement in 
clinical condition, decrease of the size of lung 
metastases, without relevant adverse effects have 
been reported after immunization by a mixture 
of human and bovine PTH peptides  [  159  ] . 
Dendritic cell immunotherapy has also been used 
to induce a T-cell immune response  [  160 ,  161  ] . 
Recently, a monoclonal antibody to PTH has 
been used also for the treatment of parathyroid 
carcinoma  [  162  ] . 

 Concerning radiotherapy and chemotherapy 
in parathyroid cancer, all data are derived from 
case reports  [  86,   163,   164  ] . No controlled trials 
have been carried out, because of the rarity of the 
disease. 

 Traditionally, radiotherapy is not considered 
an effective treatment, either as a single technique 
or in addition to surgery  [  31  ] . A single case of 
long-term (10 years) apparent cure in a patient 
with neoplastic invasion of trachea has been 
reported  [  86  ] . In the recent years, the Mayo Clinic 
and MD Anderson Cancer Center groups have 
proposed a possible role as adjuvant treatment 
following surgery, since lower recurrence and 
longer disease-free have been reported, indepen-
dently from the type of operation and the disease 
stage  [  81,   91 ,      165 ]. Unfortunately, these conclu-
sions have been carried out from very small 
series, and need to be confi rmed by further stud-
ies. Currently, the best practice seems to be 
approaching each patient individually in a multi-
disciplinary fashion. 

 Also the results of chemotherapy are generally 
disappointing. Several regimens have been 
attempted (nitrogen mustard, vincristine, cyclo-
phosphamide, and actinomycin D, and adriamy-
cin alone or in combination with cyclophosphamide 
and 5-fl uorouracil), but none of them has proved 
to be effective  [  86,   108,   110  ] . Currently, there is 
no role for chemotherapy in the management of 
patients with parathyroid carcinoma.      
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  Abstract 

 Parathyroid hormone-related peptide (PTHrP) was originally discovered 
as a systemic humoral factor released by tumor cells that were responsible 
for humoral hypercalcemia of malignancy. Parathyroid hormone (PTH) 
and PTHrP are distinct polypeptides having sequence similarity at short 
N-terminal region. Nascent PTHrP isoforms undergo posttranslational 
endoproteolytic cleavage and generates three translational products: 
mature N-terminal, mid-region, and C-terminal secretory forms of PTHrP, 
each of them having their own physiologic functions and probably their 
own receptors. Both PTH (1–34) and PTHrP (1–36) bind to the type 1 
PTH receptor. This chapter describes various aspects of PTHrP biochem-
istry, physiology, and pathophysiology. PTHrP plays an important role as 
a regulator of cell growth, differentiation, and cell death. PTHrP has been 
shown to regulate branching morphogenesis of mammary gland, fetus-
directed transport of maternal calcium across the placental membrane, 
vascular smooth muscle relaxation and chondrocyte growth and differen-
tiation, and as a regulator of pancreatic beta cell growth and functions. On 
the pathophysiological side, PTHrP is produced by virtually all tumor 
types that metastasize to bone such as breast cancer, prostate cancer, lung 
cancer, and hematological malignancy. The complex regulation of PTHrP 
gene promoter is beginning to be understood in the context of activation of 
certain signaling pathways involved in the growth and progression of 
specifi c neoplasms. In addition, factors that modulate the entire PTHrP 
transcriptional unit, as well as the stability of the mRNA, are being 
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elucidated. Finally, strategies to antagonize PTHrP signaling hold 
 therapeutic promise to limit the osteolytic potential of tumors which 
metastasize to bone.  

  Keywords 

 Parathyroid hormone-related peptide  •  Humoral hypercalcemia syndrome  
•  Posttranslational  •  Endoproteolytic cleavage  •  Parathyroid hormone  • 
 Osteolytic  •  Hypercalcemia  •  Hypophosphatemia  •  Bone resorption  • 
 Nephrogenous cAMP  •  Proximal nephron  •  Type I PTH receptor  •  PTHrP 
gene  •  Chromosome 12p11  •  PTH gene  •  Chromosome 11p15  • 
 Preprohormone  •  Osteoblasts  •  c-fos protein  •  Phopholipase C  •  Inositol 
triphosphate  •  Diacylglycerol  •  Mitogen-activated protein kinase  • 
 Physiology  •  Autocrine  •  Paracrine  •  Morphogenesis  •  Differentiation  • 
 Pregnancy  •  Placental  •  Trophoblast  •  Lactating  •  Estradiol  •  Mesenchymal 
cells  •  Keratinocytes  •  BMP4 signaling  •  Cartilage  •  Growth plate  • 
 Chrondrocyte  •  Endochrondral ossifi cation  •  Jansen’s metaphyseal chron-
drodysplasia  •  Blomstrand osteochondroplasia  •  Eiken syndrome  •  Indian 
hedgehog feedback loop  •  Canonical BMP pathway  •  Cardiovascular 
 system  •  Vascular smooth muscle cell  •  Dibutyryl cAMP  •  Forskolin  • 
 Platelet-derived growth factor  •  Myocyte  •  Chronotropic effect  •  Pancreatic 
islets  •  Hyperinsulinemia  •  Uncoupling  •  Histomorphometry  •  Breast 
 cancer  •  Immunoreactivity  •  PTHrP isoforms  •  Transforming growth  factor 
beta  •  Calcium-sensing receptor  •  Connective tissue growth factor  • 
 Prostate  cancer  •  Interleukin 1  •  Interleukin 6  •  Multiple myeloma  •  Lung 
cancer  •  Squamous cell  •  Adenocarcinoma  •  Small cell cancer  •  Renal 
cancer  •  Ectopic PTH  •  Neuroendocrine tumor  •  Medullary thyroid cancer  
•  1,25 Dihydroxy vitamin D3  •  Vitamin D response element  •  Retinoid-X-
receptor  •  Glucocorticoids  •  Leydig cell tumors  •  Tamoxifen  • 
 Medroxyprogesterone    

   Introduction 

 It was recognized for many years that hypercal-
cemia, hypophosphatemia, and increased bone 
resorption in patients were associated with a vari-
ety of solid malignancies. In 1941, Fuller Albright 
advanced the hypothesis that parathyroid hor-
mone (PTH) is ectopically produced by certain 
tumor types. However, the altered biochemical 
profi les observed in malignancies were associ-
ated with suppressed, rather than elevated, circu-
lating levels of PTH, ruling out ectopic production 
of PTH as the disease etiology. Surprisingly, 
despite suppressed PTH levels in serum, such 
patients exhibited elevated excretion of nephrog-

enous cAMP, whose production was determined 
by PTH receptor activation in the proximal 
nephron. Pursuing these clues eventually led to 
the discovery of parathyroid hormone-related 
peptide (PTHrP), when it was simultaneously 
purifi ed from human lung cancer  [  1  ] , breast can-
cer  [  2  ] , and renal cell carcinoma  [  3  ]  by several 
independent groups and cloned shortly thereafter 
 [  4  ] . Subsequently, it was understood that elevated 
levels of PTHrP secreted by these tumors pro-
duced a humoral syndrome resembling primary 
hyperparathyroidism (1 0 HPT). It also became 
apparent that the mechanism of action of PTHrP 
involved its ability to activate the type I PTH 
receptor (PTHR1), presumably due to similarity 
in the structures of PTH and PTHrP. Although 
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PTHrP was discovered as tumor-derived factor, 
intense research for little over two decades has 
also established a number of physiological roles 
of PTHrP both during development and adult life. 
This chapter aims to explain in detail the bio-
chemistry, physiology, and pathophysiological 
aspects of PTHrP.  

   Biochemical Features of PTHrP 

 PTH and PTHrP are distinct polypeptides having 
16% overall sequence homology between them 
 [  5,   6  ] . While PTH is a key regulator of systemic 
calcium homeostasis, PTHrP was originally dis-
covered as a systemic humoral factor that is 
released by tumor cells that caused humoral 
hypercalcemia of malignancy (HHM)  [  4,   7–  9  ] . In 
humans, PTHrP gene is located on chromosome 
12p11, whereas the gene encoding PTH is in an 
analogous region on chromosome 11p15. The 
human PTHrP gene is much larger and more 
complex than the PTH gene, spanning 15 kb of 
genomic DNA and having nine exons  [  10  ] . The 
5 ¢ -end of the PTHrP gene contains transcriptional 
regulation sites consisting of three distinct pro-
moters identifi ed as P1, P2, and P3, respectively 
 [  11–  15  ] . Exons 1, 2, 3, and 4 encode the 
5 ¢ -untranslated regions in the mature PTHrP 
mRNA; exon 5 encodes for the “prepro” region 
of the protein; and the exon 6 product contributes 
to the majority of the coding region. The 3 ¢ -end 
of the gene contains three exons (7, 8, and 9) that 
may be alternatively spliced to encode carboxyl 
termini of three distinct mature PTHrP-protein 
isoforms that are 139, 141, and 173 amino acids 
in length  [  4,   12,   16,   17  ] . In addition, nascent 
PTHrP isoforms undergo posttranslational pro-
cessing by members of the prohormone con-
vertase family to at least three fragments: 
N-terminal PTHrP(1–36), exhibiting PTH-like 
properties; a mid-region PTHrP(38–94); and a 
C-terminal PTHrP(107–139) [  18  ] . The midregion 
domain of PTHrP contains a bipartite nuclear 
localization sequence (NLS) [residues 61–94 that 
reside at the junction of the proximal two thirds 
and distal one third of the molecule] and this 
sequence allows nuclear import of PTHrP and 

binding to RNA similar to the NLS in viral and 
mammalian transcription factors  [  19  ] . Subsequent 
studies revealed that phosphorylation of PTHrP 
at Thr85 by the cyclin-dependent kinases p33cdk2 
and p34cdc2 regulates the nuclear import of 
PTHrP with the participation of the saturable 
transport receptor importin- b   [  20  ] . The C-terminal 
domain, also called osteostatin, is able to inhibit 
bone resorption and, thereby, antagonizes the 
action of the N-terminal domain of PTHrP  [  21  ] .  

   Signaling Aspects of PTHrP 

 PTHrP shares 70% sequence homology with 
PTH over the fi rst 13 amino acids at the N termi-
nus, which allows PTHrP to bind to and activate 
the same PTH receptor (PTHR1) to which PTH 
binds  [  22,   23  ] . PTHR1 is abundantly expressed 
in osteoblasts in bone and renal tubular cells in 
kidney; however, low levels of expression of 
PTHR1 is reported in almost every tissue/cell 
type studied  [  24  ] . While the source of PTH is the 
parathyroid glands, PTHrP expression was found 
to be ubiquitous. PTHR1 is a Class II GPCR and 
is encoded by a multiexonic gene with potential 
for alternate splicing and promoter usage that 
was characterized in human, rat, and mouse  [  25  ] . 
In humans, the PTHR1 gene is located on chro-
mosome 3 and the gene involved in its synthesis 
has a total of 14 exons. The biologically active 
NH 

2
 -terminal region of PTH (1–34) and PTHrP 

(1–34) interacts with the J-domain, the functional 
portion of PTHR1 that contains the 7 TM domains 
and the connecting loops  [  26,   27  ]  The C terminal 
of PTH and PTHrP binds to the extracellular 
N-domain of PTHR1 promoting association of 
the NH 

2
  terminal of the ligand to J-domain  [  27  ] . 

 The PTHR1 couples to G 
s
 , G 

i
 , G 

q/11
 , and G 

12/13
  

proteins, which subsequently regulate intracellu-
lar effectors such as adenylate cyclase, phospho-
lipases, and mitogen-activated protein kinases 
(MAPK)  [  28–  32  ] . Activation of Gs pathway fol-
lowing ligand binding to PTHR1 elicits adenylate 
cyclase (AC) cascade leading to the activation of 
protein kinase A (PKA) and phosphorylation of 
the cyclic AMP response element binding (CREB) 
protein  [  33–  36  ] . Downstream from this, CREB 
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binds to the cAMP response element (CRE) in 
the promoter region of target genes including the 
c-fos and induces its expression  [  37  ] . Reports 
from various in vitro and in vivo studies have 
suggested that c-fos is a key mediator of PTH and 
PTHrP actions in development  [  38  ] . The FOS 
protein is a member of the AP-1 transcription fac-
tor that binds to the promoter region of various 
target genes  [  39  ] . The AP-1 protein is a heteroge-
neous transcription factor composed of a dimer 
of Jun (c-Jun, JunB, and JunD) and Fos (c-Fos, 
FosB, Fra-1, and Fra-2) family members  [  40  ] . All 
the FOS family members are upregulated in 
response to PTH and PTHrP, but only the JunB 
member of the JUN family is upregulated  [  41  ] . 
The Jun and Fos family members interact through 
leucine zipper motifs and bind DNA through a 
basic region  [  42  ] . There are wide array of genes 
important in bone and hematopoiesis that have 
AP-1 sites in their promoters and hence could be 
targets of PTHrP action in the bone microenvi-
ronment  [  43  ] . 

 Activation of G 
q
  pathway following ligand 

binding to PTHR1 stimulates phospholipase C 
(PLC) cascade  [  34  ] . Stimulation of the PLC sig-
naling cascade leads to the accumulation of inos-
itol trisphosphate (IP 

3
 ) and diacylglycerol (DAG). 

Protein kinase C (PKC) may be activated in 
response to DAG and IP 

3
 -stimulated increased 

cytosolic calcium generated via PLC, resulting in 
subsequent activation of various genomic effects 
through transcription factors regulated by the cal-
cium and PKC. Activation of both PKA and PLC 
pathways then trigger distinct as well as overlap-
ping members of MAPK that fi nally culminate in 
transcription of PTH/PTHrP target genes 
(Fig.  9.1 ). Although ligand-induced PTHR1 acti-
vation could trigger both PKA and PLC path-
ways, however, agonist effi cacy and potency 
profi les observed in assays of the PLC/PKC path-
way were generally lower than those of the AC/
PKA pathway  [  44  ] . In other words, activation of 
PLC pathway requires higher ligand concentration 
than PKA pathway. Since PTH concentrations 

PTHR1 PTHR1

L L

AC PLC

IP3+DAG

PKC

AP1CREB

Target genes

PKA
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GTP

Y Y
as b b

aq GTP

  Fig. 9.1    Schematic diagram to illustrate major signaling 
events that are elicited by PTHrP via the activation of 
PTHR1.  Left side  shows activation of G 

s
  pathway follow-

ing ligand binding to PTH1R triggering adenylate cyclase 
(AC) cascade leading to the activation of PKA, phospho-
rylation of the CREB and activation of target genes.  Right 
side  shows activation of Gq pathway following ligand 
binding to PTH1R and stimulation of phospholipase C 

(PLC) cascade. Stimulation of the PLC signaling cascade 
leads to the accumulation of inositol trisphosphate (IP 

3
 ) 

and diacylglycerol (DAG). DAG activates protein kinase 
C (PKC) pathway and IP 

3
  induces rise in cytosolic Ca 2+  

via the activation of PLC pathway, and subsequent activa-
tion of various genomic effects through transcription 
factors (c-fos, c-jun, and AP1) regulated by the calcium 
and PKC       
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in plasma are in subnanomolar range, locally 
 produced PTHrP at higher concentrations such as 
in the developing growth plate  [  26  ]  is a physio-
logically relevant scenario for the activation of 
PLC pathway via the PTHR1. At present, the 
non-adenylyl cyclase-mediated pathways appear 
more complex than the AC/PKA pathway and 
may involve multiple phospholipase isoforms 
(e.g., PLD and PLC), and be sensitive to varia-
tions in cell type, receptor density, and receptor 
species derivation (28, 103, 104). Signaling of 
the PTHR1 is also modifi ed by scaffolding pro-
teins such as the Na+/H+ exchanger regulatory 
factor (NHERF) 1 and 2 through PDZ1 and PDZ2 
domains  [  45,   46  ] .  

    Like many other GPCRs, PTHR1 goes through 
cyclical receptor activation, desensitization, and 
internalization  [  47  ] . After ligand binding, PTHR1 
is endocytosed and then either recycled to the 
cell membrane or targeted for degradation. 
G protein-coupled receptor kinases (GRK) upon 
phosphorylation by the ligand binding prepares 

PTHR1 for arrestin binding that contributes to 
the desentization of both Gs and Gq-mediated 
PTHR1 signaling  [  48  ] .  

   Physiological Roles of PTHrP 

 Normal individuals do not have detectable circu-
lating levels of PTHrP, suggesting that under 
physiological condition PTHrP acts as a local 
regulator in the tissues where it is produced  [  49  ] . 
The extensive distribution of the PTH/PTHrP 
receptor in nonclassical PTH target tissues (out-
side bone and kidney) further supports autocrine/
paracrine mode of action of PTHrP  [  20  ] . By these 
mechanisms, PTHrP has been shown to regulate 
chondrocyte growth and differentiation, branching 
morphogenesis of mammary gland, vascular 
smooth muscle relaxation, and fetus-directed 
transport of maternal calcium across the  placental 
membrane  [  50  ] . Table  9.1  summarizes various 
physiological functions of PTHrP.  

   Table 9.1    Normal physiological functions of PTHrP in different organ systems   

 Organ  Role of PTHrP  References 

 Pregnancy 
and lactation 

 Midregion of PTHrP interacts with a yet unidentifi ed receptor to maintain 
maternofetal calcium transport. 
 Regulate trophoblast differentiation and placenta formation. 
 PTHrP act as a calciotropic hormone during lactation. 

  [  57  ]  
  [  58  ]  
  [  59  ]  
  [  60  ]  

 Mammary 
gland 

 PTHrP and the PTH1R are required for normal mammary gland 
development. 
 PTHrP interact with BMP signaling and initiates ductal branching 
and morphogenesis. 

  [  64  ]  
  [  66  ]  
  [  69  ]  

 Cartilage  Important autocrine/paracrine factor for chondrocyte metabolism. 
 PTHrP-Ihh feedback loop regulates chondrocytes proliferation 
and differentiation. 
 The Ihh/PTHrP pathway acts cooperatively with canonical BMP pathway. 

 [  82  ]  
  [  83  ]  
  [  87  ]  

 Cardiovascular 
system 

 PTHrP is expressed in blood vessels from a variety of vascular beds. 
 On smooth muscle cells, PTH and PTHrP reduce the infl uence 
of extracellular calcium, through cAMP-dependent mechanisms. 
 PTHrP production is stimulated by vasoconstrictor agents such as 
angiotensin II, by mechanical stretching of arterial smooth muscle. 
 PTHrP in the control of vascular tone by acting as a potent vasodilator 
and hypotensive factor. 
 PTHrP is an inhibitor of vascular smooth muscle cell (VSMC) prolifera-
tion. PTHrP, but not PTH, was found to exert positive inotropic effects. 

  [  88  ]  
  [  95  ]  
  [  97,   98  ]  
  [  96  ]  
  [  100  ]  
  [  107  ]  

 Pancreatic 
islets 

 Normal islets express PTHR1 and PTHrP induces intracellular calcium 
response in these cells. 
 RIP-PTHrP mice displayed islet cell hyperplasia, signifi cant 
hypoglycemia. 

  [  108,   110  ]  
  [  111  ]  
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   Role of PTHrP in Pregnancy 
and Lactation 

 During pregnancy, more than 20 g of calcium is 
transported from the maternal to fetal site through 
the placenta  [  51,   52  ] . Free and rapid transplacental 
Ca 2+  transport occurs in which PTH and 1,25(OH)-
vitamin D make relatively minor contributions. 
This active transport of Ca 2+  across  placenta is 
stimulated by locally (amniotic epithelial cells and 
trophoblasts) produced PTHrP (1–141) and the 
midmolecule fragment of PTHrP (67–86), but not 
by PTHrP (1–34), suggesting that PTHrP stimu-
lates receptor/s distinct from PTHR1. PTHrP 
derived from the fetal parathyroids is also critical 
for the maintenance of the active placental calcium 
gradient, as demonstrated in thyroparathyroidec-
tomy experiments in fetal lambs  [  53,   54  ]  and 
decapitation studies on fetal rats  [  55  ] . In another 
model in which cervical dislocation was made in 
fetal rats to create parathyroidectomy, PTH(1–34) 
failed to have an effect on placental calcium trans-
port  [  55,   56  ] . In addition to the well-studied effect 
of PTHrP in maternofetal calcium transport, 
PTHrP appears to play important role in tropho-
blast differentiation and placenta formation via its 
differentiation inducing effect on trophoblast giant 
cells  [  57–  59  ] . Further, role of PTHrP in early pla-
cental function and fetal growth during midgesta-
tion has been demonstrated in rats. 

 Lactating breast is another major site of pro-
duction of PTHrP and lactation appears to be the 
only physiological state in which PTHrP acts as a 
hormone  [  60  ] . Increased circulating PTHrP dur-
ing lactation is coupled with low estradiol result-
ing in dramatic increase in maternal bone turnover 
allowing large movements of calcium from 
maternal skeleton to milk. As a result, lactating 
women frequently have postpartum osteoporosis 
and mild hypercalcemia, which is usually self-
limiting and resolves gradually after weaning. In 
mouse, the mammary gland has been shown to 
become a calcium-“sensing” organ during lacta-
tion by robustly upregulating the expression of 
calcium-sensing receptor (CaSR), a GPCR  [  61  ] . 
CaSR resides in the basolateral side of the luminal 
epithelial cells of the mammary ducts, and CaSR 

activation decreases PTHrP secretion  [  62  ] . In this 
respect, the lactating breast resembles the para-
thyroid gland and appears to act to provide an 
optimal level of calcium for transport into milk.  

   Role of PTHrP in Mammary Gland 
Development 

 Both PTHrP and the PTHR1 are required for nor-
mal mammary gland development. In the absence 
of PTHrP or its receptor in mice, loss of PTHR1 
function in humans results in the absence of 
mammary gland  [  63–  66  ] . Mammary epithelial 
cells express PTHrP as early as the placode stage 
and the PTHR1 is expressed on immature mesen-
chymal cells located beneath the embryonic epi-
dermis. During bud formation, PTHrP from the 
epithelium communicates with the surrounding 
mesenchyme that leads to the formation of the 
specialized dense mammary mesenchyme  [  67  ] . 
In response to PTHrP, these mesenchymal cells 
carry the mammary fate of the epithelial cells, 
induce the overlying epidermis to form the nipple 
sheath, and initiate ductal branching and morpho-
genesis. Disruption of PTHrP signaling causes 
differentiation of mammary epithelial cells into 
skin, resulting in the absence of nipple formation 
and interruption of morphogenesis. Conversely, 
overexpression of PTHrP in basal keratinocytes 
using the keratin 14 promoter in mice leads to the 
conversion of the ventral dermis into condensed 
mammary mesenchyme with nipple-like charac-
teristics and the suppression of hair follicle devel-
opment  [  68  ] . Regulation of ductal morphogenesis 
is critically dependent on BMP4-BMPR1a (BMP) 
signaling in variety of tissues including salivary 
glands, lung, kidneys, ureter, and prostate. In the 
embryonic mammary mesenchyme, PTHrP inter-
acts with BMP signaling and initiates ductal mor-
phogenesis  [  63  ] . PTHrP released from the bud 
epithelial cells upregulates the expression of 
BMPR1a on the mesenchymal cells which facili-
tates BMP4 signaling, the net effect of which 
appears to be reduced formation of hair follicles 
around the primary mammary duct and induction 
of ductal branching morphogenesis  [  69  ] .  
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   Role of PTHrP in Cartilage Development 

 The cartilage growth plate is a highly specialized 
skeletal structure, essential for bone growth and 
development. Exact coordination of growth plate 
chondrocyte proliferation is necessary for normal 
endochondral bone development and growth. 
During limb development, a cartilaginous tem-
plate is formed from mesenchymal condensations 
that perform the skeletal elements  [  70  ] . Subsequent 
longitudinal bone growth is dependent upon the 
process of endochondral ossifi cation whereby 
chondrocytes sequentially proliferate and differ-
entiate. Chondrocyte differentiation is marked by 
profound physical and biochemical changes, 
including a 5–10-fold increase in volume and 
expression of alkaline phosphatase and type X 
collagen  [  71,   72  ] . The process of chondrocyte dif-
ferentiation culminates in calcifi cation of the 
matrix and cellular apoptosis  [  73,   74  ] . The calci-
fi ed matrix subsequently serves as the template 
for primary bone formation. 

 PTHrP and its receptor are the major players 
in the dynamics of the growth plate, where transi-
tion from pristine cartilage to advancing bone 
takes place. The crucial role of PTHrP in skeletal 
development has recently been emphasized by 
gene deletion experiments in mice and by a natu-
ral mutation in humans. PTHrP- null  mice exhibit 
skeletal deformities that are due to a decrease in 
proliferation and the accelerated differentiation 
of chondrocytes in the developing skeleton 
 [  75,   76  ] . As a result, these mice die prematurely 
due to small and inappropriately mineralized rib 
cage. In contrast, mice overexpressing PTHrP 
exhibit delay in chondrocyte terminal differentia-
tion  [  77  ] . At the other end of the spectrum, strik-
ing skeletal deformities are observed in Jansen’s 
metaphyseal chondrodysplasia, a human form of 
shortlimbed dwarfi sm with delayed endochon-
dral maturation  [  78  ]  due to ligand-independent 
constitutively activating mutation of PTHR1. In 
contrast to Jansen’s metaphyseal chondrody-
splasia, inactivating mutations in PTHR1 cause 
Blomstrand lethal osteochondrodysplasia 
(BOCD)  [  79  ] . This rare dysplasia is character-
ized by advanced skeletal maturation and prema-
ture ossifi cation of the skeleton  [  80  ] . The 

phenotype of BOCD closely resembles the 
 malformations reported in PTHR1- null  mice 
 [  79  ] . In addition, recessive mutations have been 
described in Eiken syndrome where truncation 
mutation in the C-terminal tail of the PTHR1gene 
is responsible for this syndrome. Eiken syndrome 
is a rare familial skeletal dysplasia characterized 
by multiple epiphyseal dysplasia with extremely 
retarded ossifi cation, principally of the epiphy-
ses, pelvis, hands and feet, as well as by abnor-
mal modeling of the bones in hands and feet, 
abnormal persistence of cartilage in the pelvis 
and mild growth retardation  [  81  ] . 

 Each end of a long bone has a growth zone 
that is comprised of chondrocytes that move 
through a sequence of differentiation program 
(round–fl at–prehypertrophic–hypertrophic) that 
is regulated by the PTHrP-Indian hedgehog (Ihh) 
feedback loop  [  82  ] . The physiological balance 
between these two factors regulates chondro-
cytes proliferation and differentiation  [  83  ] . It 
should be noted, that the perichondrial cells pro-
duce PTHrP, but PTHR1 is expressed particu-
larly in the prehypertrophic cells and the lower 
proliferating zone, suggesting paracrine mode of 
action of PTHrP  [  18  ] . By this mechanism, PTHrP 
acts on chondrocytes to keep the chondrocytes 
proliferating and to delay the differentiation of 
the chondrocytes into prehypertrophic and hyper-
trophic chondrocytes  [  84,   85  ] . After chondro-
cytes stop proliferating, they then produce the 
secreted factor, Ihh. Ihh synthesis begins through-
out mesenchymal condensation, increases during 
cartilage formation and later decreases  [  86  ] . Loss 
of Ihh leads to premature hypertrophy, growth 
plate disorganization, and reduced population of 
osteoblasts at endochondral sites. Ihh acts to 
increase the synthesis of PTHrP, to accelerate the 
differentiation of round proliferative chondro-
cytes into fl at proliferating chondrocytes, to 
increase the rate of proliferation of adjacent 
chondrocytes, and to direct perichondrial cells to 
differentiate into osteoblasts. By stimulating the 
differentiation of the fl at proliferating chondro-
cytes that form columns that extend in the longi-
tudinal axis of long bones, Ihh acts to reinforce 
the asymmetry of bone growth in the long bones. 
Interestingly, this action of Ihh is not required 
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during intramembranous bone formation in the 
skull  [  84  ] . The Ihh/PTHrP pathway acts coopera-
tively with canonical BMP pathway involving 
the functionally redundant receptor Smads 1 and 
5, which in turn can directly activate the Ihh pro-
moter  [  87  ] .  

   Role of PTHrP in Cardiovascular System 

 PTHrP is expressed in blood vessels from a vari-
ety of vascular beds, including rat aorta, vena 
cava, kidney microvessels, and arterial and 
venous supplies of the mammary gland. The 
expression of PTHrP in the blood vessels has 
been localized in the smooth muscle cells and 
endothelial cells  [  88,   89  ] . Exogenous application 
of synthetic PTHrP peptides exert relaxant activ-
ity on both conductance and resistance vessels 
from different species  [  90,   91  ] . On smooth mus-
cle cells, PTH and PTHrP reduce the infl uence of 
extracellular calcium, through cAMP-dependent 
mechanisms  [  92–  94  ] . These inhibitory effects on 
voltage-dependent L-type calcium channels of 
smooth muscle cells cause vasorelaxation 
 [  95,   96  ] . Cultured arterial vascular smooth mus-
cle cells (VSMCs) express both PTHrP and 
PTHR1. In addition, PTHrP production by cul-
tured VSMCs is stimulated by vasoconstrictor 
agents such as angiotensin II  [  97  ] , by mechanical 
stretching of arterial smooth muscle  [  98  ] , and by 
the induction of hypertension with mineralocorti-
coids, suggesting the presence of a short feed-
back loop through which the local vasorelaxant 
actions of PTHrP function to counter pressor 
(excitation/contraction coupling) activity of 
angiotensin II and other vasoconstrictor agents 
 [  99,   100  ] . In addition, targeted overexpression of 
either PTHrP or PTHR1 in vascular smooth mus-
cle of transgenic mice leads to arterial hypoten-
sion, probably through sustained activation of the 
receptor by endogenous ligand  [  101  ] . Collectively, 
these reports support a role for PTHrP in the con-
trol of vascular tone by acting as a potent vasodi-
lator and hypotensive factor. 

 PTHrP is an inhibitor of VSMC proliferation, 
and that PTHrP acts in smooth muscle via the cell 
surface PTH/PTHrP receptor. The aortic VSMC 

proliferation rate in the PTHrP null mouse is 
markedly lower than that in aortic VSMC from 
wild-type mouse  [  102  ] . The antimitogenic effect 
requires N-terminal portion of PTHrP and could 
be mimicked by dibutyryl cAMP or forskolin, 
suggesting requirement of PKA pathway. The 
downstream events involved in the antimitogenic 
effect include induction of cyclin-dependent 
kinase inhibitor (p27kip1), with consequent inhi-
bition of retinoblastoma (Rb) phosphorylation, 
which result in G1 cell cycle arrest. PTHrP also 
inhibits platelet-derived growth factor (PDGF)-
directed proliferation and migration of VSMC 
 [  18  ] . The effects of PTHrP on VSMC prolifera-
tion and migration in vitro are likely to be rele-
vant to conditions under which these VSMC 
functions are affected in vivo, for example, dur-
ing the development of cardiovascular system 
 [  18  ] . In this regard, NLS composed of multibasic 
amino acids in the 88–106 region of PTHrP was 
found to promote proliferation of VSMC  [  103  ] . 
These set of reports suggest that nuclear-targeted 
PTHrP may participate in the normal prolifera-
tion and development of the arterial wall in 
embryonic life  [  104  ] . As PTHrP is upregulated in 
the media and neointima of angioplastied and 
diseased arteries and local delivery of PTHrP 
devoid of NLS to the arterial wall at the time of 
angioplasty might prevent neointimal hyperpla-
sia, the NLS-deleted form, may have therapeutic 
benefi t in disorders associated with arterial 
smooth muscle cell proliferation, migration, and 
matrix secretion  [  104  ] . 

 PTHrP, but not PTH, was found to exert posi-
tive inotropic effects on the heart by virtue of its 
infl uence on coronary fl ow and heart rate, but 
not by any direct effect on contractile elements 
in the heart  [  105  ] . PTHrP is released from coro-
nary endothelium under hypoxia and energy-
depleting conditions, which then results in 
positive contractile and positive lusitropic effect 
on adult ventricular cardiomyocytes thus sug-
gesting that PTHrP infl uences vascular and con-
tractile function of the heart during an early 
phase of reperfusion  [  106  ] . PTHrP is also pro-
duced in the cardiac myocyte and its release is 
stimulated by mechanical forces like stretch 
 [  107  ] . PTHrP has positive chronotropic effect in 
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heart by infl uencing conductance properties of 
pacemaker cells of heart  [  107  ] .  

   Role of PTHrP in Pancreatic Islets 

 Pancreatic islets produce PTHrP under normal 
circumstances as well as in adenoma and carci-
noma. Normal islets express PTHR1 and PTHrP 
induces intracellular calcium response in these 
cells. The effect of PTHrP in pancreatic cells was 
studied in a transgenic mouse having PTHrP fused 
in rat insulin promoter (RIP-PTHrP)  [  108,   109  ] . 
These mice displayed islet cell hyperplasia, sig-
nifi cant hypoglycemia under both fasting and 
nonfasting conditions, as well as inappropriate 
hyperinsulinemia. The increase in beta cell mass 
in these mice was not due to increased rate of 
proliferation  [  109  ]  but appeared to be due to 
reduced apoptosis  [  110  ] . Insulin expression was 
shown to be upregulated both at the messenger 
RNA and protein level in whole pancreas of 
 RIP-PTHrP mice  [  111  ] . These fi ndings suggest 
that PTHrP may be useful as gene therapeutic 
strategies for increasing beta cell mass and func-
tion. Specifi cally, PTHrP could prove to be valu-
able in improving islet transplant survival in type 
1 diabetes. This area merits further study.   

   Pathophysiological Role of PTHrP 

 Hypercalcemia is as a state in which serum cal-
cium concentrations are greater than 12 mg/dl, 
corrected for serum albumin concentration 
 [  112,   113  ] . As already described, PTHrP is unde-
tectable in serum of normal human being except 
during pregnancy and lactation  [  114  ] . Generally, 
hypercalcemia associated with increased serum 
PTHrP in lactating women is mild and reversible 
after weaning. However, the incidence of 
increased plasma concentrations of PTHrP is 
high in patients with solid tumors. One estimate 
is that approximately 80% of hypercalcemic 
patients with solid tumors have detectable or ele-
vated circulating PTHrP levels  [  2,   115,   116  ] . In 
addition to mediating hypercalcemia, PTHrP 
promotes osteolytic bone metastasis, regulating 

growth of cancer cells and acting as survival 
factor for cancer cells  [  49,   117–  120  ] . Despite 
similarities between the syndromes of HHM and 
primary hyperparathyroidism (1 0 HPT) and the 
similar biological actions of PTHrP and PTH 
respectively, unexplained differences between 
these syndromes have been observed. First, 
patients with PTHrP-mediated HHM have low 
1,25 (OH) 

2
  vitamin D 

3
  levels compared with 

patients with 1 0 HPT, when both hormones stimu-
late1 a -hydroxylase activity  [  113,   121  ] . Secondly, 
while both syndromes have marked increases in 
osteoclastic bone resorption, many patients with 
HHM do not have the physiologically coupled 
increase in osteoblastic activity that is observed 
in the setting of 1 0 HPT. Studies using either 
serum markers of bone turnover  [  122  ]  or quanti-
tative bone histomorphometry  [  123  ]  have dem-
onstrated uncoupling of bone resorption from 
bone formation in HHM patients. Finally, unlike 
the metabolic acidosis observed in patients with 
1 0 HPT, HHM patients often have a metabolic 
alkalosis apparent from a low plasma chloride 
and high plasma bicarbonate concentration. Some 
explanations exist for the discrepancies between 
HHM and 1 0 HPT, such as the pulsatile secretion 
of PTH versus the apparent continuous secretion 
of PTHrP, circulating levels of biologically active 
PTHrP fragment  [  124  ]  and, suppression of bone 
formation and 1 a -hydroxylase activity by other 
tumor-derived factors. However, further elucida-
tion for the differences between HHM and 1 0 HPT 
is required. 

   PTHrP and Breast Cancer 

 The association of hypercalcemia with women in 
breast cancer is strong and is presented with 
extensive osteolytic lesions  [  49  ] . PTHrP expres-
sion by primary breast cancer is more commonly 
associated with the development of bone metas-
tasis and hypercalcemia  [  116  ] . Reports from sev-
eral studies indicate expression of PTHrP 
in tumor cells of approximately 60% of the inva-
sive tumors  [  125–  128  ] . Further, by immunohis-
tochemistry PTHrP was localized in 92% of 
breast cancer metastases in bone but only 17% of 
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metastases in nonbone sites, suggesting high 
affi nity for PTHrP expressing tumors to bone 
 [  43,   128–  130  ] . A recent study showed immuno-
reactive PTHrP in 68% of early breast cancer 
samples compared with 100% of bone metastases 
 [  131  ] . Expression of immunoreactive PTHrP is 
generally considered to be inversely correlated 
with tumor stage and extent of nodal involvement 
at the time of diagnosis although contrary report 
of PTHrP as an indicator of improved prognosis 
of breast cancer is available  [  132  ] . Use of differ-
ent antibodies against PTHrP (whole peptide ver-
sus 1–34) could explain differing results among 
studies. In addition, a prospective clinical study 
has shown that PTHrP expression by primary 
breast cancer cells correlates with decreased meta-
stasis to bone, suggesting different roles for this 
factor at primary and metastatic sites  [  133,   134  ] . 

 When differential expression of PTHrP iso-
forms was studied in different stages of breast 
cancer, the levels of the 1–139 isoform mRNA 
was found to be much higher in the tumors of 
patients who later developed metastases than in 
those of patients who developed no metastases 
 [  135  ] . This isoform was also more abundant in 
breast cancer patients who developed bone metas-
tases than in those of patients who developed 
metastases in soft tissues. By contrast, the levels 
of the 1–141 isoform mRNA in these three groups 
of tumors were similar. These fi ndings suggest 
that 1-139 isoform of PTHrP could be specifi -
cally involved in metastases of breast tumors to 
bone  [  136  ] . 

 Growth of metastatic cancer in bone is depen-
dent on the interaction of tumor cells with the 
resident cells of the bone microenvironment 
 [  137  ] . Production of PTHrP by the cancer cell in 
the bone microenvironment stimulates the cells 
of the osteoblast lineage which express PTHR1. 
Activation of PTHR1 potently stimulates produc-
tion of a potent osteoclastogenic cytokine, 
RANK-ligand by osteoblasts  [  20  ] . This sets in 
motion the natural bone resorptive process that 
lead to the formation of active bone-resorbing 
osteoclast. As a result of osteoclast-mediated 
destruction of the mineral and protein compo-
nents of bone, growth factors stored in matrix are 
released. These factors stimulate survival and 

proliferation of cancer cells at sites of bone 
metastasis, which becomes a fertile environment 
for further growth of the tumor cells. Thus a 
vicious cycle results where bone resorption, ini-
tially stimulated by the metastatic cancer cells, 
then results in increased tumor growth and fur-
ther destruction of bone  [  10  ] . 

 One of the most abundant growth factors in 
bone matrix is TGF b . TGF b  has been demon-
strated to enhance metastasis and bone destruc-
tion via PTHrP in human ER negative breast 
cancer cells  [  138,   139  ] . However, TGF b  also 
stimulates the production of other osteolytic fac-
tors including interleukin-11 and VEGF by breast 
cancer cells  [  140,   141  ] . It is interesting that the 
effect of TGF b  on tumor cells to stimulate PTHrP 
may result in adverse effects only when tumor 
cells are localized in bone rather than in soft tis-
sue sites  [  139  ] . In addition to TGF b , high levels 
of extracellular Ca 2+  are produced at the meta-
static sites of the tumor due to bone resorptive 
action. CaSR expressed in human breast cancer 
cells has been shown to be stimulated by elevated 
extracellular Ca 2+  and pharmacological agonists 
of CaSR resulting in increased synthesis and 
secretion of PTHrP  [  142,   143  ] . Furthermore, high 
extracellular Ca 2+  has been shown to synergize 
the action of TGF b  in stimulating PTHrP release 
by human breast cancer cells, suggesting a coop-
erative of Ca 2+  and TGF b  in generating a vicious 
cycle of tumor-induced bone resorption, beget-
ting further bone resorption in the setting of skel-
etal metastases of breast cancers (Fig.  9.2 )  [  20  ] . 
Any chemotherapeutic measure directed at sup-
pressing the vicious cycle could be effective for 
interrupting malignant progression in bone. In 
this regard, blocking PTHrP action could be valu-
able therapy for tumor bone metastasis. It is 
intriguing that activating the CaSR in primary 
mammary epithelial cells suppresses PTHrP 
secretion which is opposite to the stimulatory 
effect of CaSR on PTHrP secretion in breast can-
cer cells. The opposite effect of extracellular cal-
cium on PTHrP secretion in normal versus 
transformed breast cells is the result of opposing 
effects on AC activity associated with alternative 
G-protein usage as the CaSR couples to G 

 a i
  while 

in MCF-7 cells it couples to G 
 a s

   [  144  ] .  
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 Connective tissue growth factor (CCN2) is a 
mediator of local angiogenesis induced by breast 
cancer. CCN2 was found to localize with TGF b  
and PTHrP in breast cancer cells metastasized to 
bone. PTHrP was found to increase CCN2 levels 
via the PKC and PKA pathways  [  133  ] . 
Neutralizing CCN2 by a neutralizing antibody 
inhibited the extent of osteolytic metastasis of 
ER-negative human tumor cells  [  145  ] . In addi-
tion, CCN2 inhibited osteoclastogenesis. 
Together, these fi ndings suggest that PTHrP also 
mediates metastasis and osteolysis via CCN2.  

   PTHrP and Prostate Cancer 

 In the prostate gland, the physiological role of 
PTHrP is unknown. However, evidence that there 
is higher PTHrP expression in prostatic dysplasia 
(prostate intraepithelial neoplasia) than in normal 
prostate epithelium and higher PTHrP expression 

in prostate carcinoma than in benign prostatic 
hyperplasia suggests that PTHrP participates 
in the pathophysiology of prostate cancer 
  [  146–  149  ] . PTHrP has been shown to promote 
growth of androgen receptor-negative human 
prostate cancer cells, PC-3, which expresses func-
tional PTHR1. Also, the level of PTHrP expres-
sion is higher in prostate cancer than in normal 
prostate tissue and that PC-3 cells secrete a sig-
nifi cantly higher amount of PTHrP (1–34) than do 
the androgen receptor positive, LNCaP prostate 
cancer cell line  [  150  ] . Since PTHrP levels in PC-3 
was also found to be higher in than DU 145, 
another androgen receptor negative prostate can-
cer cells, it thus appears unlikely that PTHrP 
 levels determine aggressiveness of hormone 
insensitive forms of prostate cancer  [  151  ] . 

 Both PTHrP and PTHR1 are expressed in pri-
mary prostate cancers as well as in bone metasta-
ses  [  152  ] . In addition, PTHrP seems to infl uence 
cell adhesion by enhancing the synthesis of several 
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  Fig. 9.2    PTHrP and the vicious cycle of bone metastasis. 
Tumor cells secrete PTHrP, IL-1, IL-6, IL-8, IL-11, TNF a , 
and PGE which stimulates bone resorption via RANKL 
expression in osteoblastic cells. Bone resorption results in 
release of growth factors including TGF b , EGF, IGF, and 
calcium from the extracellular matrix. Calcium and growth 
factors both feedback to tumor cells to enhance PTHrP 

production. This unique interaction amplifi es favorable 
signals for tumor localization to bone.  IL  interleukin,  TNF  
tumor necrosis factor,  RANKL  receptor activator of nuclear 
factor kappa B ligand,  TGF  transforming growth factor,  EGF  
epidermal growth factor,  IGF  insulin-like growth factor, 
OC-osteoclast, OB-osteoblast, OCPC-osteoclast progenitor 
cells       
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extracellular matrix proteins and some integrin 
subunits that would facilitate tumor invasiveness 
and skeletal metastases through paracrine–autocrine 
and probably intracrine mechanisms  [  43  ] . 
Elevated Ca2+ by activating the CaSR has been 
shown to stimulate PTHrP secretion from PC-3 
cells  [  153  ] . In addition, as in breast cancer cells, 
in PC-3 cells also, high Ca2+, presumably via the 
CaSR, accentuates the stimulatory action of 
TGFb on PTHrP secretion, suggesting that CaSR 
could  “ inappropriately” synergize actions of other 
promalignant cytokines in the progression of 
prostate cancer  [  20  ] . The mechanism underlying 
CaSR-mediated PTHrP secretion in prostate can-
cer cells has been shown to be transactivation of 
epidermal growth factor (EGF) receptor (EGFR) 
by the CaSR  [  154–  158  ] . A major regulatory path-
way present in a variety of cancer types, includ-
ing prostate, uses the EGFR  [  159  ] . Transactivation 
of EGFR by the CaSR triggers the activation of 
ERK1/2, which appears to be the effector MAPK 

arm of CaSR-stimulated PTHrP secretion by 
PC-3 cells  [  160  ] . At the molecular level, the 
transactivation of EGFR by CaSR is mediated by 
matrix metalloproteinase (MMP) as broad spec-
trum inhibitor of MMP produced a decrease in 
ERK1/2 activation by the CaSR activation  [  157, 
  161  ] . This scheme to action of CaSR in stimulat-
ing PTHrP secretion is consistent with previous 
reports of convergence of GPCR signals on the 
receptor tyrosine kinases (RTKs), particularly the 
EGFR. Transactivation of EGFRs by GPCRs 
have been shown to occur via the activation of 
MMPs, which then cleave proheparin-bound 
(HB)-EGF, thereby releasing HB-EGF to activate 
EGFR (Fig.  9.3 )  [  160,   162  ] .   

   PTHrP and Hematological Malignancies 

 Hematological malignancies may be associated with 
osteolytic bone destruction and with  hypercalcemia 
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  Fig. 9.3    Schematic diagram showing transactivation of EGF 
receptor (EGFR) by the CaSR and downstream activation of 
MAP kinases. CaSR can activate one or more matrix metal-
loproteinases (MMPs), which then cleave proheparin-bound 

(HB)-EGF to release soluble HB-EGF. HB-EGF then binds 
to EGFR, and the activated EGFR becomes autophosphory-
lated. This, in turn, activates the Ras/Raf/MEK pathway, 
fi nally resulting in increased PTHrP synthesis and secretion       
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 [  163  ] . PTHrP has been demonstrated to be an 
important pathogenic factor in the  development 
of hypercalcemia in some patients with hemato-
logic malignancies. Expression of PTHrP gene 
has been extensively studied in adult T-cell leu-
kemia/lymphoma, a malignancy associated with 
human T-cell leukemia virus type 1 (HTLV-1) 
infection. This malignancy is frequently associ-
ated with the HHM syndrome  [  164,   165  ] . 
Transcript of PTHrP has been demonstrated in 
the cultures of HTLV-1-infected T cells, and 
immunohistochemical staining detected PTHrP 
in neoplastic lymph nodes  [  164  ] . In addition, 
approximately 30% of all patients with multiple 
myeloma exhibit hypercalcemia. Hypercalcemia 
is also reported in both non-Hodgkin’s and 
Hodgkin’s lymphoma  [  166  ] . In a clinical study 
of 76 patients with various hematological malig-
nancies, 50% of the 14 hypercalcemic patients 
had signifi cant increases in plasma PTHrP con-
centrations  [  167  ] . Of these, fi ve had non-Hodg-
kin’s lymphoma, one had Hodgkin’s disease, and 
one had multiple myeloma  [  167  ] . The serum 
1,25-(OH)2D3 concentrations, when measured, 
were low in the hypercalcemic non-Hodgkin’s 
lymphoma patients who had increased plasma 
PTHrP concentrations, a characteristic of HHM-
induced hypercalcemia as opposed to 1 0 HPT 
 [  49  ] . These observations indicate that PTHrP-
mediated hypercalcemia not only occurs in asso-
ciation with solid tumors with or without skeletal 
metastases, but can also occur in association 
with hematological malignancies  [  163,   166  ] . 
However, it should be noted that myeloma cells 
produce various other osteoclast activating 
cytokines including tumor necrosis factor b, 
interleukin-1b and IL-6, in addition to PTHrP 
 [  168–  170  ] . Therefore, it seems likely that PTHrP 
is another cytokine contributing to the hypercal-
cemia and the skeletal complications of this dis-
ease. It is possible that PTHrP has a role as local 
mediator of increased bone resorption in multi-
ple myeloma, and that at times produced in 
excess to reach the circulation and engender an 
endocrine effect. Such a process could contrib-
ute to both osteoporosis and hypercalcemia in 
multiple myeloma  [  164  ] .  

   PTHrP and Lung Cancer 

 PTHrP expression is frequently observed in all 
major lung cancer cell types  [  171  ] . An estimated 
50% or more of human lung tumors express 
PTHrP  [  171–  173  ] . The expression of PTHrP 
appears to be more common in squamous cell 
carcinoma and less common in adenocarcinoma 
compared with other lung cancer types  [  173,   174  ] . 
Hypercalcemia occurs most typically with 
squamous cell carcinoma of the lung despite the 
fact that adenocarcinoma and small-cell carci-
noma frequently metastasize to the bone  [  43,   164  ] . 
Increased expression of PTHrP in lung cancer 
patients is also refl ected in systemic circulation 
and urine  [  174  ] . One report provided strong evi-
dence to support that lung cancer cells might 
acquire the ability to produce more PTHrP with 
the progression of malignancy  [  175  ] .  

   PTHrP and Renal Carcinoma 

 PTHrP expression is very common in renal cell 
carcinoma  [  176  ] . However, there appears to be 
no correlation between the levels of immunoreac-
tive PTHrP and the patient’s serum calcium level 
 [  177  ] . Also, there is lack of consensus on the 
greater PTHrP expression in renal carcinoma of 
granule cells type versus clear cell type. According 
to one study, PTHrP was detectable in sera of 
15% of 243 renal carcinoma patients but serum 
PTHrP did not correlate with tumor stage  [  178  ] . 
Patients with PTHrP exhibited a trend of 
hypercalcemia.  

   Ectopic Sources of PTH in Malignancies? 

 Although HHM syndromes are mostly associ-
ated with elevated plasma PTHrP, currently there 
are at least eight convincing case reports of 
patients with cancers having elevated PTH in 
plasma. These cases include small cell carcino-
mas of the lung (two cases), squamous carci-
noma of the lung, thymoma, undifferentiated 
neuroendocrine tumor, clear cell adenocarcinoma 
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of the ovary, thyroid papillary carcinoma, and 
medullary thyroid carcinoma. In case of small 
cell carcinomas of the lung, it was a postmortem 
autopsy description of small cell lung cancer 
expressing PTH mRNA, high plasma PTH, and 
histologically normal parathyroids  [  179  ] . The 
second and most thoroughly studied case was 
that of a 74-year-old woman with severe hyper-
calcemia and elevated PTH. Initial evaluation 
failed to demonstrate any cancer. Neck explora-
tion revealed normal parathyroid glands, how-
ever, surgical ablation of 3½ glands failed to 
abate hypercalcemia. Repeat evaluation revealed 
right ovarian mass characteristic of ovarian ade-
nocarcinoma, which upon resection resulted in 
rapid decline in PTH levels and hypercalcemia. 
Southern blot analysis of tumor cells revealed 
clonal rearrangements upstream of one copy of 
PTH gene, which either abolished a silencer in 
this region or was an enhancer of PTH gene. In 
another recent case report  [  180  ]  with fatal, dec-
ompensated hyperparathyroidism caused by 
ectopic production of PTH by a metastatic neu-
roendocrine tumor of the pancreas no such gene 
rearrangements were found. Instead, the tumor 
showed transactivation of the PTH gene due to 
hypomethylation of the PTH promoter. In the 
recently reported Japanese patient with a medul-
lary thyroid cancer producing PTH, there was no 
apparent association between PTH expression 
and GCM2 gene expression, despite coexpres-
sion of the two genes  [  181  ] . 

 It is clearly documented that most patients 
with malignancy-associated hypercalcemia have 
suppressed plasma PTH concentrations. It should 
be emphasized that the most likely cause of 
hypercalcemia in the setting of malignancy that 
is associated with a normal or increased serum 
PTH concentration is coexisting primary hyper-
parathyroidism. However, these cases demon-
strate that authentic ectopic hyperparathyroidism 
does occur and may be misdiagnosed as primary 
hyperparathyroidism. Unless the offending 
malignant neoplasm is obvious at initial evalua-
tion, such confusion may lead to unsuccessful 
parathyroidectomy.   

   Regulation of PTHrP Gene 

 TGF b  is one of the most abundant growth factors 
stored in bone and is released in its active form 
during osteoclastic resorption of bone  [  139  ] . 
TGF b  was originally reported to stimulate PTHrP 
gene expression in squamous cell carcinoma cell 
lines and in the MDA-MB-231 cell lines 
 [  10,   182,   183  ] . In MDA-MB-231 line, activation 
of PTHrP gene expression by TGFb was medi-
ated exclusively by upregulating the level of 
PTHrP promoter P3-derived RNA that was 
dependent on smad3/Ets1 (a proto-oncoprotein 
belonging to Ets family of transcription factor) 
synergism.  Ras -MAPK pathway has been shown 
to regulate PTHrP secretion in H-500, rat Leydig 
tumor cell line (copiously producing PTHrP to 
elicit hypercalcemia in male rats)  [  184–  186  ] . 
Both Erk and JNK effector arms that are down-
stream of  Ras -MAPK pathway are activated 
leading to increased expression of PTHrP gene in 
H-500 cells  [  10,   127  ] . Recently, studies in human 
keratinocytes revealed that EGFR-mediated 
 activation of PTHrP expression was critically 
dependent on Ets binding site (EBS) for full  Ras -
Erk-mediated activation of the P3 promoter by 
EGFR signaling  [  187–  189  ] . Therefore,  Ras -
MAPK represents a major routing pathway in the 
stimulation of PTHrP gene expression by various 
growth  factors/cytokines (Fig.  9.4a ).  

 The P1 promoter of PTHrP is regulated by 
cAMP responsive element (CRE) when studied 
in human lung carcinoma cell line (BEN), sug-
gesting that P1 may be primary responsive pro-
moter to the cAMP/PKA/CREB pathway 
(Fig.  9.4b )  [  190  ] . Although PTHrP P2 promoter 
appears to be expressed in a wide variety of cell 
lines and tumors, paucity of data makes it diffi -
cult to say if this promoter makes a substantial 
contribution to PTHrP gene expression in physi-
ological or pathological circumstances  [  10,   184  ] . 

 1,25 D3 and its various normocalcemic deriv-
atives have been proposed as potential therapeu-
tic agents that could reduce hypercalcemia 
induced by excessive PTHrP expression as well 
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as its production by breast and prostate cancers 
that have metastasized to the bone. The inhibi-
tory effect of these compounds on the expression 
of PTHrP gene has been reported in a variety of 
human cancer cells, including prostate cancer, 
pancreatic cancer,  Ras -transformed keratino-
cytes, several human squamous cell carcinomas, 
and HTLV-1 transformed cells  [  191–  198  ] . 1,25 
D3 represses transcription of PTHrP gene at both 
basal and stimulated (by growth factor/cytokines) 
conditions, and resembles the 1,25-(OH)2D3-
mediated repression of PTH gene transcription 
in the parathyroid gland that serves as a feed-
back loop to control calcium homeostasis  [  195, 
  196,   199  ] . The ability to repress PTHrP gene 
expression in diverse groups of human cancer 
cells suggests that this sterol can repress all three 
promoters. The human PTHrP gene has an 
unusual vitamin D-responsive element (VDRE) 

located 517–546 [−3,849 to −3,840] bp upstream 
of P1 that is homologous to a similar inhibitory 
response element found in the upstream region of 
the human PTH gene  [  196  ] . Unlike the classical 
VDRE regulation where vitamin D/VDR recruits 
the retinoid-X-receptor (RXR) to form a func-
tionally active heterodimer at the VDRE present 
in the promoters of genes activated by the hor-
mone, the negative regulation of human PTH and 
PTHrP gene expression by vitamin D does not 
involve RXR  [  200  ] . Instead, unliganded VDR 
remains bound to the chromatinized VDRE to 
maintain basal level of expression of PTH or 
PTHrP gene, and upon ligand binding, VDR 
undergoes phosphorylation by a DNA-dependent 
protein kinase resulting its dissociation from the 
VDRE from the region upstream of P1 leading to 
repression of gene expression from this promoter 
(Fig.  9.4c )  [  201  ] . However, there are reports 
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  Fig. 9.4    Schematic representations of the regulation of 
PTHrP gene. ( a ) Transcription factors and coactivators 
proposed to mediate PTHrP transcription in different can-
cer model through P3 promoter. All pathways appear to 
converge on the ETS proteins that interact with the 
PTHrP-P3 core promoter. In MDA-MB-231 cells, activa-
tion of P3 promoter is mediated by TGF b  pathway, in rat 
Leydig tumor cell line (H-500) by Ras-MAPK pathway, 
and in keratinocytes through EGFR signaling pathway. 
( b ) Activation of P1 promoter: P1 is one of the primary 
responsive promoter to the cAMP/PKA/CREB pathway 
in the Human lung carcinoma cell line (BEN). ( c ) 

Regulation by vitamin D: in the absence of vitamin D3, 
VDR remains bound to VDRE maintaining basal activity 
of P1 promoter, while in the presence of the hormone, 
VDR gets phosphorylated by DNA-dependent protein 
kinase resulting its dissociation from the VDRE from the 
region upstream of P1 leading to repression of gene 
expression from this promoter. ( d ) Mechanisms regulat-
ing stabilization of PTHrP mRNA: in keratinocytes 
PTHrP mRNA lacking exon 9 and containing exon 7 is 
stabilized, while in case of squamous cell carcinoma 
PTHrP mRNA lacking 1-141 untranslated region (UTR) 
is stabilized       
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showing that vitamin D failed to repress PTHrP 
gene expression in primary cultures of prostate 
epithelial cells and skin keratinocytes, raising the 
possibility that the regulation of PTHrP gene by 
the sterol could differ in the cancer and nontrans-
formed cells  [  202,   203  ] . 

 DNA methylation is an important epigenetic 
factor that infl uences gene expression  [  204  ] . 
Studies with a panel of renal carcinoma cells 
revealed that methylation of residues upstream of 
the CpG island may negatively regulate PTHrP 
gene expression  [  205  ] . A CpG island is defi ned 
as a DNA region ranging from 500 bp to 5 kb, 
having more than 60% G+C content, and with a 
ratio of CpG to GpC of at least 0.6  [  206  ] . In nor-
mal tissues, CpG islands are mostly unmethy-
lated, whereas methylation of cytosine residues 
in CpG dinucleotides is frequently observed in 
cancer and is associated with gene silencing. In 
the lung squamous cell carcinoma cell line, BEN, 
extensive methylation was observed in the intron 
upstream of the CpG island (overlapping those in 
the region studied in the renal carcinoma) but did 
not prevent expression of any of the three PTHrP 
promoters  [  205  ] . Barring these confl icting data 
little is known about how methylation infl uences 
PTHrP gene expression in normal cells and can-
cers derived from specifi c cell types. 

 Although the transcription rate of PTHrP is 
high, yet the steady-state levels of PTHrP tran-
scripts are low because of rapid mRNA turnover 
similar to that observed in early response genes, 
such as  c-fos , GM-CSF, and IL-2 [  194,   199,   207  ] . 
All three PTHrP isoforms contain multiple cop-
ies of an AUUUA instability motif, which is 
responsible for the short half-life of the isoforms. 
Among the three isoforms of PTHrP, 1–141 
mRNA had the shortest half-life (approximately 
30 min) and 1–173 mRNA had the longest with a 
half-life of up to several hours  [  208  ] . EGF and 
TGFb have been shown to increase the half life of 
PTHrP mRNA in human immortalized keratino-
cytes (HaCaT) and squamous carcinoma cell 
lines, respectively  [  209  ] . EGF increased stabili-
zation of PTHrP mRNA containing exon 7 
(PTHrP 139), but not 9 (PTHrP 141) in keratino-
cytes  [  209  ] . TGFb dramatically increased the sta-
bility of PTHrP transcript in squamous carcinoma 

cells when the PTHrP 1-141 UTR was removed 
(Fig.  9.4d )  [  182  ] . The later effect of mRNA stabi-
lization could be due to the decreased binding of 
various proteins to  cis  element present within the 
PTHrP terminal coding region that are involved 
in transcript degradation  [  210  ] . The likely rea-
sons of the rapid turnover of PTHrP transcript 
could be due to AU-rich instability elements in 
the 3 ¢  UTR and altered protein binding to  cis  ele-
ments in the coding region  [  211,   212  ] . 

 P1 and P2 promoters of PTHrP gene have 
numerous potential glucocorticoid response ele-
ments. Glucocorticoids have been shown to 
potently inhibit transcription of PTHrP gene in 
squamous carcinoma cells, Leydig cell tumors, 
and thyroid carcinoma cells  [  194,   213–  216  ] . 
However, glucocorticoids failed to reduce PTHrP 
levels in animals with hypercalcemia  [  217,   218  ] . 
Thus, glucocorticoids have no in vivo application 
in limiting hypercalcemia. The precise relation-
ship between sex steroid and PTHrP is diffi cult to 
evaluate in endocrine cancers based on the con-
fl icting nature of literature. Estradiol, tamoxifen, 
and hydroxyl-tamoxifen produced a twofold 
stimulation of PTHrP mRNA expression and 
secretion in ER-positive MCF-7 cells  [  219  ] . 
However, freshly isolated breast cancer cells 
treated with estradiol had no effect on PTHrP 
mRNA expression, but medroxyprogesterone 
repressed transcript levels  [  220  ] . Testosterone 
activated PTHrP gene expression in LNCaP cells, 
an androgen receptor (AR)-positive human pros-
tate cancer cell line  [  221  ] . In contrast, androgens 
have been reported to induce downregulation of 
PTHrP mRNA expression in PC-3 cells (an AR 
negative human prostate cancer cell line). It is 
possible that the infl uence of sex hormones on 
PTHrP expression may be dependent on specifi c 
oncogenic events that give rise to individual 
breast or prostate cancers.  

   Conclusion 

 This chapter sought to cover the biological and 
pathophysiological roles of PTHrP. With three 
functional isoforms, PTHrP functions as a poly-
hormone. By virtue of its 70% sequence homology 
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with PTH over the fi rst 13 amino acids at the N 
terminus, PTHrP binds with a GPCR, PTHR1 
(common PTH/PTHrP receptor). However, unlike 
PTH, PTHrP synthesis is not regulated by serum 
calcium, and circulating levels of PTHrP are very 
low in healthy adults. PTH/PTHrP binding to 
PTHR1 stimulates both intracellular cAMP and 
IP3 through Gsa and Gaq, respectively and subse-
quent activation of PKA or PKC pathway. Since 
its discovery in little over two decades, the role of 
PTHrP has been explored in almost all of the mam-
malian physiological systems both during devel-
opmental and adult life. PTHrP is produced in a 
wide variety of normal adult and fetal tissues, 
including cartilage, heart, kidney, hair follicles, 
placenta, breast, lungs, and other epithelial cells, 
thus suggesting regulation of biological functions 
by PTHrP other than those linked to the regulation 
of mineral ion metabolism. Indeed, PTHrP has 
established roles during development through its 
prominent action in endochondral bone growth, 
mammary gland development and tooth eruption. 
In the cardiovascular system, PTHrP plays homeo-
static and hemodynamic functions. In pancreas, 
PTHrP increases beta cell mass with attendant 
increase in insulin production. Burgeoning data 
emerging from the studies on the effects and 
mechanism of action of PTHrP reveal PTHrP to be 
a multifunctional peptide that can be simultane-
ously secreted and targeted to nucleus, and acts via 
the endocrine, autocrine, paracrine, and intracrine 
modes. The importance of PTHrP in normal devel-
opment has been substantiated by studies that have 
shown dramatic developmental abnormalities in 
mice genetically modifi ed to either overexpress or 
not express PTHrP. 

 In addition to its physiological roles, PTHrP is 
considered to be a major mediator of hypercalce-
mia, a very common metabolic complication of 
malignant disease. Hypercalcemia is not distrib-
uted evenly throughout the cancer population. 
Primary tumors of the breast, lung, kidney, head 
and neck, and ovary have a higher incidence of 
hypercalcemia than other cancers. PTHrP-
mediated hypercalcemia not only occurs with solid 
tumors with or without skeletal metastases but also 
in hematological malignancies. PTHrP has been 
particularly implicated as a deleterious factor of 

malignancy causing metastatic lesions; however, 
its expression with regard to cancer outcomes in 
patients has been controversial. Additional studies 
are necessary to precisely defi ne correlations of 
PTHrP and tumor progression in humans. 
Strategies to antagonize PTHrP signaling hold 
therapeutic promise to limit the osteolytic poten-
tial of tumors which metastasize to bone.  
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  Abstract 

 Parathyroid glands in major ectopic locations are rare but may present a 
considerable challenge to the endocrinologist, the radiologist, and the sur-
geon. The prevalence of parathyroid ectopias is unclear and is probably 
underestimated by failure to search for and identify these ectopic glands 
when they are normal. In most cases, an ectopic parathyroid gland is iden-
tifi ed because it is hyperfunctioning and sought for in a patient presenting 
with hyperparathyroidism. Nowadays, most ectopic hyperfunctional para-
thyroid glands can be identifi ed prior to surgery by imaging studies or 
during surgery. A thorough knowledge    of the anatomy and an understanding 
of the embryonic development of the parathyroid glands are the keys to 
successful localization and successful resection.  

  Keywords 

 Parathyroid ectopias  •  Hyperparathyroidism  •  Cryopreservation  
•  Autotransplantation  •  Selective venous sampling  •  Hyperfunctional    

   Introduction 

 The prevalence of parathyroid ectopias is 
unclear and is probably underestimated by fail-
ure to search for and identify these ectopic 

glands when they are normal. In most cases, an 
ectopic  parathyroid gland is identifi ed because 
it is hyperfunctioning and sought for in a patient 
presenting with hyperparathyroidism (HPT). In 
addition, few organs have such variable loca-
tions as parathyroid glands, and, therefore, the 
boundaries of the usual territory of orthotopic 
parathyroid glands are diffi cult to establish. 
This explains that the incidence of parathyroid 
ectopias ranges from 4 to 22% in the literature 
depending on whether one considers that a 
gland is located in its usual territory or not. 
Even if major parathyroid ectopias account for 
less than 10%, they remain a challenge to the 
clinician.  
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   Normal Locations of Parathyroid 
Glands 

 The normal or orthotopic location of parathyroid 
glands can be determined from knowledge of 
their embryonic development. The parathyroid 
glands arise from the endoderm of the third and 
fourth branchial pouches. Differentiation of the 
parathyroid tissue takes place in the embryo at 
the 8–10-mm stage. 

 The inferior parathyroid glands arise from the 
dorsal part of the third branchial pouches. They are 
numbered PIII to recall their origin. The thymus 
arises from the ventral portion of the same pouch. 
This common origin justifi es labeling PIII as the 
“thymic” parathyroids or parathymus complex. 

 The superior parathyroid glands arise from the 
dorsal part of the fourth branchial pouches and 
are therefore numbered PIV. The incorporation of 
the fi fth pouch with the fourth pouch leads to the 
formation of the “caudal pharyngeal complex,” 
which includes not only PIV but the ultimobran-
chial bodies or lateral thyroids and a ventral 
diverticulum. 

 At the 13–14-mm stage, the PIII and the PIV 
migrate together with the thymus and ultimobran-
chial bodies, respectively. The PIII-thymus com-
plex separates from the pharyngeal wall and 
moves towards the caudal and median region. 
Because of the extension of the cervical spine and 
the descent of the heart and great vessels, the thy-
mus, and with it the PIII, is drawn towards 
the superior mediastinum. At the 20-mm stage, 
the cephalic regression of the thymus brings about 
its separation from the PIII, which is thus aban-
doned at the level of the anterior or posterolateral 
region of the inferior poles of the thyroid lobes, or 
at the level of the thyrothymic ligaments, vestigial 
structures indicative of their former connections. 

 The PIV follow the thyroid migration of the 
ultimobranchial bodies, which travel towards the 
lateral part of the main median thyroid rudiment. 
Their descent in the neck is thus relatively lim-
ited. They remain in contact with the posterior 
part of the middle third of the thyroid lobes. 

 The short course of embryologic migration of 
PIV explains why they remain relatively stable in 

their topography when they are not pathologic. 
Thus, in 85% of cases they are grouped at the 
posterior aspect of the thyroid lobes, in an area of 
2 cm diameter, the center of which is situated 
about 1 cm above the crossing of the inferior 
 thyroid artery and the recurrent nerve  [  1  ]  
(Fig.  10.1 ).  

 On the contrary, the territory of the normal 
PIII is much more extensive. In 61% of cases, 
they are situated at the level of the inferior poles 
of the thyroid lobes, on the posterior, lateral, or 
anterior aspects. In 26% of cases, they are situ-
ated in the thyrothymic ligaments or in the upper, 
cervical portion of the thymus. More rarely, in 
7% of cases, they are situated higher up, at the 
level of the middle third of the posterior aspect of 
the thyroid lobes, and may then be confused with 
PIV  [  1  ]  (Fig.  10.2 ). The other sites are not ame-
nable to classifi cation  [  1–  3  ] .   

  Fig. 10.1    Location of superior parathyroid glands (P IV). 
The numbers represent the percentages of glands found 
at different locations in an autopsy study of 503 cases. 
Modifi ed from Akerstrom G, Malmaeus J, and 
Bergstrom R. Surgical anatomy of human parathyroid 
glands. Surgery 1984; 95:14–21       
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   Mechanisms of Parathyroid Ectopias 

 Parathyroid ectopias may be congenital or 
acquired. A thorough knowledge of the embry-
onic development of the parathyroid glands is the 
key to understanding congenital ectopias. A thor-
ough knowledge of the anatomy is the key to 
understanding acquired ectopias. 

 Congenital ectopias may be caused by abnor-
mal embryological migration of one of the four 
glands. This abnormal embryological migration, 
whether defi cient or excessive, may be responsi-
ble for more or less ectopic locations. 

 The other mechanism of congenital ectopias is 
related to supernumerary glands. Parathyroid 
glands derive from embryologic mesenchyme, 
which is also responsible for the development of 

the pharynx and its associated cartilagenous, 
muscular, neural, and vascular stuctures. 
Supernumerary glands develop from accessory 
parathyroid debris arising from fragmentation of 
the pharyngotracheal duct when the pharyngeal 
pouches separate from the pharynx. Therefore, it 
is not surprising that parathyroid fragments can 
be found in these adjacent structures. 

 Apart from the congenital ectopias, the sur-
geon must be familiar with the existence of 
acquired ectopias due to tumoral glands, since a 
tumoral parathyroid may migrate under the infl u-
ence of gravity. This migration is favored by 
ascending movements of the larynx and pharynx 
during swallowing and by a suction phenome-
non due to the negative intrathoracic pressure. 
A tumoral gland may then leave its proper site 
and acquire a progressively ectopic site. These 
migrations depend on the initial topography of 
the gland before it becomes tumoral. 

   Congenital Ectopias due to Anomalies 
of Embryological Migration 

 Because the area of dispersal of the PIV is limited 
by their short migratory course, congenital ecto-
pias of PIV are rarely major ectopias. On the con-
trary, as the embryologic descent of the thymus 
extends from the angle of the mandible to the 
pericardium, anomalies of migration of the para-
thymus, whether excessive or defective, can 
result in major ectopias of PIII. 

 Congenital ectopias of PIV are rarely major 
ectopias. In 12–13% of cases, the glands are on 
the posterior aspect of the superior pole of the 
thyroid lobe in a latero-cricoid, latero-pharyn-
geal, or intercrico-thyroid position, exception-
ally, in less than 1% of cases, above the upper 
pole of the lobe. In 1–4% of cases, they are 
frankly posterior, behind the pharynx or esopha-
gus  [  1  ] . All these locations are probably due to a 
defi cient migration. Conversely, an excessive 
migration of a PIV is probably responsible for 
its strictly intrathyroid localization (Fig.  10.3 ). 
A PIV may become included within the thyroid at 
the time of fusion of the ultimobranchial bodies 

  Fig. 10.2    Location of inferior parathyroid glands (P III). 
The numbers represent the percentages of glands found at 
different locations in an autopsy study of 503 cases. 
Modifi ed from Akerstrom G, Malmaeus J, and Bergstrom 
R. Surgical anatomy of human parathyroid glands. Surgery 
1984; 95:14–21       
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with the median thyroid rudiment  [  4  ] . However, 
not all intrathyroid parathyroid glands are PIV, 
and undeniable cases of a normal or pathologic 
PIII included in the lower poles of the thyroid 
lobes have been reported  [  5–  8  ] . The embryologi-
cal explanation proposed for PIV cannot be 
applied to the PIII, which do not arise from the 
fourth branchial pouches. The incidence of 
intrathyroidal parathyroid glands found at autopsy 
is very low, 0–1.3%  [  1–  3  ] . The incidence of 
intrathyroidal adenomas at a fi rst cervical explo-
ration is signifi cantly higher, ranging from 1.4 to 
3.2%  [  6  ] . In reoperative parathyroid surgery for 
persistent or recurrent primary hyperparathyroid-
ism (PHPT), this incidence has been reported up 
to 27.2%  [  6  ] . Overall, the incidence of intrathy-
roid ectopias which seem to involve both PIII and 
PIV should be estimated between 0.5 and 4%.  

 Inferior parathyroid glands or PIII descend 
with the thymus during embryological develop-
ment. Therefore, defi cient migration of the para-
thymus complex is responsible for high ectopia 
in the neck and excessive migration is responsi-
ble for low ectopia in the anterosuperior medi-
astinum (Fig.  10.4 ).  

 PIII in high cervical ectopia, or undescended 
PIII, are located on the cranial side of the upper 
pole of the thyroid lobe (Fig.  10.5 ). Their preva-
lence is unclear, but it is probably underestimated 
by failure to search for and identify these ectopic 
glands when they are normal. On the basis of 

autopsy studies of normal subjects as well as 
description of locations of parathyroid glands 
found during exploration for PHPT, the incidence 

  Fig. 10.3    Transverse ultrasound image ( a ) and 99mTc-
sestamibi scintigraphy image ( b ) of an intrathyroid 
 parathyroid adenoma. An excessive congenital migra-

tion of the right superior parathyroid gland (P IV) 
is  probably responsible for this strictly intrathyroid 
location       

  Fig. 10.4    The embryonic migration of the inferior para-
thyroid gland (P III)-thymus complex results in an exten-
sive area of dispersal of the P III from the angle of the 
mandible to the pericardium       
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of undescended parathyroid glands would seem 
to be quite low, less than 1%  [  3,   9  ] . Undescended 
parathyroid adenomas comprise a small, but sig-
nifi cant proportion of abnormal glands in patients 
undergoing reoperations for PHPT. In prominent 
published series of reoperations for persistent or 
recurrent HPT the incidence of undescended 
parathyroid adenomas is up to 7–8%  [  9 – 11  ] . All 
the factors capable of impeding or arresting the 
descent of the parathymus result in a defi cient 
migration along the carotid sheath, from the angle 
of the mandible to the lower pole of the thyroid 
lobe. Undescended parathyroid glands are located 
adjacent to the carotid sheath on its antero-medial 
side with a small amount of associated thymic 
tissue and parathymic fat. It has been suggested 
that, in some patients, undescended glands are 
superior parathyroid glands  [  12  ] . These glands 
are not associated with thymic tissue and are 
probably PIV lodged in a high position, at the 
level of the superior thyroid pedicle.  

 If the PIII are not abandoned by the thymus at 
the level of the inferior pole of the thyroid, then 
they are dragged down into the anterior mediasti-
num to a varying degree, resulting in an ectopic 
mediastinal location (Fig.  10.6 ). They are then 
usually within the thymus, or at the posterior 

aspect of its capsule, more or less in contact with 
the great mediastinal vessels. Most of the ectopic 
PIII, which descend below the level of innomi-
nate vein and aortic arch, develop an ectopic arte-
rial blood supply. Generally this is derived from 
the internal mammary artery. Occasionally the 
blood supply may come from a thymic artery or a 
direct branch from the aorta. These low ectopias 
due to excessive embryologic migration in the 
anterosuperior mediastinum are observed in 
4–5% of cases  [  3,   8,   13  ].    

   Supernumerary Parathyroid Glands 
and Other Congenital Ectopias 

 Supernumerary parathyroid glands arise from 
rests of normal parathyroid tissue when the pha-
ryngeal pouches separate from the pharynx. The 
incidence of supernumerary glands is far from 
negligible, since Akerstöm  [  1  ]  found one or more 
in 13% of cases in a series of 503 autopsies. This 
author counted as many as 11 parathyroid glands 
or fragments of gland in one subject  [  1  ] . The con-
tinuous growth stimulation in both primary and 
secondary parathyroid hyperplasia may stimulate 
the rudiments of parathyroid glands to grow, and 
many of them may thus appear as proper super-
numerary glands. They may be hidden in the per-
ithyroid fatty tissue, usually close to the main 
gland. They are located most often at the level of 
the lower poles of the thyroid lobes, in the thyro-
thymic region and in the thymus itself, but they 
may also be situated in major ectopic positions. 
Akerström  [  1  ]  distinguishes between accessory 
parathyroid glands containing parathyroid frag-
ments weighing less than 5 mg, usually found 
very close to the main glands and true supernu-
merary glands weighing more than 5 mg (aver-
age weight of 24 mg) situated apart from the 
other main glands. These true supernumerary 
parathyroids are then revealed by tumoral forma-
tions developing from them and are responsible 
for the HPT syndrome. Supernumerary hyper-
functional parathyroid glands have been docu-
mented in the pharyngeal structures of the 
neck  [  14  ] , within the carotid sheath  [  1–  3,   15  ] , lat-
eral to the jugulocarotid axis  [  16  ] , in the middle 
mediastinum, at the level of the aorto-pulmonary 

  Fig. 10.5    Undescended abnormal left inferior (P III) 
parathyroid gland identifi ed on 99mTc-sestamibi scintig-
raphy. At surgery, this gland was found on the antero-
medial side of the carotid sheath and was associated with 
a small amount of thymic tissue. A defect of congenital 
migration of the parathymus complex was responsible for 
this high ectopia in the neck       
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window  [  17  ] , or in association with the vagus 
nerve  [  18–  21  ] . The migration of a PIII or a PIV 
seems very improbable in such cases. The embry-
ologic hypotheses rather suggest a precocious 
fragmentation of parathyroid tissue and more 
precisely of the PIV. 

 Several hypotheses have been proposed to 
explain the location of parathyroid glands in the 
aorto-pulmonary window (Fig.  10.7 ). Based on 

the observation of Gilmour  [  15  ] , who noted that 
PIV is in contact with pericardium in the 3-mm 
embryo, and those of Frazer  [  22  ] , who reported 
that the fourth branchial pouch surrounds the aor-
tic arch on the left side, some parathyroid frag-
ments could separate from the main gland and 
remain attached to the pericardium. Another 
hypothesis is in favor of the fragmentation of the 
PIV. In the 7.5–11-mm embryo, PIV develops 
close to the sixth branchial artery. If separation of 
PIV occurs at this stage, some parathyroid frag-
ments would be present near the origin of the 
future right pulmonary artery, and indeed ade-
nomas located in the aorto-pulmonary window 
are often found just above or behind the right pul-
monary artery and it is often necessary to open 
the pericardium or to divide the arterial ligament 
to excise them  [  17  ] .  

 Parathyroid tissue and parathyroid adenomas 
within the vagus nerve have also been described 
 [  18–  21  ]  (Fig.  10.8 ). Intravagal parathyroid tissue 
has been documented in autopsy reports with a 
frequency rate up to 6%  [  18  ] . This leads us to 
introduce a new concept: the paravagal complex. 
The vagus nerve is the nerve of the musculature 
of the fourth and sixth arches. The musculature of 
the fourth arch is supplied by the superior laryn-
geal branch of the vagus nerve, and that of the 
sixth arch by the inferior laryngeal branch or 
recurrent branch of the vagus nerve. Therefore, 
the fourth pharyngeal arch is fl anked on either 

  Fig. 10.6    Ectopic mediastinal parathyroid adenoma identifi ed on 99mTc-sestamibi scintigraphy ( a ) and on computed 
tomography ( b )       

  Fig. 10.7    Computed tomography image of a supernu-
merary ectopic abnormal parathyroid gland located in the 
aorto-pulmonary window. This patient was reoperated on 
for persistent hyperparathyroidism. At initial surgery, four 
normal glands were identifi ed in the neck       
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side by the third and fourth pouches, and the sixth 
pharyngeal arch is in close contact with the fourth 
pouch. The close spatial relationship that exists 
during embryologic development between the 
sixth arch and the fourth pouch may explain 
the presence of intravagal parathyroid tissue 
or the presence of parathyroid tissue in close con-
tact with the vagus nerve and more precisely with 
the fi bers of the inferior laryngeal branch. In our 
own experience, in 3,478 patients who have 
undergone parathyroidectomy for HPT, hyper-
functional parathyroid glands within or in close 
contact with the vagus nerve were only observed 
at the level of its cervical portion or at the level of 
its supero mediastinal portion, but never lower 
than where the inferior laryngeal nerve recurs; 
that is: on the right side at the level of the right 
subclavian artery, and on the left side in the aorto-
pulmonary window. The concept of the parava-
gus complex is an additional hypothesis in favor 
of the fragmentation of the PIV and could explain 
the location of some parathyroid adenomas in the 
aorto-pulmonary window.   

   Acquired Ectopias 

 As the glands become larger and heavier because 
of adenomatous or hyperplastic change, they are 
more likely to shift downward into tissue planes 
that offer least resistance. This mechanism of 
migration is more often observed with PIV than 
with PIII of which the descent appears quite lim-
ited, probably because the adjacent anatomic 

structures are less favorable to gravity-induced 
displacement. 

 The PIV, which are relatively constant in their 
orthotopic site, always migrate in the same direc-
tion: posteriorly and towards the posterosuperior 
mediastinum. They travel against the preverte-
bral plane, along which they may glide more or 
less downward. During this course they usually 
pass behind the trunk of the inferior thyroid artery 
and remain in very close contact with the esopha-
gus. Whereas 1–4% of the normal P IV is in 
para—or retroesophageal positions, 40% of the 
adenomas they develop are found in posterior 
locations. Usually the tumoral glands are found 
at the level of the inferior lobes of the thyroid just 
above the trunk of the inferior thyroid artery. 
Sometimes, the adenoma is straddled or actually 
embraced by the artery. In other cases the ade-
noma is frankly mediastinal, either very poste-
rior, beside or behind the esophagus, or in the 
tracheoesophageal angle (Fig.  10.9 ). The lower a 
PIV, the more posterior it is. In all cases these 
tumoral glands, even if situated very low down in 
the posterior mediastinum, retain a cervical blood 
supply arising from the thyroid system, the origin 
of their pedicle indicating their initial site. The 
cervical origin of this vascularisation explains 
why they can be easily excised through a cervical 
approach without risk of hemorrhage.  

 Acquired ectopias of P III are less frequent 
and more debatable. In practice, the sites of 
tumoral glands arising from P III are much the 
same as those of normal glands. Migration occurs 
towards the anterosuperior mediastinum, the 

  Fig. 10.8    Computed tomography image of a supernumerary 
abnormal parathyroid gland within the right vagus nerve 
( a ) Intraoperative view ( b ) in this case, enucleation of the 

parathyroid gland from the nerve was not possible and a 
cephalic portion of the nerve was resected. Microscopic exam-
ination shows collection of chief cells within the vagus ( c )       
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tumoral gland following the pathway traced by 
the thyrothymic ligament and the thymus. 
Nevertheless, this descent is usually limited. 
More rarely, if the pathologic gland was initially 
located at the posterolateral part of the lower pole 
of the thyroid lobe, its hypertrophy may lead to 
its descent into the posterosuperior mediastinum 
to acquire a paraesophageal position. But in these 
cases, unlike the adenomas developed from PIV, 
the vascular pedicle does not cross the trunk of 
the inferior thyroid artery. 

 Surgeons must keep in mind that acquired 
ectopias may also be due to previous neck sur-
gery: thyroidectomy or unsuccessful parathyroid 
exploration. In these cases anatomical structures 
linking the parathyroids to the thyroid are acci-
dentally divided during the initial operation 
and consequently parathyroids tend to more 
or less migrate, and acquire sometimes an ecto-
pic site, even when they are not enlarged. 

Acquired ectopias due to previous surgery are 
often observed with PIII when they are initially 
located along the thyrothymic axis; once the thy-
rothymic ligament has been divided the PIII is 
dragged down into the superior and anterior 
mediastinum by the thymus. 

 Thus, one may distinguish grossly between 
(Table  10.1 ): 
    1.    Congenital ectopias, due to abnormal embryo-

logic migration, whether defi cient or exces-
sive, and related essentially to PIII,  

    2.    Congenital ectopias due to the development 
of accessory parathyroid fragments arising 
from the pharyngotracheal duct when the 
 pharyngeal pouches separate from the phar-
ynx, and related essentially to supernumerary 
glands, and  

    3.    Acquired ectopias, due to migration affected 
by gravity, secondary to tumoral pathology, 
and essentially related to PIV.       

  Fig. 10.9    99mTc-sestamibi scintigraphy images of a left 
superior parathyroid adenoma which has migrated towards 
the posterosuperior mediastinum by gravity. Planar image 

fi nds a left parathyroid adenoma. SPECT images (sagittal, 
axial, and coronal imaging planes) help in the diagnosis of 
left paraesophageal location       
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   Management of Patients with Ectopic 
Hyperfunctional Parathyroid Glands 

   When to Suspect an Ectopic 
Hyperfunctional Parathyroid Gland? 

 Not all blind surgical parathyroid explorations 
are due to a missed ectopic parathyroid adenoma. 
The diagnosis of PHPT, and particularly in case 
of suspicion of persistent disease, must be con-
fi rmed before any reoperation. It has been esti-
mated that 2–10% of surgical failures may be 
attributed to an incorrect diagnosis! Today, the 
diagnosis of PHT can be made with nearly 100% 
confi dence by documenting an increased serum 
PTH level in a patient with an increased ionized 
or total calcium. Therefore, all other causes of 
hypercalcemia and all other causes of PTH eleva-
tion must be eliminated  [  23–  25  ] . A few patients 
have been documented as having nonparathyroid 
tumors that produce pure PTH  [  26  ] . 

 Not all parathyroid adenomas missed at initial 
surgery are in ectopic location. In most cases per-
sistent PHPT is due to technical errors during the 
fi rst operation. It has been estimated that 2/3 of 
the previously missed abnormal glands are found 
in their normal site at reoperation. 

 In case of persistent HPT, an ectopia must be 
particularly suspected when the previous operation 
has been performed by an experienced surgeon. 
The more expert the initial operator, the more 
probable the ectopia of the missed adenoma. An 
ectopic mediatinal location must be particularly 

suspected when four normal glands have been 
identifi ed in the neck. 

 An ectopia must be also suspected in patients 
with virulent forms of HPT such as renal HPT or 
HPT associated with multiple endocrine neopla-
sia type I, and more particularly in case of recur-
rent disease. The continuous growth stimulation 
in both primary and secondary parathyroid hyper-
plasia may stimulate the rudiments of parathyroid 
glands to grow, and many of them may thus 
appear as proper supernumerary glands. This is 
observed as well after subtotal resection as after 
total parathyroidectomy associated with immedi-
ate partial transplantation.  

   Localization of Ectopic Hyperfunctional 
Parathyroid Glands 

 For many years bilateral cervical exploration 
with identifi cation of four glands remained the 
gold standard in parathyroid surgery, and routine 
preoperative imaging for initial surgery was con-
sidered unnecessary and not cost effective. 
Indeed, when performed by an experienced endo-
crine surgeon, the success rate of this procedure 
was reported to be 95–98%  [  27  ] . The failure rate, 
in most cases related with ectopic glands, not in 
the neck but located deeply in the mediastinum 
and virtually inaccessible from the cervical route, 
was considered too low to justify systematic pre-
operative imaging. In addition, only invasive 
localization procedures (angiography and selec-
tive venous sampling) were available. Therefore, 

   Table 10.1    Sites, mechanisms and frequency of major ectopias of hyperfunctional parathyroid glands   

 Site  Parathyroid  Mechanism  Frequency (%) 

 Undescended in the neck  P III  Congenital 
 Defect of migration 

 1 

 Anterior mediastinum  P III  Congenital 
 Excess of migration 

 5 

 Middle mediastinum 
 Aorto-pulmonary window 

 P V  Congenital 
 Fragmentation and migration 

 0.25 

 Posterior mediastinum  P IV  Acquired 
 Migration by gravity 

 5 

 Intrathyroid 
 P IV 
 P III 

 Congenital 
 Excess of migration 
    (Unclear) 

 1.4–3.2 
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localization of ectopic parathyroid glands was 
limited to reoperative cases. 

 Today, the development and the reported effi -
cacy of non-invasive localization tests have 
tempted many endocrinologists and many sur-
geons to order non-invasive techniques on 
patients undergoing fi rst-time parathyroidectomy. 
Moreover, more than half the surgeons perform-
ing parathyroid surgery now consider that bilat-
eral parathyroid exploration is no longer the only 
option in patients with HPT. In patients present-
ing with sporadic PHPT, a focused approach can 
be proposed when preoperative localization stud-
ies are clearly in favor of a solitary adenoma. 
This explains that today many ectopic hyperfunc-
tional parathyroid glands are identifi ed, more or 
less incidentally, before initial surgery. 

 For initial bilateral parathyroid exploration, 
numerous benefi ts of successful localization of 
ectopic parathyroid glands have been reported. 
Proper localization directs and limits surgical 
exploration and therefore may reduce surgical fail-
ure rate, complication rates and operative time 
 [  28  ] . On the other hand, one should keep in mind 
that the success of parathyroid operation is above 
all based on the experience of the surgeon, on a 
thorough knowledge of the anatomy and on an 
understanding of the embryological evolution of 
the glands. The failure rate of an initial cervical 
exploration performed by an experienced parathy-
roid surgeon does not exceed 5%. Without any 
preoperative localization, the experienced parathy-
roid surgeon is still one of the most sensitive, spe-
cifi c, and cost effective “tool” to identify an ectopic 
parathyroid gland in the neck or in the mediasti-
num. Therefore, before initial bilateral cervical 
exploration, it remains questionable whether the 
routine use of localization studies is justifi ed and 
fi nancially sustainable in all cases of PHPT  [  29  ] . 

 The clinician must also keep in mind that a 
negative neck examination does not automatically 
mean that the adenoma is in an ectopic mediasti-
nal site. Ultrasonography (US) has been shown to 
have sensitivity and a specifi city of 70–85% and 
90–95%, respectively  [  30,   31  ] . Nevertheless, US 
sensitivity is highly dependent on the size of the 
parathyroid gland. US can identify 95% of ade-
nomas that weigh in excess of 1000 mg but fewer 
than 50% of adenomas weighing less than 200 mg. 

Other common causes of false-negative US 
examinations include adenomas associated with 
multinodular goiter, adenomas obscured by the 
acoustic shadow of the trachea such as adenomas 
in the tracheoesophageal groove, or by the acous-
tic shadow of bone such as adenomas behind the 
clavicles or sternum. Reported sensitivities of 
parathyroid scintigraphy for detecting adenomas 
range from 70 to 100%, mainly depending on 
gland weights and PTH values  [  30–  32  ] . False-
negative results are attributed to small parathyroid 
lesions, cystic adenomas after necrosis or cystic 
degeneration and hyperplastic glands in cases of 
sporadic or familial multiglandular diseases. 

 Only an inexpensive, highly sensitive, and 
highly specifi c and non-invasive test should be 
considered for initial surgery  [  30,   31  ] . Many 
authors use routinely US and/or sestamibi scan 
and consider that other tests are not indicated, 
even when US and sestamibi are negative. 

 The problem is different in case of persistent 
or recurrent HPT. Nearly all authors consider that 
ultrasonography and sestamibi scan should be 
performed routinely and are fi rst line in the work-
up for any persistent or recurrent HPT  [  31  ] . 
Single-photon emission tomography (SPECT) 
which provides simultaneous 3D information can 
be helpful for more precise localization of ade-
nomas in both neck and mediastinum  [  31–  36  ] . 
The use of SPECT-CT fusion images is particu-
larly helpful for localizing ectopic glands in the 
mediastinum  [  37  ] . Four-dimensional computed 
tomography (4D-CT), when available, can be 
preferred  [  38  ] . 

 When US and sestamibi scan are in favor of an 
ectopic hyperfunctional gland in the neck, there 
is no need for an additional localization test 

 When sestamibi scan is in favor of an ectopic 
mediastinal location, CT or MRI is mandatory to 
confi rm the location and to give additional ana-
tomic information. CT scan and MRI are also 
indicated in patients in whom both ultrasonogra-
phy and sestamibi scan have failed and especially 
when the missing abnormal gland is strongly 
 suspected to be located in the mediastinum. In 
the mediastinum, (18F)-2-fl uorodesoxyglucose-
Positron emission tomography (FDG-PET) or 
11C-methionine PET have also been proposed 
 [  31,   39,   40  ] . 
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 In case of suspicion of an ectopic gland, the 
surgeon must be aware that the main risk of imag-
ing techniques is a false-positive result. Overall, 
false-positive results of US vary from 15 to 20%. 
With sestamibi scan, potential false-positive fi nd-
ings are related to thyroid carcinomas, thymomas, 
and metastatic or infl ammatory lymph nodes. For 
this reason, in some cases, and more particularly 
when an ectopic mediastinal site is suspected, 
additional functional invasive tests may be indi-
cated. In the neck, the diagnosis can be confi rmed 
or rejected by US-directed fi ne-needle aspiration 
for parathyroid hormone which is highly sensi-
tive and specifi c  [  41,   42  ] . This test is particularly 
useful when an intrathyroid parathyroid adenoma 
is suspected as these adenomas have an ultra-
sonographic appearance indistinguishable from 
that of hypoechoic thyroid nodules. PTH deter-
mination is more helpful than cytological exami-
nation because the sample may be insuffi cient 
and because differentiating between parathyroid 
and thyroid tissue may be diffi cult. 

 Invasive procedures, including selective 
venous sampling (SVS) for PTH as well as selec-
tive angiography eventually associated with SVS 
and QPTH, should be performed only if non-
invasive procedures are inconclusive  [  31,   43–  46  ] . 
SVS for PTH is a very sensitive test which 
depends on gland function rather than gland size. 
The samples must be taken as selectively as pos-
sible from the smallest venous branches as to 
offer a precise gradient map as a guide to the sur-
geon. At least a twofold gradient of PTH level is 
required for the diagnosis result to be signifi cant. 
In the published reports, sensitivity and specifi c-
ity of the SVS range from 63 to 94.7% and 86 to 
100%, respectively  [  31,   43–  46  ] . Proper parathy-
roid angiography includes examination of the 
thyrocervical trunks for glands in lower cervical 
sites, the carotid arteries and superior thyroid 
arteries for upper cervical sites, and internal 
mammary arteries for thymic and mediastinal 
sites. Parathyroid adenomas appear highly vascu-
larized with an ovoid or round blush. Limit size is 
4 mm. Sensitivity approaches 60%  [  47  ] . False 
positives are due to thyroid nodules and enlarged 
lymph nodes. This is an additional argument to 
associate angiography with SVS and QPTH. As 
SVS, parathyroid angiography is a diffi cult and 

expensive technique with potentially serious 
complications. 

 Finally, one can estimate that when used 
together, imaging techniques correctly identify 
ectopic abnormal glands in nearly 95% of cases 
 [  31,   48–  53  ] .  

   Indications for Surgery 

 Once the diagnosis has been confi rmed or recon-
fi rmed, the indications for initial operation or 
reoperation must be discussed. Not every patient 
needs to be routinely operated on. This is even 
more true in case of mediastinal location or in 
case of persistent or recurrent HPT. The risks of 
doing so, even in the most expert hands, should 
be assessed and balanced against those of leaving 
the patient with PHPT. An asymptomatic HPT in 
an elderly patient may not justify an invasive tho-
racic operation to excise an ectopic mediastinal 
adenoma. This may be even more true in case of 
persistent or recurrent disease. In reoperative sur-
gery, the recurrent nerve paralysis rate and the 
hypoparathyroidism rate have been reported up 
to 10% and 35% respectively  [  53  ] . Defi nitive 
hypoparathyroidism can be a worse disease than 
mild asymptomatic persistent or recurrent PHPT. 

 In patients with persistent disease, early reop-
erations are rarely required. The decision to reop-
erate should never be made hastily, and with the 
use of biphosphonates or calcimimetics, acute 
HPT is no longer life-threatening. When indi-
cated, surgical revision in the fi rst few weeks or 
months should be avoided because the operation 
site is still very much affected by infl ammatory 
scarring which considerably hampers dissection. 
This delay will also allow the surgeon to assem-
ble all the information required for analysis of the 
case history. 

 In patients who are not operative or reopera-
tive candidates, one should consider alternative 
therapeutic modalities versus follow-up of hyper-
calcemia. FNA can be combined with alcohol 
ablation of the hyperfunctioning gland, but persis-
tent or recurrent HPT is likely and the procedure 
has to be repeated  [  54  ] . In addition, inferior laryn-
geal nerve injury has been reported. This non-
operative procedure requires an expert radiologist. 
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In selected cases, it is possible to do an angio-
graphic embolization of the localized adenoma 
 [  55  ] . This technique is only indicated for poor-
risk surgical patients with persistent HPT related 
with mediastinal parathyroid adenoma.  

   Initial Surgery for Ectopic 
Hyperfunctional Parathyroid Glands 

 The surgical strategy depends on the location of 
the ectopic gland and its accessibility from a cer-
vical route. 

 In case of high ectopia in the neck, the sur-
geon can perform a limited approach, directly 
focused on the site of the ectopic gland. The 
exploration of the other glands is not mandatory 
but the use of intraoperative QPTH assay, to con-
fi rm the radicality of the excision, is strongly rec-
ommended  [  56  ] . This targeted parathyroidectomy 
must be reserved for patients with sporadic HPT 
and without suspicion of multiglandular disease 
on preoperative imaging studies. It is not indi-
cated in patients with familial disease or in case 
of secondary HPT. 

 In all other cases, and when the gland is acces-
sible from a cervical route, the approach is the 
classic cervicotomy with bilateral exploration. 
Through this access, the operator can explore 
orthotopic glands and excise not only ectopic 
glands located in the neck but also most medi-
astinal adenomas located in the posterior medi-
astinum, or in the anterior mediastinum above 
the aortic arch, and notably those which are 
intrathymic. 

 In case of ectopic PIV located in the posterior 
mediastinum, the surgeon should not hesitate to 
slip his fi nger as low as possible along the prever-
tebral plane to explore the posterosuperior medi-
astinum. If the adenoma is felt, it is progressively 
extracted by bringing its pedicle upward by pro-
gressive traction. In case of ectopic PIII located 
in the anterior mediastinum, the surgeon must not 
hesitate to sit at the head of the patient to get a 
good look down into the superior mediastinum. 
While exploration of the posterosuperior medi-
astinum is digital, that of the anterosuperior 
mediastinum is visual. The thyrothymic ligament 

is dissected as far as the upper part of the thymus. 
Since the space between the manubrium and the 
trachea is very narrow, the exploration must be 
made by bringing the thymic lobe upward by 
gentle progressive traction. This maneuver, which 
may seem somewhat acrobatic, just requires liga-
tion of some veins and may be performed in com-
plete safety. The thymus may thus be exteriorised 
over 8–10 cm. The elevated thymic lobe must 
then be dissected since some adenomas are deeply 
embedded in its substance. 

 The possibility of an intrathyroid parathyroid 
adenoma justifi es careful palpation of the thyroid 
parenchyma. Intraoperative ultrasonography may 
be helpful here. Most of these so-called intrathy-
roid adenomas are more or less deeply embedded 
in a crevice of the thyroid parenchyma. Some 
other adenomas are hidden just under the thyroid 
capsule and are revealed by a localized discolor-
ation of the surface of the thyroid capsule which 
darkens progressively during the dissection. 
Simple incision of the thyroid capsule then allows 
their dislodgment from their thyroid resting place. 
True intrathyroidal parathyroid adenomas require 
thyroid incision. A plane of cleavage always 
exists between the thyroid and the parathyroid 
and so, these adenomas can be excised by enucle-
ation. Thyroid excision is the last available pro-
cedure. One should be reluctant to perform a 
blind thyroid lobectomy. Nevertheless, when sus-
picion remains high but incision has failed to 
locate the lesion, thyroid lobectomy on the appro-
priate side is clearly indicated, with unremitting 
care not to devascularize the normal ipsilateral 
parathyroid gland. 

 Initial mediastinal approaches are indicated in 
the l–2% of ectopic mediastinal adenomas which 
are virtually inaccessible from the cervical route. 
Only adenomas located deep in the anterior medi-
astinum or in the middle mediastinum require a 
thoracic approach. The appropriate approach will 
be dependent upon careful consideration of local-
izing studies and the depth of the lesion in the 
mediastinum. Precise localization can allow a 
less invasive approach than sternal split: anterior 
extrapleural mini-thoracotomy or left thoracos-
copy may be preferable to partial or total sterno-
tomy. In case of initial mediastinal approach, the 
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exploration of the orthotopic cervical glands is 
not mandatory but the use of intraoperative 
QPTH assay is strongly recommended.  

   Reoperation for Ectopic 
Hyperfunctional Parathyroid Glands 

 Most often, reoperations for ectopic persistent 
adenomas are performed after a delay of 4–6 
months. Nevertheless, in patients initially oper-
ated on without any localization studies, a sesta-
mibi scan may be performed the day after 
unsuccessful surgery, and if the localization of 
the missed adenoma is unequivocal, very early 
reoperation can be proposed. When the ectopic 
gland is accessible from the same cervical route, 
reoperation must be performed within 24–72 h to 
avoid infl ammatory tissue. When an ectopic 
mediastinal location is suspected, sestamibi scan 
must be associated with CT scan or MRI and a 
clear topographic diagnosis must be established 
by convergence of their results. Mediastinal 
explorations using a thoracic access are too inva-
sive to be recommended when results of localiza-
tion studies are equivocal. 

 After reoperation for persistent or recurrent 
HPT the risk of hypoparathyroidism is consider-
able and the postoperative morbidity confi rms 
this. Prevention of tetany may require temporary 
continuous intravenous calcium infusion fol-
lowed by prolonged oral calcium and vitamin D 
therapy. Before a reoperation the surgeon is not 
always aware of how many glands have been left 
in place. He must keep in mind that the ectopic 
adenoma may be the only parathyroid gland 
remaining in the patient. Moreover, some 
glands—whether or not discovered initially—
may have been devitalised by successive dissec-
tions. This implies at least the possession of the 
operative record and the histological report from 
previous operations. A reading of the histological 
report should specify the number of glands 
removed or eventually biopsied. The number, 
site, and nature of excisions should be systemati-
cally compared with those mentioned in the oper-
ative record. If biopsy has not been done, the 
identifi cation of the gland is questionable. 

Therefore, when the different operative records 
suggest that more than two glands have been 
removed or devitalized, immediate autotrans-
plantation using a fragment of the discovered 
ectopic gland may be proposed. This attitude is 
debatable since the hyperfunctional grafts may 
interfere with assessment of the results of para-
thyroidectomy. Transplantation of hyperfunc-
tional tissue can result in recurrent disease in 
7–17% of patients. This explains that most sur-
geons routinely abstain from immediate auto-
transplantation at the time of the parathyroidectomy, 
whatever the nature of the lesions and the number 
of glands previously removed. In this case, cryo-
preservation should be arranged. Cryopreservation 
is an essential adjunct to reoperation for ectopic 
parathyroid glands. On the one hand, it allows the 
surgeon to forego immediate autotransplantation, 
and on the other it allows for secondary autograft-
ing in the event of persistent hypoparathyroid-
ism. In cases of postoperative hypocalcemia, 
delayed autotransplantation based on cryopre-
served tissue should not be done too soon. Some 
hypocalcemic patients do not regain normocalce-
mia until after 6 months. This is the delay that 
seems necessary before considering delayed 
autotransplantation. Grafts may fail to function in 
6–50% of transplanted tissue, with failure occur-
ring more frequently when using cryopreserved 
tissue. However, when there is no available facil-
ity for cryopreservation, immediate autotrans-
plantation may be done provided the surgeon is 
certain that previous successive procedures have 
led to the excision of at least three normal glands, 
and the ectopic gland found is an adenoma. 

 Nearly all reoperations for ectopic glands are 
performed via an access targeted on the gland 
preoperatively located. The exploration of the 
other glands is not performed but intraoperative 
QPTH monitoring is strongly recommended. 
Intraoperative ultrasound, gamma probe, frozen 
section, and recurrent laryngeal nerve monitoring 
may be useful during these reoperations  [  56  ] . 

 To avoid the scar fi eld of previous neck 
operation(s) two different approaches can be 
used: the posterolateral approach and the thyro-
thymic approach. The posterolateral approach or 
“back-door” approach should be considered 
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when the sought for adenoma has been visualized 
in a posterocervical site or in a posterosuperior 
mediastinal site. The previous transverse incision 
is laterally enlarged on the anterior border of the 
sternocleidomastoid. The approach is behind the 
muscles and the thyroid, in a zone that is intact or 
little affected by the previous operation. 

 The thyrothymic approach or “front-door” 
approach should be considered when the sought 
for adenoma has been visualized in an anterosu-
perior mediastinal site. A transverse skin incision 
is used along the previous cervical incision. The 
infrahyoid muscles are divided as low as possible 
allowing direct access to the thyrothymic liga-
ments. This maneuver avoids any dissection 
between the prethyroid muscles and the thyroid 
capsule. 

 Ectopic mediastinal adenomas not accessible 
from a cervical route require a specifi c thoracic 
access. Endoscopic minimally invasive thoracic 
approaches are more and more often used.   

   Conclusion 

 Parathyroid glands in major ectopic locations are 
rare but may present a considerable challenge to 
the endocrinologist, the radiologist, and the sur-
geon. Today, most ectopic hyperfunctional para-
thyroid glands can be identifi ed prior to surgery 
by imaging studies or during surgery by an expert 
parathyroid surgeon. A thorough knowledge of 
the anatomy and an understanding of the embry-
onic development of the parathyroid glands are 
the keys to successful localization and successful 
resection.      
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  Abstract 

 Multiple endocrine neoplasia (MEN) describes a group of syndromes 
characterized by neoplasms in two or more endocrine organs. Neoplasms 
can be benign, malignant, and in some cases nonsecretory. To date there 
are seven MEN syndromes, which includes MEN 1, MEN 2, MEN 4, 
Carney Complex, McCune–Albright syndrome, Von Hippel–Lindau dis-
ease, and neurofi bromatosis type 1. This chapter focuses on those syn-
dromes in which primary hyperparathyroidism (PHPT) has been described: 
MEN 1, MEN 2, and MEN 4 [1]. MEN 1 and MEN 2 are neoplastic syn-
dromes which demonstrate an autosomal dominant inheritance pattern. 
Due to the unique expression, evaluation, and management of PHPT and 
the associated endocrine neoplasms in these hereditary syndromes, special 
discussion on these disorders is deserved.  
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   Introduction 

 Multiple endocrine neoplasia (MEN) describes a 
group of syndromes characterized by neoplasms 
in two or more endocrine organs. Neoplasms can 
be benign, malignant, and in some cases nonse-
cretory. To date there are seven MEN syndromes, 
which includes MEN 1, MEN 2, MEN 4, Carney 
Complex, McCune–Albright syndrome, Von 
Hippel–Lindau disease, and neurofi bromatosis 
type 1. This chapter focuses on those syndromes 
in which PHPT has been described: MEN 1, 
MEN 2, and MEN 4  [  1  ] . MEN 1 and MEN 2 are 
neoplastic syndromes which demonstrate an 
autosomal dominant inheritance pattern. Due to 
the unique expression, evaluation, and manage-
ment of PHPT and the associated endocrine neo-
plasms in these hereditary syndromes, special 
discussion on these disorders is deserved.  

   MEN 1 

   Epidemiology 

 MEN 1 (formerly called Wermer syndrome) 
causes a multiplicity of endocrine neoplasms. 
The estimated prevalence of MEN 1 is 0.02–
0.2/1,000  [  2–  4  ] . However, incomplete clinical 
identifi cation of the syndrome may be frequent 
and likely renders this an underestimation of true 
prevalence. For the clinical diagnosis of MEN 1, 
a patient must display two of the three main MEN 
1-related endocrine tumors  [  5,   6  ] : parathyroid 
adenomas, enteropancreatic endocrine tumors, 
and pituitary tumors. Familial MEN 1 is an auto-
somal dominant disorder in which one person in 
the family has MEN 1 plus at least one  fi rst-degree 

relative with one of the three main MEN-related 
endocrine tumors  [  7  ] . PHPT is the most frequent 
(>90%) and usually the earliest expression of the 
MEN 1 syndrome  [  6,   8,   9  ] . In MEN 1 patients, 
pancreatic islet cell tumors are present in 30–80% 
 [  10  ]  and consist of gastrinomas, insulinomas, 
glucagonomas, VIPomas, pancreatic polypep-
tideomas and other nonfunctioning neuroendo-
crine tumors of the pancreas. Zollinger-Ellison 
syndrome (i.e., gastrinoma) is one of the more 
common pancreatic tumors  [  11  ] . Other less com-
mon functional tumors include GHRHoma and 
somatostatinoma. Anterior pituitary tumors con-
sisting of prolactinomas, somatotrophinomas, 
corticotrophinomas, or nonfunctioning adenomas 
occur in 30% of patients  [  9  ] . Thymic (2%), bron-
chial (2–4%) or intestinal (10%) carcinoids, lipo-
mas (30%), benign adrenal adenomas (20%), 
pheochromocytomas (<1%), and thyroid follicu-
lar adenomas represent other tumors seen in 
MEN 1  [  3,   7,   12–  14  ] . 

 Several MEN 1 variants with unique expres-
sions have been described. The prolactinoma or 
Burin variant of MEN 1 combines PHPT (90%) 
with an unusually high penetrance of prolacti-
noma (35–65%) and low penetrance of gastri-
noma (3–11%)  [  3,   15,   16  ] . Carcinoid tumors are 
also seen more commonly in few the families 
with this variant  [  3  ] . Insulinoma variant of 
familial MEN 1 has also been reported in some 
families  [  17  ] . In contrast to MEN 2, the geno-
type–phenotype correlation in MEN 1 families 
is more heterogeneous. 

   Hyperparathyroidism in MEN 1 
 PHPT is the most common endocrinopathy in 
MEN 1  [  3,   14  ] , reaching 90% penetrance by age 
35 years  [  18  ]  and nearly 100% by age 50 years 
 [  2,   6,   7,   12,   19,   20  ] . Rare MEN 1 mutation 
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carriers do not express hyperparathyroidism 
throughout their life span  [  3  ] . Although hyper-
parathyroidism is the most common presenting 
endocrinopathy, it may go undiagnosed for years 
 [  21  ] . Parathyroid hyperfunction in this syndrome 
is virtually always expressed as hyperplasia of all 
parathyroid glands over the lifetime of the patient 
with an increased incidence of supernumerary 
glands (up to 20%)  [  22,   23  ] . These supernumer-
ary glands often occur in ectopic locations (e.g., 
intrathyroidal, intrathymic, or soft tissues of the 
anterior mediastinum)  [  8,   18  ] . Parathyroid hyper-
plasia can be diffuse, nodular, or asymmetric 
 [  24,   25  ] . It is diffi cult to establish if a visually 
normal gland is pathologic or not. The likelihood 
of fi nding normal weight glands decreases as the 
age of the patient increases  [  14  ] . For these rea-
sons, the surgical management is distinct and will 
be reviewed in detail later.    

   Clinical Presentation 

   Clinical Presentation of 
Hyperparathyroidism in MEN 1 

 PHPT in MEN 1 has an earlier age of onset with 
cases as early as age 5 having been reported 
 [  3,   26  ] . The average age of onset is 25 years in 
MEN 1, as compared to 55 years in sporadic 
hyperparathyroidism  [  8  ] . Hyperparathyroidism 
in MEN 1 exhibits an equal female to male ratio 
 [  3,   7,   10  ] , as opposed to sporadic hyperparathy-
roidism which has ~3:1 female to male ratio. The 
peak incidence of symptoms in women with 
MEN 1 is during the third decade of life, whereas 
the peak incidence in men is during the fourth 
decade  [  7,   14  ] . The symptoms of PHPT are those 
related to hypercalcemia such as fatigue, polydip-
sia, polyuria, myalgia, arthralgia, and  abdominal 

pain. Interestingly, only 20–30% of patients with 
MEN 1 have symptoms  [  8,   19  ] . Since calcium 
serves as a secretagogue for gastrin secretion, 
uncontrolled hypercalcemia can exacerbate the 
symptoms of Zollinger-Ellison syndrome, a 
major cause of morbidity in these patients  [  27  ] . 
Nephrolithiasis, which may be asymptomatic, is 
found in up to 50% of cases, while osteitis fi brosa 
cystica is diagnosed in up to 25%. MEN 1-related 
hyperparathyroidism often occurs at a younger 
age when bone growth is at its peak, increasing 
the risk of osteopenia. By the third decade of life, 
osteopenia affects more than 40% of MEN 1 
patients with hyperparathyroidism  [  28  ] . Even 
mild or asymptomatic hypercalcemia can be 
associated with reduced bone mineral density 
 [  28  ] . If left untreated, this can lead to osteoporo-
sis and increased risk of fracture. Neuropsychiatric 
manifestations of hyperparathyroidism may affect 
the MEN 1 patient who is otherwise thought to be 
asymptomatic. Hyperparathyroidism is believed 
to affect sleep, cognition, mood, and overall 
 quality of life (Table  11.1 ).   

   Clinical Presentation of Other MEN 
1-Related Tumors 

 Gastrinomas are the most common enteropancre-
atic tumors in MEN 1 and cause abdominal pain, 
refl ux, and diarrhea. Untreated, overproduction of 
acid can lead to multiple gastrointestinal ulcers in 
atypical locations and in extreme cases, perfora-
tion. Other rare enteropancreatic tumors include 
insulinoma, glucagonoma, VIPoma, GHRHoma, 
somatostatinoma, and nonfunctional neuroendo-
crine tumors. Hypoglycemia is seen in patients with 
insulinomas. Glucagonoma can cause rash (necro-
lytic migratory erythema), weight loss, glucose 
intolerance, and anemia. Vasoactive intestinal 

   Table 11.1    Expression of primary hyperparathyroidism by syndrome   

 Feature  Sporadic hyperparathyroidism  MEN 1  MEN 2A 

 Inheritance  None  Autosomal dominant  Autosomal dominant 
 Average age of onset  55 years  25 years  >30 years 
 F:M ratio  3:1  1:1  1:1 
 Multiplicity  Single ~80% of cases  Multiple  Can be multiple 
 Other common tumors  None  Pancreatic tumors 

 Pituitary tumors 
 Medullary thyroid cancer 
 Pheochromocytoma 
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 peptide secreted in VIPoma can cause severe watery 
diarrhea, hypokalemia, and hypochlorhydria. 

 The most common pituitary tumor in MEN 1 
is a prolactinoma which can present with galact-
orrhea and hypogonadism. Other rare growth 
hormone or ACTH-producing tumors can present 
with acromegaly or Cushing’s syndrome, respec-
tively. Nonfunctioning pituitary tumors may 
present with bitemporal hemianopsia or be found 
incidentally on imaging. 

 Carcinoid tumors in MEN 1 typically occur in 
the thymus, bronchus, stomach, pancreas, or duo-
denum. They rarely secrete serotonin. They are 
typically discovered incidentally on imaging, after 
surgery or when they have widely metastasized.   

   Laboratory Evaluation 

   Laboratory Tests for the Diagnosis 
of Hyperparathyroidism 

 Diagnosis of hyperparathyroidism is confi rmed by 
fi nding an elevated albumin-adjusted serum cal-
cium or ionized calcium and inappropriately nor-
mal or high concentrations of PTH in the 
circulation. Other laboratory tests that can be help-
ful to rule out other conditions are serum phos-
phate, alkaline phosphatase, 25 OH vitamin D, 
24-h urine  calcium, and creatinine. It is important 
that these tests are done in the same blood drawn to 
ensure clinically relevant results. In patients who 
have undergone initial total parathyroidectomy 
with forearm autograft, it is essential to draw  levels 
from the opposite arm if monitoring for recurrence 
to avoid spuriously elevated PTH levels.  

   Laboratory Tests for the Diagnosis 
of Other MEN 1-Related Tumors 

 Full discussion regarding the laboratory diagno-
sis of other endocrine tumors associated with 
MEN 1 is beyond the scope of this chapter. What 
follows is a cursory look at the basics of the diag-
nostic workup. Gastrinomas are diagnosed based 
on elevated fasting serum gastrin levels as well as 
increased basal gastric acid. When measuring 
serum gastrin levels it is important that patient is 

not on acid suppressing medications which can 
alter the test results. Insulinoma is diagnosed 
based on performing a 72-h fast which demon-
strates inappropriately elevated insulin, proinsu-
lin, and C-peptide levels during hypoglycemia. 
The diagnosis of VIPoma is based on an elevated 
serum VIP level and large fasting stool volumes. 
Elevated glucagon levels and glucose intolerance 
characterize glucagonomas. 

 Prolactinomas are diagnosed based on ele-
vated prolactin levels. Acromegaly is diagnosed 
by demonstrating unsuppressed growth hormone 
secretion in the setting of glucose loading. Testing 
of excess cortisol secretion is generally performed 
with 24-h urine collection for free cortisol. Other 
commonly used testing for this syndrome includes 
midnight salivary cortisol testing and 1 mg dex-
amethasone suppression testing.   

   Diagnosis 

   Genetics 

 MEN 1 is caused by a germline mutation in the 
 MEN 1  gene  [  4,   29  ] . This is a tumor suppressor 
gene located on chromosome 11 encoding a pro-
tein called menin  [  1,   8,   10  ] . Approximately 85% 
of patients with MEN 1 have identifi able muta-
tions in the  MEN 1  gene  [  30  ] . Inactivation of the 
 MEN 1  gene is believed to play a role in parathy-
roid hyperplasia. Menin is required for transform-
ing growth factor (TGF) beta to inhibit parathyroid 
cell proliferation  [  31  ] . More than 1,100 different 
germline mutations in  MEN 1  have been reported 
with no consistent genotype–phenotype correla-
tion  [  21,   32  ] . As such the utility of genetic testing 
is limited for several reasons. The phenotypic 
expression of the disease is highly variable 
between individual families sharing the same 
mutation and even within families with the 
same mutation. Therefore, prophylactic therapy 
targeted at the parathyroid, pituitary, or pancreas 
is not feasible. Therapy is indicated when or if a 
particular endocrinopathy or nonfunctional tumor 
arises. The identifi cation of a patient with MEN 
1, however, is useful as it guides further evalua-
tion and management. For example, the choice 
of operative procedure is different if treating 
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PHPT in sporadic disease as opposed to disease 
in the setting of MEN 1. Additionally, screening 
and appropriate management of comorbid endo-
crinopathies is unique to MEN 1. 

   Indications for Genetic Testing in MEN 1 
and Genetic Counseling 
 Cancer can be prevented or cured by prophylac-
tic or early treatment in MEN 2 but not in MEN 
1. Therefore, genetic testing and genetic counsel-
ing have different roles in these two disorders, 
but in either case genetic counseling should be 
offered to all patients being considered for genetic 
testing  [  1  ] . Identifi cation of MEN 1 in patients 
with familial  [  33  ]  or apparent sporadic hyper-
parathyroidism helps to guide the management of 
the disease and to plan the most appropriate oper-
ative procedure  [  4  ] . The diagnosis of MEN 1 in a 
patient carries important implications for other 
family members since MEN 1 is autosomal dom-
inant. First-degree relatives have a 50% risk of 
inheriting the genetic mutation. Genetic testing is 
suggested in all young patients <40 years with 
multiglandular hyperparathyroidism  [  34  ] , though 
routine MEN 1 analysis in all patients with hyper-
parathyroidism is not recommended.  

   Screening 
 At this time, there is no consistent genotype–phe-
notype correlation to direct surveillance for spe-
cifi c tumors in MEN 1. Extensive past medical 
and family history should be obtained for the 
identifi cation of previously unrecognized carriers 
 [  30  ] . Detailed family history regarding any fam-
ily member with nephrolithiasis, high calcium 
levels, neck surgery, ulcer disease, pancreatic 
cancer, brain tumor, and infertility should be 
obtained  [  4  ] . Screening for MEN 1 in patients 
involves detection of tumors by clinical presenta-
tion, biochemical testing, and radiologic investi-
gations. Several suggested screening regimens 
have been proposed for highly likely or geneti-
cally confi rmed MEN 1 patients. It is suggested 
 [  7  ]  that screening is started as early as 5 years for 
insulinoma and pituitary adenoma with annual 
serum fasting glucose, insulin levels and prolac-
tin and IGF-1, respectively. Pituitary MRI is also 
recommended every 3 years. For parathyroid 
adenoma and hyperparathyroidism, screening 

begins at age 8 with annual serum calcium and 
PTH. When the patient reaches age 20, annual 
serum gastrin levels, gastric acid output, secretin-
stimulated gastrin are recommended to screen for 
gastrinoma. Also at this age, other enteropancre-
atic tumors are screened for with annual chro-
mogranin-A, glucagon, and proinsulin. CT or 
MRI of the chest and abdomen is also utilized 
every 3 years for carcinoid and enteropancreatic 
tumors. Carcinoids are typically diagnosed on 
imaging. The biochemical and radiological test-
ing and frequency should be modifi ed based on 
the specifi c clinical situation of each patient.    

   Differential Diagnosis 

 Diseases in which hyperparathyroidism and 
hypercalcemia can be seen are hyperparathyroid-
ism-jaw tumor syndrome, familial hypocalciuric 
hypercalcemia (FHH), neonatal severe hyper-
parathyroidism, familial hypercalcemia with 
hypercalciuria, and familial isolated hyperpara-
thyroidism  [  5,   35  ] .  

   Imaging Studies 

   Imaging Studies for 
Hyperparathyroidism 

 In patients with sporadic hyperparathyroidism, in 
which single adenomas are the cause of disease 
in >80% of cases, the use of preoperative imag-
ing can signifi cantly change the operation per-
formed. But in known MEN 1 patients, the use of 
extensive preoperative imaging is unlikely to 
alter the surgical procedure, since bilateral cen-
tral compartment exploration along with tran-
scervical thymectomy should be performed in all 
patients. Ultrasound is helpful in evaluating con-
current thyroid pathology and is the preferred 
preoperative imaging modality. 

 Localization tests are essential in patients 
being considered for reoperation for recurrent or 
persistent hyperparathyroidism to identify the 
site(s) of disease  [  12  ] . Reoperative surgery in the 
central neck has increased rates of complications 
specifi cally with regard to injury to the recurrent 
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laryngeal or external branch of the superior laryn-
geal nerve. This increased risk makes preopera-
tive localization crucial to minimizing unnecessary 
dissection and complications. Combination of 
technetium-99 m sestamibi scintigraphy and 
ultrasound performed by well-trained operators 
with up-to-date instruments appear to be the best 
diagnostic tools for the pre-operative localization 
of diseased parathyroid glands  [  36  ] . Sestamibi 
scanning detects more than 90% of parathyroid 
adenomas in patients who have not had surgery 
but this technique images only about 60% of 
enlarged glands in multigland parathyroid dis-
ease  [  12,   37  ] . This technique and contrast-
enhanced computed tomographic (CT) imaging 
have the advantage of being able to identify para-
thyroid glands in ectopic locations  [  18,   38,   39  ] . 
MIBI subtraction scintigraphy can detect more 
than 90% of parathyroid adenomas in ectopic 
locations  [  40  ] . Studies have shown that 4D-CT 
provides signifi cantly greater sensitivity than 
ultrasonography and sestamibi scans for localiza-
tion of parathyroid adenomas  [  41,   42  ] . Positron 
emission tomography (PET) with 11 C-methionine 
has also been successfully used to identify hyper-
plastic parathyroid glands in patients with pri-
mary or secondary hyperparathyroidism. 
Cost–benefi t analyses of these more expensive 
techniques have not been conducted. Two con-
cordant studies are highly recommended prior to 
reoperation  [  18  ] . Sestamibi and ultrasound are 
usually the fi rst tests with CT, selective venous 
sampling, and arteriography  [  12  ]  reserved for 
failure of the fi rst two tests. Venous sampling 
provides not only information about multiple 
sites of residual parathyroid tissue but also the 
functional status of parathyroid autografts. It is 
limited, however, by its lack of anatomic detail 
giving surgeons only “regions” of increased 
activity rather than the specifi c anatomic loca-
tions delineated by CT scans or ultrasound.  

   Imaging Studies for Other MEN 
1-Related Tumors 

 CT scan of the chest, abdomen, and pelvis is use-
ful for the localization of enteropancreatic tumors 

and carcinoid tumors. Pituitary MRI is the 
 imaging modality of choice for the localization 
of pituitary tumors.   

   Treatment 

 MEN syndromes tend to present with more severe 
hyperparathyroidism, and assessment of all four 
glands at initial operation is mandatory. Surgery 
is the treatment of choice in hyperparathyroidism 
associated with MEN 1  [  43  ] , however, timing for 
parathyroidectomy remains controversial. Some 
believe that parathyroidectomy should be delayed 
since surgery is more complicated than sporadic 
hyperparathyroidism with slightly higher risks of 
either persistent or recurrent hyperparathyroid-
ism or postoperative hypoparathyroidism. Others 
believe that early surgical intervention should be 
done to prevent complications related to hyper-
parathyroidism. These complications include 
decline in bone mineral density, risk of nephro-
lithiasis, worsening of kidney function, pancrea-
titis, and worsening of symptoms in patients with 
gastrinoma  [  7,   9  ] . Even mild and asymptomatic 
hypercalcemia can be associated with reduced 
bone mineral density. If osteopenia is advanced, 
it may not be possible to achieve age appropriate 
bone mineral density in this population, however, 
successful parathyroidectomy does improve bone 
mineral density in the majority of patients. 
Recurrent hyperparathyroidism is more common 
after parathyroidectomy in MEN 1, further com-
plicating the decision of when to recommend sur-
gery. Given these multiple complexities, 
collaboration between the endocrinologist and 
the experienced surgeon is imperative in deliver-
ing the most appropriate care for these patients. 

   Initial Surgery for Hyperparathyroidism 

 (Please refer to Chap.   20     for further discussion) 
 Parathyroidectomy should be performed by a 

skilled surgeon, knowledgeable in the treatment 
of hyperparathyroidism due to multiple gland 
hyperplasia and experienced in the identifi cation 
of ectopic glands. The initial surgery should be 
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extensive, and it is important to identify all 
 diseased parathyroid glands  [  20  ] . Confi rmation 
of parathyroid tissue should be obtained from 
pathology or PTH washings at the time of sur-
gery to minimize the chance of inaccurate identi-
fi cation of the glands. The main goal of surgery is 
to maintain lifelong eucalcemia while preventing 
permanent hypocalcemia or recurrent hyperpara-
thyroidism  [  7  ] . The indications for surgical inter-
vention for hyperparathyroidism in MEN 1 are 
similar to those in sporadic PHPT  [  44  ] . The crite-
ria usually include signifi cant hypercalcemia 
(serum calcium >1 mg/dl above the upper limit of 
normal), nephrolithiasis, osteoporosis, age <50, 
worsening renal function (creatinine clearance 
<60 ml/min), or symptomatic gastrinoma  [  4,   45  ] . 
Because surgery is the most effective strategy 
for preserving bone density in patients with 
hyperparathyroidism  [  46  ] , bone density evalua-
tion should play an important role in planning 
the  timing of parathyroid surgery in MEN 1 
patients with asymptomatic hyperparathyroid-
ism. Uncontrolled hypercalcemia may exacerbate 
gastrointestinal symptoms in patients who have 
co-existent gastrinoma, since calcium acts as a 
secretagogue for gastrin secretion  [  27  ] . For this 
reason, it is often benefi cial to treat the patient’s 
hyperparathyroidism prior to the decision to 
operate on a patient’s gastrinoma.  

   Total and Subtotal Parathyroidectomy 

 Since multiple gland hyperplasia is characteristic 
of MEN 1, four-gland parathyroidectomy with 
autotransplantation of parathyroid tissue or subto-
tal parathyroidectomy with removal of 3.5 gland 
and leaving a parathyroid remnant is recom-
mended  [  7,   8,   12,   18,   21,   23,   25,   47,   48  ] . Both 
approaches should be combined with efforts to 
exclude supernumerary glands and ectopic para-
thyroid tissue by including bilateral central neck 
exploration, resection of fatty tissue from the cen-
tral neck compartment, and transcervical thymec-
tomy in all patients  [  5,   47  ] . The thymus may 
contain a parathyroid adenoma or potential carci-
noid tumor. After total parathyroidectomy, ten to 
twenty 1-mm pieces of parathyroid tissue are 

transplanted into individual pockets created in the 
brachioradialis muscle of the nondominant fore-
arm  [  47  ] .    Placement in the forearm allows easier, 
less invasive reoperation should hyperplasia of the 
autograft become problematic later. For subtotal 
parathyroidectomy, it is suggested that the largest 
three of the four parathyroid glands be removed 
along with transcervical thymectomy. The para-
thyroid gland of the smallest size is typically left 
in situ and trimmed to a near-normal size  [  18  ]  (of 
no more than 60 mg  [  47  ] ) to maintain eucalcemia 
 [  5  ] . If the gland to be left in situ is not greater than 
two times normal size, then it is left undisturbed. 
The residual parathyroid tissue is marked with a 
nonabsorbable suture and/or a metallic clip which 
can be used to attach the gland to the thyroid cap-
sule away from the recurrent laryngeal nerve 
thereby facilitating reoperative surgery  [  47  ] . Great 
care is taken when performing partial parathyroid 
resection so as not to seed the local region with 
hyperplastic cells, resulting in inadvertent para-
thyroid autografting (parathyromatosis) within the 
operative bed, sternocleidomastoid muscle, ster-
nothyroid muscle, or wall of the esophagus. 

 Intraoperative PTH assay may be of some util-
ity in determining the adequacy of or need for 
subtotal resection of the parathyroid remnant 
gland. The accuracy of intraoperative PTH for 
testing residual parathyroid function during sur-
gery in the setting of multiglandular disease is 
still controversial  [  49  ] . Following parathyroidec-
tomy for nonfamilial PHPT, a decrease in the 
plasma PTH level of >50% from the highest 
baseline levels indicates an adequate resection of 
parathyroid tissue  [  38  ] . However, signifi cant 
false-positive rates in patients with MEN 1 have 
been reported using this cutoff  [  8,   50  ] . It has been 
suggested that more stringent criteria should be 
applied, such as an 80% reduction in PTH prior 
to accepting adequate excision of parathyroid tis-
sue in MEN 1  [  8,   50,   51  ] . No specifi c recommen-
dations are available for the use of this assay 
because of the limited clinical experience. At this 
time, the most important surgical adjunct is an 
experienced surgeon doing a complete initial 
exploration and resection based on sound clinical 
judgment and an understanding of the pathophys-
iology of the syndrome (Table  11.2 ).  
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 While the initial surgery should be extensive, 
the surgeon must bear in mind that permanent 
hypoparathyroidism can often be more diffi cult 
to control than mild hyperparathyroidism. 
Subtotal parathyroidectomy is preferred by some 
surgeons over total parathyroidectomy to avoid 
permanent hypoparathyroidism after the initial 
cervical operation  [  52  ] .  

   Hypo and Hyperparathyroidism 
After the Surgery 

 Persistent hyperparathyroidism is seen in 14–38% 
of cases after subtotal parathyroidectomy  [  20  ] . 
Autograft hyperfunction after total parathyroi-
dectomy can result in hypercalcemia in 3–30% of 
cases  [  18,   53  ] . Despite the potential for recurrent 
hyperparathyroidism, parathyroid autografts are 
the only way to avoid permanent hypoparathy-
roidism after a total parathyroidectomy. 

 The incidence of hypoparathyroidism after the 
parathyroid surgery is relatively high at 10–25% 
 [  20,   22,   54  ] . Permanent hypocalcemia is seen in 
0–24% cases after subtotal parathyroidectomy 
 [  5,   25,   55  ]  and approximately one third of patients 
undergoing total parathyroidectomy with fore-
arm autografting  [  18,   20,   52  ] . Hypoparathyroidism 
is due to ischemic necrosis of parathyroid rem-
nants or grafts or inadequate volumes of viable 
tissue remaining to support calcium homeostasis. 
To deal with this high prevalence of postopera-
tive hypoparathyroidism, cryopreservation of 
parathyroid tissue should be performed whenever 
facilities are available. Delayed autografting 
of cryopreserved parathyroid tissue is done for 
persistent hypocalcaemia, although success rates 

are highly variable and decrease over time as the 
tissue is stored.  

   Reoperative Parathyroid Surgery 

 There is high rate of recurrent hyperparathyroid-
ism (38–50%) 10 years after initial surgery, 
depending on the experience of the surgeon. This 
results in the need for reoperation in many 
patients with MEN 1  [  10,   18,   20,   22,   25,   52, 
  54,   56  ] . In comparison, only 2–5% of patients 
develop recurrence in sporadic PHPT at 
10–15 years. Recurrent hyperparathyroidism is 
more common when diagnosis of MEN 1 is not 
known at the time of initial surgery and less 
extensive surgery is performed. The indications 
of reoperation are similar to the indications for 
initial neck exploration. In patients requiring 
reoperation for hyperparathyroidism, surgical 
cure and long-term control of hypercalcemia are 
more diffi cult and less successful than at the time 
of primary operation  [  25  ] . Despite the increased 
risk of permanent hypocalcemia, it is recom-
mended  [  5  ]  to perform total parathyroidectomy 
with autotransplantation in patients requiring 
reoperation for recurrent hypercalcemia because 
of the high rate of failure with a lesser procedure 
 [  21  ] . Given the higher rate of overall complica-
tions in reoperative neck surgery as well as 
decreased cure rates, extensive imaging is recom-
mended prior to repeat surgical exploration (see 
discussion above). Recurrent disease may be 
caused by the hyperfunctioning parathyroid rem-
nant after subtotal parathyroidectomy, ectopic 
parathyroid glands in the neck or mediastinum, 
parathyromatosis from disruption of the gland(s) 

   Table 11.2    Comparison of surgical techniques in the management of hyperparathyroidism in MEN 1   

 Total parathyroidectomy  Subtotal parathyroidectomy 

 Number of parathyroid glands removed  4  3.5 
 Parathyroid gland left in situ  No  Yes ~ 60 mg 
 Cryopreservation or autotransplantation  Yes  No 
 Bilateral central neck exploration  Yes  Yes 
 Transcervical thymectomy  Yes  Yes 
 Surgery  Initial or reoperative  Initial 
 Persistent or recurrent hyperparathyroidism  3–30%  14–38% 
 Postoperative hypoparathyroidism  33%  0–24% 
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during initial surgery, from a hyperfunctioning 
forearm graft after total parathyroidectomy or 
from any combination of the above (Fig.  11.1 ) 
 [  5,   21,   57  ] . The goal of reoperative surgery is to 
render the patient eucalcemic for as long as pos-
sible while avoiding hypoparathyroidism and 
permanent dependence of oral supplements to 
maintain adequate calcium homeostasis.   

   Medical Management 

 For those high risk and complicated patients in 
whom surgery is not an appropriate option, medi-
cal management can be considered  [  43  ] . Estrogen 
therapy has shown some modest reduction in 
serum calcium levels with increased bone density 

 [  58  ] . Also, bisphosphonates have been shown 
to increase bone mass in patients with PHPT 
 [  59,   60  ] . However, estrogen therapy and bisphos-
phonates do not address the elevated PTH level 
 [  60  ] . Calcimimetic agents have proven effective 
in the treatment of patients with hypercalcemia 
from various causes and will likely play a role in 
the management of patients with MEN 1 who 
develop persistent or recurrent hypercalcemia 
following surgery  [  61  ] . Calcimimetic agents nor-
malize serum calcium levels and lower serum 
levels of PTH  [  61,   62  ]  but do not signifi cantly 
affect either bone turnover or BMD  [  60  ] . In addi-
tion to the medical management of recurrent 
hypercalcemia, percutaneous alcohol ablation of 
localized parathyroid glands may have some role 
in amelioration of symptoms  [  63  ] .   

  Fig. 11.1    Technetium-99 m Sestamibi scan of a patient with 
MEN 1 hyperparathyroidism. Patient has already undergone 
attempted four-gland excision with re-implantation into the 

left forearm. Anterior images of the forearm demonstrate 
uptake within the patient’s known parathyroid autografts in 
addition to persistent uptake within the anterior neck       
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   Prognosis 

 Patients with MEN 1 have decreased life expec-
tancy, with 50% probability of death by age 50 
 [  14  ] . One third of deaths in MEN 1 cases are 
caused by MEN 1 associated malignancies  [  14,   64, 
  65  ]  with pancreatic neuroendocrine tumors being 
the most common cause  [  14,   64  ] . Gastrinomas are 
malignant in 18–60% of cases and have often 
metastasized before they are detected  [  27,   66  ] . 
Historically, gastrinomas caused excessive acid 
secretion, leading to perforation, bleeding, and 
obstruction. With the advent of H2 blockers and 
proton pump inhibitors, this morbidity is now sig-
nifi cantly less  [  64  ] . PHPT in MEN 1 almost never 
progresses to parathyroid carcinoma  [  5  ] . 

 Unlike medullary thyroid cancer in MEN 2, 
the MEN 1-related cancers have no effective pre-
vention (except prophylactic thymectomy for 
thymic carcinoid). This is mainly because, in 
MEN 1, the principal cancer host organs (para-
thyroid, pancreas, pituitary, duodenum, and 
lungs) are diffi cult to screen for early tumor 
occurrences and as yet do not have any effective, 
low risk prophylactic intervention. Lifelong sur-
veillance as summarized above is important in 
the continuing care of these patients.  

   MEN 2 

   Epidemiology 

 MEN 2 is characterized by neoplasia involving 
the thyroid gland (specifi cally the C cells), the 
adrenal medulla, the parathyroid glands, or 
mucosal neuromas  [  67  ] . MEN 2 exhibits a high 
penetrance for medullary thyroid carcinoma 
(MTC) with greater than 90% of MEN 2 carriers 
eventually showing evidence for MTC (either 
from a biopsy proven thyroid nodule or from bio-
chemical testing)  [  68,   69  ] . MEN 2 has an esti-
mated prevalence of 2.5 per 100,000 in the 
general population  [  5,   70  ] . MEN 2 has several 
variants: MEN 2A, familial medullary thyroid 
cancer (FMTC), MEN 2A with cutaneous lichen 
amyloidosis, MEN 2A with Hirschsprung’s disease 

and MEN 2B. All MEN 2 variants are caused by 
germline mutations in the  RET  proto-oncogene 
 [  10,   71,   72  ] . MEN 2A accounts for over 75% of 
MEN 2  [  72  ] , MEN 2B for 5%, and FMTC for 
15%  [  10  ] . FMTC refers to those families in which 
members have medullary thyroid cancer but no 
other manifestations of MEN 2. There should be 
more than ten carriers in the kindred with multi-
ple carriers or affected members older than 
50 years of age and an extensive history ruling 
out other MEN 2 tumors  [  73  ] . MEN 2A with 
cutaneous lichen amyloidosis and MEN 2A with 
Hirschsprung’s disease are less common variants 
 [  5,   10  ] . 

   MEN 2A 
 MEN 2A (formerly Sipple syndrome) consists of 
medullary thyroid cancer (90%), pheochromocy-
toma (50%), and hyperparathyroidism (20–30%) 
 [  5,   7  ] . Hyperparathyroidism is a feature specifi c 
to MEN 2A patients and is not seen in MEN 2B. 

   Hyperparathyroidism in MEN 2A 
 Hyperparathyroidism in MEN 2A patients is 
 typically seen after the third decade with median 
age at 38 years  [  8,   71  ] . The penetrance of 
 hyperparathyroidism is age related  [  71  ] . 
Hyperparathyroidism is seen only in 20–30% 
patients with MEN 2A and is usually asymptom-
atic or milder than in MEN 1  [  74  ] . PHPT can be 
one-gland hyperplasia (in 27–48% cases) or mul-
tiglandular disease (in 48% cases)  [  8,   75  ] . Ectopic 
(in 43% cases) or supernumerary glands (in 8.6 
% cases) are also reported  [  8,   75  ] . In 75–80% of 
patients, the diagnosis of hyperparathyroidism 
occurs synchronously with the diagnosis of med-
ullary thyroid cancer or pheochromocytoma. In 
the remainder, PHPT can be detected years after 
total thyroidectomy performed for MTC  [  7,   74  ] . 
Only 15–25% of the patients develop clinical 
signs of their disease. In some kindreds, hyper-
parathyroidism occurs more frequently than 
 others, although it has been noticed that hyper-
parathyroidism may not occur in those gene car-
riers who have undergone thyroidectomy at early 
age  [  73  ] . RET codon 634 mutations (in particu-
lar, cysteine to arginine amino acid substitution) 
have been found to be strongly predictive of para-
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thyroid involvement  [  21,   71  ] . In fact, RET codon 
634 mutations have been reported in 73–85% of 
MEN 2A families with parathyroid disease  [  71, 
  74  ] . PHPT is less common with mutations in 
codons 609, 611, 618, 620, and 791 but has been 
reported (Table  11.3 ).    

   MEN 2B 
 MEN 2B is the most aggressive of the MEN 2 
variants  [  7  ] . MEN 2B consists of medullary thy-
roid cancer (100%), pheochromocytoma (50%), 
plus marfanoid habitus, and mucosal and intesti-
nal ganglioneuromatosis  [  7  ] . PHPT is not a fea-
ture of MEN 2B, though occult parathyroid 
hyperplasia without hypercalcemia may be rec-
ognized by careful microscopic analysis  [  76  ] .    

   Clinical Presentation 

   MEN 2A 

   Clinical Presentation of 
Hyperparathyroidism in MEN 2A 
 Hyperparathyroidism in these patients is usually 
asymptomatic and milder than that in MEN 1  [  74  ] , 
with some patients showing normal circulating PTH 
values even if pathologically enlarged parathyroid 
glands are found at the time of thyroid surgery for 
MTC  [  8  ] . Signs and symptoms of hyperparathy-
roidism are the same as mentioned above.  

   Clinical Presentation of Other MEN 
2A-Related Tumors 
 MTC occurs in >90% of MEN 2A patients and 
generally presents as a neck mass or thyroid 
nodule. 

 Pheochromocytoma can occur in 50% of MEN 
2A patients and half of them are bilateral. 
Palpitations, jitteriness, hypertension, headaches, 
and diaphoresis are seen in these patients. 
Pheochromocytoma rarely can cause hypercalce-
mia due to production of parathyroid hormone-
related protein (PTHrp)  [  73  ] . 

 Cutaneous lichen amyloidosis is a unilateral 
or bilateral pruritic skin lesion seen on the upper 
back in some families with MEN 2A  [  73  ] . It is 
typically seen with RET 634 mutation.   

   MEN 2B 

 Parathyroid disease does not occur in MEN 2B.   

   Laboratory Evaluation 

   Laboratory Tests for the Diagnosis 
of Hyperparathyroidism 

 Blood work to diagnose hyperparathyroidism in 
MEN 2A is identical to the laboratory evaluation 
done for the diagnosis of hyperparathyroidism in 
MEN 1.  

   Laboratory Tests for the Diagnosis 
of Other MEN 2-Related Tumors 

 Historically, pentagastrin-stimulated calcitonin 
levels were checked in screening and diagnosing 
the disease preoperatively. With the identifi cation 
of the  RET  proto-oncogene, pentagastrin stimula-
tion has become less necessary. All patients with 
positive RET mutation should undergo thyroi-
dectomy and the timing is based on the codon 
mutation  [  77  ] . Measurement of plasma calci-
tonin, which is secreted by the C cells of the thy-
roid, is especially useful after thyroidectomy 
since detectable levels indicate the presence of 
persistent or recurrent MTC, even though it may 
not be clinically evident  [  7  ] . Carcinoembryonic 
antigen (CEA) is also secreted by the C cells and 
is a useful tumor marker, though it is not specifi c 
to MTC  [  10,   73  ] . 

   Table 11.3    Phenotype–genotype correlation in MEN 
2A   

 Hyperparathyroidism  634, 630 most common 
 Pheochromocytoma  634, 918 up to 50% of patients 

 609, 611, 618, 620 up to 20% 
of patients 
 791, 804 rare 

 Medullary thyroid 
cancer 

 All RET codon mutations are 
associated with MTC. RET 
mutations 918, 883 have the 
most aggressive disease 
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 Pheochromocytoma should be ruled out in all 
MEN 2 patients prior to any surgical procedure. 
Poor outcomes are seen in patients with undiag-
nosed pheochromocytoma who are taken to the 
operating room for surgical interventions on other 
tumors. Complications include hypertensive cri-
sis, myocardial infarction, or cerebrovascular 
accident. Diagnosis of pheochromocytoma is 
made biochemically and imaging is done for 
localization purposes. Resting plasma-free meta-
nephrines and normetanephrines are checked for 
the diagnosis. Other testing includes 24-h urine 
collections for free catecholamines and meta-
nephrines. It is essential to remember that many 
common medications can affect the test results 
and should be avoided or withheld when a patient 
is being tested. A full discussion of pheochromo-
cytoma evaluation and management is beyond 
the scope of this chapter.   

   Diagnosis 

   Genetics 

 MEN 2 results from germline mutations in the 
 Rearranged during Transfection (RET ) proto-
oncogene. This gene is located in the centromeric 
region of chromosome 10  [  1,   73,   78  ] . It encodes 
for a tyrosine kinase receptor  [  8  ] .  RET  mutations 
can be identifi ed in approximately 97% of patients 
with MEN 2  [  74  ] . To date just over 50 different 
missense mutations have been identifi ed which 
are associated with MEN 2  [  78  ] . It is estimated 
that up to 7% of patients  [  7  ]  with apparently spo-
radic MTC actually harbor germline  RET  muta-
tions. Therefore, all patients with medullary 
thyroid cancer should be tested for the common 
 RET  mutations. Each variant of MEN 2 results 
from a different  RET  gene mutation, with a strong 
genotype–phenotype correlation  [  70,   78  ] . 
Approximately 85% of patients with MEN 2A and 
hyperparathyroidism have codon 634 mutation 
and the remainder have mutations of codon 609, 
611, 618, 620, and 630  [  70  ] . MEN 2A with cuta-
neous lichen amyloidosis is also specifi cally asso-
ciated with a mutation at codon 634. More than 
95% of MEN 2B patients have mutations in codon 
918 and rarely in codon 883  [  70  ]  (Table  11.3 ).  

   Indications for Genetic Testing in MEN 2 
and Genetic Counseling 

 In contrast to MEN 1, timely diagnosis of MEN 2 
plays a major role in decreasing mortality by 
medullary thyroid cancer. Since medullary thy-
roid cancer is the most common cause of death in 
these patients, it is important to identify patients 
with MEN 2 before medullary thyroid cancer can 
metastasize. If germline  RET  mutation is identi-
fi ed in the family, genetic counseling and  RET  
mutation analysis should be offered to all fi rst-
degree relatives  [  78  ] . It is also essential to iden-
tify pheochromocytoma in these patients before 
they are taken to the operating room for treatment 
of hyperparathyroidism or medullary thyroid 
cancer.  

   Screening 

 Guidelines  [  7  ]  suggest that the decision for pro-
phylactic thyroidectomy in MEN 2 should be 
based predominantly on the result of  RET  muta-
tion testing, rather than on basal or stimulated 
calcitonin testing  [  77,   79  ] . Several unique fea-
tures of MEN 2 support this recommendation. 
Early detection and intervention can alter the 
clinical course of MTC. Prevention or treatment 
of early MTC by thyroidectomy is well tolerated 
even by most infants  [  80  ] . Abnormal calcitonin 
tests to dictate thyroidectomy have 5–10% chance 
of false-positive results  [  5  ] . The  RET  genetic 
testing has a higher rate of true positives and a 
lower rate of false negatives and false positives 
than the calcitonin testing  [  7  ] . After surgical 
resection, calcitonin becomes an integral part of 
screening for recurrence.  RET  germline mutation 
analysis is recommended for all fi rst-degree rela-
tives of known MEN 2 patients.  RET  germline 
mutation testing has replaced calcitonin testing 
as the basis for carrier diagnosis in MEN 2 fami-
lies. It reveals  RET  mutation in over 95% of MEN 
2 index cases  [  7  ] . Because there is a stronger 
genotype–phenotype correlation between spe-
cifi c codon mutation and neoplasm expression, 
periodic screening for tumors in MEN 2 carri-
ers is based upon the MEN 2 variants,  RET  
 mutations and by manifestations in the rest of 



23111 Hyperparathyroidism in Multiple Endocrine Neoplasia

the family. The combination of greater clinical 
benefi t, fewer total causative mutations, more 
predictable genotype–phenotype correlation and 
the ability to perform relatively low risk targeted 
prophylactic thyroidectomy and adrenalectomy, 
results in a more widespread application of the 
 RET  germline mutation analysis over the  MEN 1  
germline mutation analysis (Table  11.3 ).   

   Differential Diagnosis 

 Differential of hyperparathyroidism is briefl y 
discussed under the MEN 1 section.  

   Imaging Studies 

   Imaging Studies for 
Hyperparathyroidism in MEN 2 

 Imaging modalities for localization for parathy-
roid tumors is the same as discussed in the MEN 
1 section. Imaging prior to the initial operation is 
not necessary although paramount to improving 
success rates in reoperative cases.  

   Imaging Studies for Other Tumors 
Related to MEN 2A and MEN 2B 

 Thyroid ultrasound is done to evaluate for thy-
roid nodules and lymph node disease. 

 Once pheochromocytoma is biochemically 
diagnosed, CT or MRI of the abdomen or MIGB 
scanning is performed to localize the disease.   

   Treatment 

 The overall experience regarding the surgical 
approach to hyperparathyroidism in MEN 2 is 
limited. Although hyperparathyroidism in MEN 
2 can be due to multiple gland hyperplasia, the 
rate of four-gland hyperplasia is not as high as 
MEN 1 and a less radical approach is suggested. 
Hyperparathyroidism in MEN 2 is less frequently 
expressed and involves all four parathyroid 

glands in less than 50% of cases. Hypercalcemia 
is often milder and recurrent hyperparathyroid-
ism after initial surgery is less frequent than in 
MEN 1. A conservative approach encompassing 
identifi cation of all four parathyroid glands with 
excision reserved for only those visually enlarged 
glands without transcervical thymectomy is rec-
ommended  [  7,   8,   25,   74  ] . Subtotal parathyroidec-
tomy is the treatment option for cases with more 
severe hypercalcemia or hyperplasia evident at 
the time of four-gland exploration. There is no 
role at this time for the use of minimally invasive/
guided parathyroidectomy techniques in MEN 2. 

 Rarely a pheochromocytoma can cause 
 hypercalcemia by production of PTHrp  [  73  ] . 
Biochemical analysis should demonstrate 
 elevated calcium, normal (or suppressed) PTH 
levels with elevated levels of PTHrp in the 
serum. The surgeon should rule-out a functional 
pheochromocytoma prior to either thyroidec-
tomy or parathyroidectomy in MEN 2 patients. 
If a pheochromocytoma is identifi ed, it is treated 
with premedication and surgical excision prior 
to parathyroidectomy. 

 Timing of prophylactic thyroidectomy is 
dependent on the specifi c RET mutation and typi-
cally is performed before age 6 months in MEN 
2B and before age 5 years in MEN 2A  [  7,   77  ] . 
Policies about central lymph node dissection at 
initial thyroidectomy are controversial and may 
differ among the MEN 2 variants. During thyroi-
dectomy for patients with MEN 2A, it is impor-
tant to evaluate the parathyroid glands, because 
they may be enlarged even though preoperative 
serum calcium levels are normal  [  7  ] . At the pres-
ent moment, prophylactic parathyroidectomy of 
morphologically normal parathyroid glands at 
the time of thyroidectomy for medullary thyroid 
cancer is not justifi ed  [  8  ] ; however, parathyroi-
dectomy can be done if the patient is symptom-
atic or enlarged parathyroid glands are seen at the 
time of surgery.  

   Prognosis 

 All variants of MEN 2 have medullary thyroid 
cancer, which is the cause of mortality in 15–25% 
of all cases with MEN 2  [  5  ] . Morbidity is more 
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severe and mortality is earlier in MEN 2B than 
MEN 2A. The two major comorbid MEN 2B 
conditions are MTC and intestinal ganglioneuro-
matosis. MEN 2 variants differ in aggressiveness 
of MTC with MEN 2B being the most aggres-
sive, followed by MEN 2A, and then by FMTC.  

   MEN 4 

 A new MEN syndrome has been identifi ed in ani-
mals and humans with phenotypic overlap of 
both MEN 1 and MEN 2. It consists of bilateral 
pheochromocytomas, parathyroid adenomas, 
multifocal thyroid C-cell hyperplasia, paragan-
gliomas, and endocrine pancreatic hyperplasia. 
Only a few cases have been identifi ed  [  8  ] . 
Germline mutations in the tumor suppressor gene 
CDKN1B, encoding for cyclin-dependent kinase 
inhibitor p27 is the cause  [  81  ] . Little is known 
about this newly described syndrome limiting 
our clinical knowledge of prognosis or treatment 
options.      
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  Abstract 

 Previously referred to as “familial benign hypercalcemia (FBH),” familial 
hypocalciuric hypercalcemia (FHH) is a benign autosomal dominant dis-
order of mineral metabolism most often caused by a mutation in the gene 
encoding the extracellular calcium-sensing receptor (CaSR). 

 The importance of distinguishing between FHH and the much more com-
mon primary hyperparathyroidism (PHPT) has been recognized. In contrast 
to the benign clinical course of most FHH patients, patients with PHPT can 
develop a variety of complications, e.g., bone loss, impaired renal function, 
kidney stone, etc. In terms of management, for those with the complications 
of PHPT, successful surgical removal of hyperfunctioning parathyroid tissue 
cures the hypercalcemia and arrests or partially reverses renal and skeletal 
complications of the disease. On the other hand, in FHH, anything less than 
total parathyroidectomy is generally accompanied by persistence or prompt 
recurrence of hypercalcemia. In contrast, in almost all FHH cases, parathy-
roid surgery is contraindicated, both because of their benign clinical course 
and by the failure of the usual surgical treatment of PTH-dependent forms of 
hypercalcemia (e.g., PHPT) to restore normocalcemia in FHH.  
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   Introduction 

 A distinct form of idiopathic “familial benign 
hypercalcemia” (FBH) was fi rst described by 
Foley and colleagues in 1972  [  1  ] . Marx and 
 colleagues in a series of papers starting soon 
afterward, reported many of the metabolic char-
acteristics of this syndrome (hypercalcemia, nor-
mal or low serum phosphorus, inappropriately 
normal or elevated parathyroid hormone (PTH) 
levels, and relative or absolute hypocalciuria) 
and applied the more commonly used term—
familial hypocalciuric hypercalcemia (FHH) 
  [  2–  13  ] . Typically, FHH is a benign autosomal 
dominant disorder of mineral metabolism  most 
often  caused by a mutation in the gene encoding 
the extracellular calcium-sensing receptor 
(CaSR), a G protein-coupled receptor that resides 
on the long arm of chromosome 3. The CaSR is 
an extracellular sensor capable of detecting 
changes in the blood calcium concentration of 
only a few percent, and it modulates the func-
tions of parathyroid gland and kidney so as to 
restore blood calcium to normal. In the parathy-
roid, it inhibits the secretion of the calcium- 
elevating hormone, PTH; PTH, in turn, produces 
net release of calcium from bone, increases renal 
tubular reabsorption of calcium, and promotes 
formation of the most active naturally occurring 
form of vitamin D, 1,25-dihydroxyvitamin D 

3
  

[1,25(OH) 
2
 D 

3
 ]. In FHH, the parathyroid glands 

are less sensitive than normal to extracellular 
calcium. In contrast to the indirect effect of the 
CaSR on tubular reabsorption of calcium medi-
ated by CaSR-regulated PTH secretion, the CaSR 
in the kidney directly inhibits renal calcium reab-
sorption, thereby counteracting the effect of 
PTH. The phenotype of FHH—mild to moderate, 
PTH-dependent hypercalcemia accompanied by 
relative or absolute hypocalciuria—refl ects the 
biochemical impact of loss of one allele of the 
CaSR in parathyroid and kidney, producing what 
can be thought of as “resistance” of these two 
tissues to extracellular calcium. 

 There is a clear gene dosage effect of loss-of-
function mutations of the CaSR: individuals who 
are heterozygous for these mutations are usually 
clinically asymptomatic and present as FHH. 

Homozygotes (or compound heterozygotes), in 
contrast, owing to their total lack of normally 
functioning CaSRs, often present at the other end 
of the clinical spectrum with life-threatening 
neonatal hypercalcemia requiring urgent parathy-
roidectomy, a condition called neonatal severe 
hyperparathyroidism (NSHPT)  [  14  ] . With the 
availability of molecular genetic tests to identify 
individuals with hypercalcemia that results from 
inactivating mutations of the CaSR, there has 
been a progressive blurring of the classical 
descriptions of FHH and NSHPT and the distinc-
tion between them. In addition to the typical pre-
sentation of FHH, patients heterozygous for 
inactivating mutations of the CaSR can present 
as (1) NSHPT  [  15  ] ; (2) neonatal hyperparathy-
roidism (NHPT)  [  16  ]  that is intermediate in 
severity between FHH and NSHPT; (3) more 
severe hypercalcemia in adults than is typically 
found in FHH  [  17  ] , or (4) a clinical picture indis-
tinguishable from that of primary hyperparathy-
roidism (PHPT)  [  18  ] . Conversely, not all patients 
homozygous for inactivating mutations present 
as life-threatening hyperparathyroidism at birth, 
but may only be diagnosed serendipitously later 
in childhood  [  19  ]  or even as largely asymptom-
atic adults  [  20  ] . Thus, an important focus of this 
discussion is to discuss the widening clinical 
spectrum of inactivating mutations of the CaSR, 
and the resulting impact on the diagnosis and 
management of the variants of the classical dis-
eases, FHH and NSHPT. 

 The importance of distinguishing between 
FHH and the much more common, PTH-
dependent hypercalcemic disorder, PHPT, has 
been recognized for some time  [  21  ] . In contrast to 
the benign clinical course of most FHH patients, 
patients with PHPT can develop a variety of com-
plications, including bone loss, impaired renal 
function, kidney stones, and others, which 
increase in frequency with the duration of the dis-
ease  [  22  ] . In patients with the complications of 
PHPT, successful surgical removal of hyperfunc-
tioning parathyroid tissue cures the hypercalce-
mia and arrests or partially reverses renal and 
skeletal complications of the disease. In FHH, in 
contrast, anything less than total parathyroidec-
tomy is generally accompanied by persistence or 
prompt recurrence of hypercalcemia  [  4,   18  ]  as the 



23912 Familial Hypocalciuric Hypercalcemia

residual parathyroid tissue once again “resets” 
the serum calcium concentration to the elevated 
level dictated by the presence of the inactive 
mutant CaSR. Thus in almost all FHH cases, 
parathyroid surgery is contraindicated, both 
because of their benign clinical course and by the 
failure of the usual surgical treatment of PTH-
dependent forms of hypercalcemia (e.g., PHPT) 
to restore normocalcemia in FHH. Therefore, dis-
tinguishing between FHH, NSHPT, and other 
PTH-dependent forms of hypercalcemia, espe-
cially PHPT, will be another important focus of 
this chapter.  

   Epidemiology 

 By virtue of its benign clinical features, relatively 
little is known of the true prevalence of FHH. 
However, some increase in apparent prevalence 
has been reported due to routine biochemical 
testing of blood chemistries, including calcium, 
as part of the investigation of other clinical con-
ditions. One study from the West of Scotland 
estimated a prevalence of about 1 in 78,000  [  23  ] . 
Most other estimates of the prevalence of FHH 
are derived from sporadic reports of the syn-
drome in families in Israel  [  24  ] , Italy  [  25–  27  ] , 
France  [  28–  30  ] , Spain  [  31  ] , Norway  [  32  ] , Sweden 
 [  33,   34  ] , Denmark  [  35–  38  ] , the Netherlands 
 [  39–  41  ] , Switzerland  [  42  ] , and Japan  [  43–  46  ] , 
likely refl ecting the quality of care in these coun-
tries, but suggesting that FHH is more prevalent 
than is currently appreciated. 

 At the present time, there is insuffi cient data to 
draw conclusions on racial predisposition, 
although FHH is relatively rarely reported in 
African Americans  [  47  ] . The prevalence of PHPT 
is considerably higher (~10-fold or more) than 
that of FHH but varies geographically and in dif-
ferent reports  [  48–  53  ] . Therefore, as described in 
more detail later, while only a minority of cases 
of PHPT have biochemical features resembling 
FHH (e.g., about 10% have relative hypocalciu-
ria), and the absolute number of PHPT cases 
whose biochemical features could be confused 
with FHH is comparable to that of the latter.  

   Pathogenetic Basis of FHH 

 FHH has since been indexed in the Online 
Mendelian Inheritance In Man (OMIM ® ) database 
(  http://www.ncbi.nlm.nih.gov/omim/145980    ) as 
MIM #145980 [hypocalciuric hypercalcemia 1 
(HHC1)] based on evidence that the phenotype 
attributed to this condition in many  but not all  
cases is caused by a mutation in the gene encod-
ing the calcium-sensing receptor (CaSR). Linkage 
analysis has shown that the predominant locus of 
the FHH disease gene (e.g., the CaSR gene) 
resides on the long arm of chromosome 3 (band 
q21–24)  [  54  ] . However, FHH is not always linked 
to chromosome 3q. Notably, one family with 
clinical features similar to FHH showed linkage 
to the short arm of chromosome 19 (HHC2, 
19p13.3, MIM #145981)  [  55  ] , while two others 
showed linkage to a site on the long arm of the 
same chromosome (19q13, HHC3, MIM 
#600740)  [  56,   57  ] . Based on the features of the 
fi rst family that was shown to be linked to 19q13, 
this form of the condition (HHC3) was called the 
 Oklahoma variant  (FBHOk). Patients in this fam-
ily exhibited hypophosphatemia, a tendency to an 
age-dependent rise in serum PTH to frankly 
elevated levels, and the presence of the bone dis-
ease, and osteomalacia (defective  mineralization 
of bone) in some family members  [  56  ] . In the 
second family identifi ed with HHC3, however, 
these features atypical of FHH were less apparent 
 [  57  ] . HHC2 and HHC3 likely represent a minor-
ity of the ~30% of FHH cases without an identifi -
able mutation in the coding region of the CaSR 
gene. The remaining cases of FHH that are linked 
to chromosome 3 but do not have an identifi able 
mutation presumably harbor mutations in regula-
tory regions of the CaSR gene that control its 
expression, but this remains to be shown directly. 

 As many as 213 mutations have been described 
in the coding region or splice sites of the CaSR 
gene (188 missense, 17 nonsense, 6 insertion 
and/or deletion, 1 silent, and 1 splice mutation) in 
the CaSR mutation database (  http://www.casrdb.
mcgill.ca    ) related to FHH, NSHPT (MIM 
#239200), or autosomal dominant hypoparathy-
roidism (ADH, MIM #601298) either in families 

http://www.ncbi.nlm.nih.gov/omim/145980
http://www.casrdb.mcgill.ca
http://www.casrdb.mcgill.ca
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or as de novo disease. ADH, in contrast to FHH 
and NSHPT, is an inherited disorder of calcium 
metabolism caused by gain-of-function muta-
tions in the CaSR that present most commonly as 
asymptomatic hypocalcemia/hypoparathyroidism. 
Over 150 inactivating mutations of the CaSR 
have been described in association with FHH 
and/or NSHPT  [  58,   59  ] . Most of these mutations 
are missense mutations, the rest being nonsense, 
insertion, or deletion/insertion mutations  [  58–  61  ] . 

 The functional, cell surface form of the CaSR 
is a dimer (Fig.  12.1 ), and the two monomers 
within the dimeric CaSR are linked by disulfi de 
bonds involving cysteine residues 129 and 131 
within each monomer  [  62,   63  ] . Some mutations, 
such as nonsense mutations close to the transla-
tional start site of the receptor protein  [  64  ] , likely 
produce simple haploinsuffi ciency, similar to that 
present in mice heterozygous for targeted inacti-
vation of the CASR gene  [  65  ] . That is, it is sim-
ply the loss of one allele of the CASR gene and 
the resultant, presumably ~50% reduction in the 
normal complement of cell surface CaSRs that 
reduces effective signaling through the receptor 

in parathyroid and kidney. As a result, a higher 
than normal level of extracellular calcium is 
needed to achieve the functional activity of the 
CaSR present in normocalcemic, otherwise nor-
mal individuals. FHH patients with such null 
mutations may have only mild hypercalcemia 
 [  64  ] , as is observed in the heterozygous CaSR 
knockout mouse.  

 A number of missense mutations also produce 
a comparable degree of mild hypercalcemia  [  16, 
  17  ] . In these cases, statistical considerations 
would suggest that 25% of the receptors in para-
thyroid and kidney cells are wild-type homodim-
ers, 25% are mutant homodimers, and 50% are 
mutant-wild type heterodimers. For this comple-
ment of receptors to signal equivalently to the 
50% complement of normal CaSRs thought to be 
present with heterozygous null CaSR mutations, 
the 50% of mutant-wild type heterodimers would 
need to signal with the same effi ciency as the 
25% wild-type homodimers. This may imply, 
therefore, that the mutant receptor in the wild 
type-mutant heterodimers interferes to some 
extent with the function of its normal partner 

  Fig. 12.1    Model of the predicted structure of the dimeric 
CaSR. Shown are the two extracellular domains (ECDs) of 
the dimeric CaSR with alpha helices shown in  red  and inter-
molecular disulfi de bonds involving cysteines 129 and 131. 
The dimeric, Venus fl ytrap structure of the CaSR enables 
dominant negative interactions between a normal and a 
mutant CaSR in a heterodimeric state. A binding site for 
calcium is indicated in the crevice between the two lobes of 

each monomeric ECD. The seven-membrane spanning 
helices as well as the intracellular (IC) tail domains of each 
CaSR are shown in the  lower part  of the fi gure. This research 
was originally published in the Journal of Biological 
Chemistry. Huang, et al. Identifi cation and dissection of 
Ca2+-binding Sites in the extracellular domain of Ca2+-
sensing receptor. J Biol Chem. 2007;282:19000–10. ©The 
American Society for Biochemistry and Molecular Biology       
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(i.e., exerts a dominant negative effect). In fact, 
more pronounced dominant negative effects of 
some mutant CaSRs ( S137P, R185Q, R227L, 
R795W, and F881L) have been described in vitro, 
which can be associated with more pronounced 
hypercalcemia in vivo than is the norm in FHH 
 [  17,   34,   64,   66,   67  ] . Three cases of de novo 
NSHPT have been described that were heterozy-
gous for missense mutations located in the extra-
cellular domain of the CaSR, with no mutation 
found in the parents  [  15,   68  ] . One such individual 
with de novo NSHPT has been reported as 
heterozygous for a previously described mutation 
in an FHH family  [  15  ] . It is thought that this sce-
nario is most likely to occur with dominant nega-
tive mutations. The severity of the disease in 
these neonates may also be related to the gesta-
tion of an affected fetus in a normal mother. 
Because the fetal parathyroid glands would read 
the mother’s normocalcemia as “hypocalcemia,” 
this would lead to further hyperplasia of the fetal 
parathyroid glands and hypersecretion of PTH. 

 As many as 11 single nucleotide polymor-
phisms (SNPs) have been identifi ed (  http://www.
casrdb.mcgill.ca/?Topic=CasrMutation&v=new    ) 
and at the present time, although SNPs have been 
identifi ed in families with FHH  [  57,   69  ] , the base 
pair change is present in both affected and unaf-
fected persons, and these SNPs do not appear to 
segregate with known diseases of divalent ion 
metabolism  [  14  ] . The presence of certain SNPs 
in the general population, however, can be asso-
ciated with slight but signifi cant alterations in 
renal calcium handling or in serum calcium con-
centration within the normal range. For example, 
the 990 G SNP variant of the CaSR has been 
reported to infl uence renal CaSR activation, uri-
nary calcium excretion, and probably the risk for 
nephrolithiasis  [  70  ] . In addition, certain haplo-
types of SNPs are associated with alterations in 
serum calcium concentration within the normal 
range  [  71  ] , thereby providing a likely mechanism 
and contributing to the fact that the normal range 
for serum calcium concentration, which is about 
±10% of its mean value, is several-fold greater 
than that measured in any given normal individ-
ual, which varies by only a few percent  (~±1–2%). 
Nevertheless, the magnitude of the variation in 

blood calcium resulting from these haplotypes is 
considerably less than the normal range for cal-
cium, suggesting a role for other factors as well. 
It is likely, however, that certain haplotypes of 
SNPs might modify the degree of hypercalcemia 
present within a given FHH family or in unre-
lated families with the same mutation  [  72  ] . 

 FHH, as the name suggests, is distinct from 
the later onset form of hypocalciuric hypercalce-
mia, usually in adult life, that has been termed 
acquired or autoimmune hypocalciuric hypercal-
cemia (AHH)  [  73  ] . The distinction between the 
acquired and hereditary forms is important 
because in occasional cases, glucocorticoids may 
control the acquired form and parathyroidectomy 
is rarely necessary for FHH. Kifor and colleagues 
described a total of four affected individuals in 
two families with PTH-dependent hypercalce-
mia, three of whom exhibited hypocalciuria  [  74  ] . 
In contrast, the fourth individual had hypercalci-
uria, pointing out that the biochemical presenta-
tion of this condition can be similar to that of 
PHPT. Kifor and colleagues, however, were not 
able to identify mutations in the CASR gene  [  74  ] , 
and their other autoimmune manifestations 
prompted a search for an autoimmune basis for 
their hypocalciuric hypercalcemia. All four 
patients, in fact, harbored inactivating anti-CaSR 
antibodies that mitigated high Ca 2+ -stimulated 
activation of PLC and MAPK and stimulated 
PTH secretion. 

 A subsequent report from the same group  [  75  ]  
described a 66-year-old hypercalcemic woman 
with multiple autoimmune manifestations (pso-
riasis, adult-onset asthma, Coomb’s positive 
hemolytic anemia, rheumatoid arthritis, uveitis, 
bullous pemphigoid, sclerosing pancreatitis, and 
autoimmune hypophysitis with hypothyroidism 
and diabetes insipidus). Her hypercalcemia (as 
high as 13.4 mg/dl) was accompanied by elevated 
intact PTH levels (75–175 pg/ml) and hypocal-
ciuria. A diagnosis of PHPT had been made ear-
lier, but a subtotal parathyroidectomy was 
followed within 3 weeks by recrudescence of her 
hypercalcemia. Remarkably, her hypercalcemia 
subsequently resolved during treatment of her 
bullous pemphigoid with glucocorticoids, and 
her intact PTH level decreased concomitantly to 

http://www.casrdb.mcgill.ca/?Topic=CasrMutation&v=new
http://www.casrdb.mcgill.ca/?Topic=CasrMutation&v=new
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the upper limit of normal. While hypercalcemic, 
her serum harbored anti-CaSR antibodies, but 
there was a substantial drop in their titer during 
glucocorticoid therapy. As in the earlier four 
cases of AHH  [  74  ] , the persistence of PTH-
dependent hypercalcemia proves unequivocally 
that the anti-CaSR antibodies had a clear func-
tional impact on PTH secretion without destroy-
ing the patients’ parathyroid glands.  

   Pathophysiology 

 In FHH, inappropriately normal PTH levels or, in 
about 20% of cases, frankly elevated values, 
given the coexistent hypercalcemia, refl ect a 
right-shift in the set-point for calcium-regulated 
PTH release  [  76  ] . This proves, along with the 
fi ndings in CaSR knockout mice, the physiologi-
cal importance of the CaSR in maintaining min-
eral ion homeostasis. The set-point shift likely 
results from any combination of reduced comple-
ment of normal receptors, reduced function of the 
mutant receptors, or, as noted above, dominant 
negative actions of the mutant CaSR on the wild-
type partner within heterodimers. Elegant studies 
by Attie and colleagues more than 30 years ago 
homed in on the ascending limb of the loop of 
Henle as the “major renal locus of abnormal 
 calcium transport” in this disorder, where 
hypocalciuria was PTH-independent and persis-
tent despite coexistent hypercalcemia  [  77  ] . This 
alteration in renal calcium handling refl ects 
“resistance” of the kidney to the usual hypercal-
ciuric action of hypercalcemia, and is the equiva-
lent in the kidney of the resistance of PTH 
secretion by the parathyroid to the normal inhibi-
tory effect of high calcium. Another consequence 
of the impaired Ca 2+ -sensing in the kidney is 
blunting of the usual hypercalcemia-induced 
reduction in the urinary concentrating mecha-
nism. This observation is consistent with results 
of experiments in animals describing a role of the 
CaSR in modulating vasopressin-regulated per-
meability and membrane transporters in the inner 
medullary collecting duct  [  78  ] . 

 The crucial role of the CaSR in directly regu-
lating renal transport of calcium, even in the 
absence of PTH, is of relevance in FHH, and 

the defense against hypercalcemia induced by 
 various means has recently been more carefully 
delineated in CaSR knockout mouse models  [  79, 
  80  ] . Note that the CaSR also indirectly regulates 
renal calcium reabsorption by virtue of its regula-
tion of PTH secretion, which, it turn, modulates 
renal calcium handling. The use of a loop diuretic 
promotes renal excretion of calcium in hypopara-
thyroid subjects with FHH  [  77  ] , and this clinical 
observation has been reproduced over two 
decades later by Egbuna, Brown, and colleagues 
in observations made using CaSR knockout 
mouse models of disease  [  81  ] . All these observa-
tions point to the relative roles of inactivation of 
the CaSR in the parathyroid and kidney and the 
contribution of thick ascending limb of the 
nephron in the anomalous renal handling of 
calcium in FHH.  

   Clinical Presentation 

 The syndrome of FHH most commonly has a 
benign, asymptomatic course, and patients are 
frequently not diagnosed until a routine measure-
ment of blood calcium concentration done as part 
of other diagnostic work-up shows an unexpect-
edly high value, or family screening is carried out 
due to the birth of a child with NSHPT. Some 
symptoms that are present in probands of FHH 
families, such as chondrocalcinosis or pancreati-
tis, have not, with the likely exception of pan-
creatitis, been present in other affected family 
members with frequencies higher than in unaf-
fected members of the same kindred  [  82  ] . The 
lack of the usual symptoms of hypercalcemia in 
FHH appears to extend to those kindreds with 
higher serum calcium concentrations than is typical 
in FHH, e.g., those with dominant negative muta-
tions in the CaSR. This lack of symptoms despite 
a substantial degree of hypercalcemia (13–14 mg/
dl in some families) suggests that the CaSR medi-
ates at least some of the usual symptoms of 
hypercalcemia. 

 Recent studies have readdressed the relation-
ship of pancreatitis to FHH. Several kindreds 
have been described in which there are family 
members with recurrent pancreatitis  [  83  ] , perhaps 
owing to the specifi c functional properties of the 
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mutated receptors in these families. Of note in this 
regard, the CaSR is expressed in the pancreatic 
ducts, where alterations in its function could 
potentially be associated with pathology  [  84  ] . In 
one study, FHH patients who also harbored muta-
tions in the SPINK1 gene, which predisposes to 
the development of pancreatitis, appeared at 
increased risk of pancreatitis  [  85  ] . In fact, muta-
tions in the CaSR are now characterized by some 
investigators as one of six genes conferring an 
increased risk for pancreatitis  [  86  ] . However, it 
should be kept in mind that the development of 
pancreatitis in FHH is unusual and, when consid-
ered in the context of FHH as a whole, the inci-
dence of this complication may not be in excess of 
that of the general population  [  87  ] . Further stud-
ies are needed to defi ne the role of specifi c CaSR 
mutations in predisposing to pancreatitis. 

 The availability of genetic screening for FHH 
has identifi ed families with a clinical picture 
indistinguishable from that of PHPT. One such 
family had overt hypercalciuria in some family 
members as well as the presence of one or more 
parathyroid adenomas at the time of parathyroid 
surgery  [  34  ] . Subtotal parathyroidectomy induced 
long-term remission of the hypercalcemia in 
affected patients, in contrast to the recurrence or 
persistence of hypercalcemia in most FHH 
patients subjected to parathyroid surgery. More 
recently, inactivating CaSR mutations have been 
described as a cause of about 15% of kindreds 
with familial isolated hyperparathyroidism (FIH) 
 [  18,   88  ] , with a clinical presentation in several 
cases indistinguishable from that of PHPT, 
including the presence of overt hypercalciuria. 
As is observed in typical FHH, parathyroid sur-
gery in cases of FIH caused by CaSR mutations 
was followed by persistent or recurrent hypercal-
cemia in most cases  [  18  ] . 

 There are additional examples of the expand-
ing clinical spectrum of inactivating CaSR muta-
tions. As noted earlier, some infants with 
heterozygous inactivating CaSR mutations can 
present with NSHPT (see below for typical clini-
cal features in homozygotes)  [  15  ]  or the milder 
variant, NHPT  [  16  ] . In addition to having hyper-
calcemia that is more severe than in newborns 
with typical FHH, patients with NHPT can 
have symptoms of hypercalcemia, moderate to 

severe elevations in PTH, and hyperparathyroid 
bone disease. Following conservative treatment 
or, in some cases, subtotal parathyroidectomy, 
such cases can revert to a more classical FHH 
phenotype, suggesting the existence of in utero 
factors contributing to the unusually severe phe-
notype at birth. These may include gestation in a 
normal mother (see above) or the co-existence of 
vitamin D defi ciency, which can aggravate the 
degree of hyperparathyroidism  [  89  ] . Rare cases 
have also been described in which a member of 
an FHH kindred has a substantially higher cal-
cium concentration than other affected family 
members owing to the development of a presum-
ably coincidental parathyroid adenoma  [  90  ] . The 
serum calcium concentration in all of these clini-
cal variants of heterozygous inactivating CaSR 
mutations, however, seldom exceed 14–15 mg/dl, 
in contrast to what is observed with homozygous 
or compound heterozygous CaSR mutations. 

 NSHPT more commonly results from genetic 
conditions in which there are no normal CaSRs 
(homozygous or compound heterozygous muta-
tions). Affected infants usually present in the 
neonatal period with severe, symptomatic, PTH-
dependent hypercalcemia to levels as high as 
7.7 mM in the most severe cases and, with rare 
exceptions  [  19  ] , above 15 mg/dl. Such infants can 
exhibit weakness, hypotonia, and failure to thrive 
 [  14  ] . The bony changes of severe hyperparathyroid-
ism are a prominent part of the clinical presentation 
and are often complicated by multiple fractures, 
which, if involving the ribs, can produce a fl ail chest 
syndrome. These infants exhibit signifi cantly higher 
PTH levels than are observed in FHH or NHPT (not 
infrequently 5–10-fold the upper limit of normal) 
and can also manifest polyuria and dehydration in 
addition to their skeletal and constitutional symp-
toms  [  7,   91,   92  ] . In the total absence of normal 
CaSRs in the parathyroid glands, PTH may be 
totally nonsuppressible at high calcium concentra-
tions or exhibit some limited suppressibility if the 
mutant CaSR retains some capacity to signal. 

 Screening for mutations in the CaSR in a vari-
ety of forms of PTH-dependent hypercalcemia, 
however, has revealed that not all patients with 
homozygous inactivating mutations of the 
CaSR present with the syndrome of NSHPT. 
Rare patients have been described in whom 
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hypercalcemia was only identifi ed serendipitously 
in adulthood. Remarkably, despite serum calcium 
concentrations of 15–17 mg/dl, one such patient, 
who was said to be of somewhat reduced intelli-
gence due to “encephalitis,” was seemingly oth-
erwise asymptomatic, with a PTH level at the 
upper limit of normal, normal renal function, and 
no apparent bone disease  [  20  ] . Mutational analy-
sis revealed that she was homozygous for a 
Pro39Ala mutation of the CaSR, which exhibited 
relatively mild functional impairment when stud-
ied in vitro. These clinical fi ndings again support 
an important role of the CaSR in the genesis of at 
least some of the symptoms of hypercalcemia 
and, perhaps, some renal complications. A more 
recent example of relatively mild clinical presen-
tation of homozygous inactivating mutations of 
the CaSR was a 5-year old male who fi rst pre-
sented at age 2 with moderate hypercalcemia 
(13 mg/dl). Subsequent levels of calcium varied 
from 11.9 to 13.1 mg/dl with levels of PTH rang-
ing from normal to about twice the upper limit of 
normal and fractional excretion of calcium that 
was well below 0.01 (see below for a discussion 
of renal calcium handling in FHH)  [  19  ] . Given 
the early age of onset of hypercalcemia, muta-
tional screening of the CaSR was performed and 
revealed the presence of homozygous Q459R 
mutation within the extracellular domain of the 
receptor. Interestingly, all individuals in the fam-
ily who were heterozygous for the mutation were 
normocalcemic, albeit in the upper part of the 
normal range (and signifi cantly higher than unaf-
fected family members). Hence, the proband 
manifested in an autosomal recessive manner. 
The milder phenotype of these cases of homozy-
gous inactivating CaSR mutations, most likely 
refl ects suffi cient residual activity of the mutant 
CaSR to maintain the serum calcium concentra-
tion within a range compatible with life. 

 In summary, the clinical presentations of 
heterozygous inactivating mutations of the CaSR 
include (1) asymptomatic individuals with mild 
to moderate, lifelong hypercalcemia or even 
serum calcium concentrations that are consis-
tently below the upper limit of normal (typical 
FHH), (2) neonatal hyperparathyroidism of suf-
fi cient severity to produce overt bone disease 

(NHPT), (3) NSHPT, (4) a clinical and biochemi-
cal presentation indistinguishable from PHPT, 
and (5) unusually severe hypercalcemia in a 
member of an FHH kindred with a superimposed 
parathyroid adenoma. Homozygous or compound 
heterozygous mutations can produce clinical and 
biochemical pictures ranging from moderate to 
dramatic hypercalcemia (NSHPT) (>30 mg/dl) 
that is life-threatening and in need of urgent med-
ical and/or surgical intervention. The areas of 
diagnostic overlap are (1) cases of FHH pheno-
typically indistinguishable from PHPT; (2) 
infants with NSHPT, which can result from either 
heterozygous or homozygous mutations; and (3) 
very mildly affected homozygotes, who might be 
confused with PHPT or with FHH patients with 
unusually high serum calcium concentrations. 
This broad range of phenotypes resulting from 
heterozygous or homozygous (or compound 
heterozygous) inactivating mutations of the CaSR 
are illustrated in Table  12.1 .   

   Laboratory Evaluation 

 The serum calcium concentration in FHH typi-
cally averages about 10% above the upper limit 
of normal (i.e., ~11.5 mg/dl), but ranges from the 
upper half of the normal range  [  19  ]  to as high as 
13–14 mg/dl in some kindreds  [  17  ] . These levels 
encompass the range encountered in patients with 
PHPT in the modern era. The serum magnesium 
concentration in FHH is in the upper half of the 

   Table 12.1    Phenotypes associated with inactivating 
CaSR mutations   

  Heterozygous mutations  
 Typical FHH with hypercalcemia ranging from high 
normal to moderate 
 FHH with unusually severe hypercalcemia 
(e.g., dominant negative mutation) 
 FHH with superimposed parathyroid adenoma 
 NSHPT (serum calcium generally <15 mg/dl) 
 NHPT 
 Familial isolated hypercalcemia 

  Homozygous or compound heterozygous mutations  
 NSHPT 
 Asymptomatic hypercalcemia in children or adults 
 Autosomal recessive hypercalcemia 
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normal range or is mildly elevated  [  4  ] , support-
ing the early hypothesis by Strewler that the 
CaSR contributes to the setting of extracellular 
concentrations of not only calcium but also mag-
nesium  [  93  ] . Serum magnesium correlates posi-
tively with the serum calcium concentration in 
FHH, in contrast to PHPT, in which there is an 
inverse relationship between the serum calcium 
and magnesium concentrations  [  4  ] . Serum phos-
phorus concentration in FHH is usually normal, 
although commonly in the lower half of the nor-
mal range, and, in a minority of cases, frankly 
low  [  94  ] . Despite lifelong hypercalcemia, renal 
function is preserved in FHH  [  4,   94  ]  and chronic 
renal complications of hypercalcemia, such as 
impaired renal function and nephrocalcinosis, are 
absent. 

 Serum intact PTH levels are normal in about 
80% of cases  [  94  ] ; elevated values may be char-
acteristic of specifi c families, perhaps refl ecting 
the specifi c functional impact of that family’s 
mutation (e.g., a dominant negative action)  [  36  ] . 
The mean values of serum 25-hydroxyvitamin D 

3
  

and 1,25-dihydroxyvitamin D 
3
  concentrations are 

within the normal range  [  94  ] . The failure to 
observe the elevation in serum 1,25(OH) 

2
 D 

3
  com-

monly seen in PHPT may refl ect the generally 
normal PTH level in FHH. Twenty-four-hour uri-
nary calcium excretion, while averaging within 
the normal range, is distinctly within the lower 
part of the normal range (e.g., ~110 mg/24 h in 
FHH vs. a normal range of 80–320 mg/24 h) in a 
Danish population  [  94  ] . The enhanced renal tubu-
lar reabsorption of calcium is most easily docu-
mented by calculating the ratio of the renal 
clearance of calcium to that of creatinine [(UCa/
PCa) × (PCr/UCr), where UCr is urinary creati-
nine, PCr is plasma creatinine, UCa is urinary 
calcium, and PCr is plasma calcium], which is 
equivalent to the fractional excretion of calcium. 
Approximately eighty percent of patients with 
FHH have a calcium to creatinine clearance ratio 
(CCa/CCr) of <0.01 (e.g., a fractional excretion 
of less than 1%), while a similar percentage 
of patients with PHPT have a value higher than 
this level (for additional discussion, see section 
on “Differential Diagnosis” below). Another 
 biochemical fi nding in FHH patients is their 

capacity to concentrate urine normally, in con-
trast to patients with PHPT in whom maximal uri-
nary concentration elicited by dehydration is 
reduced  [  6  ] . This observation is consistent with 
the role of a functional CaSR in attenuating argi-
nine vasopressin-mediated aquaporin-2 expres-
sion and water transport in the collecting duct  [  78, 
  95  ] . Bone density is similar to that of age-matched 
controls, although markers of bone turnover are 
often mildly elevated  [  96  ] . The parathyroid glands 
of patients with FHH are typically of normal size 
and histology, but a few studies of FHH patients 
have reported the presence of single or multiple 
parathyroid “adenomas” or in some cases mild 
chief cell proliferation/lipohyperplasia with one 
or more glands resembling adenomas  [  34,   97  ] . 
Despite the normal appearing parathyroid glands 
in most patients with FHH, the recurrence of 
hypercalcemia after anything short of a total para-
thyroidectomy is also characteristic of FHH.  

   Imaging Studies 

 Two kinds of imaging studies important in the 
management of the more common endocrine dis-
order that can be confused with FHH, PHPT, are 
potentially applicable to FHH. These are mea-
surement of bone mineral density (BMD) and 
parathyroid localization studies, such as sesta-
mibi scans, ultrasound, CT scan, and/or MRI. In 
patients with PHPT, determination of BMD is 
important to assess whether a suffi cient degree of 
bone loss has taken place (i.e., >2.5 standard 
deviations reduction below normal peak BMD in 
forearm, spine, or hip) to warrant parathyroid 
surgery  [  22  ] . If BMD is suffi ciently low in PHPT, 
or other surgical criteria are met, such as serum 
calcium concentration >1 mg/dl above the upper 
limit of normal or estimated glomerular fi ltration 
rate is <60 ml/min, and/or age <50, parathyroid 
localization studies then guide the surgical 
approach to be taken  [  22  ] . For example, unilat-
eral minimally invasive parathyroid (MIP) sur-
gery may be undertaken if only a single enlarged 
gland is identifi ed. 

 However, the need for imaging studies in FHH 
differs from that in PHPT in several important 
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respects. First, as noted above, BMD in FHH is 
generally equivalent to that in age-matched nor-
mal subjects and higher than that in PHPT  [  82  ] . 
Therefore, there is no need to determine BMD in 
FHH patients unless there are other reasons to 
suspect excessive bone loss. The benign clinical 
course and resultant expectant medical follow-up 
rather than parathyroid surgery in the vast major-
ity of FHH patients likewise obviates the need for 
parathyroid localization studies in the vast major-
ity of cases. Only in cases of NSHPT or NHPT or 
in the rare cases of FHH (i.e., with a superim-
posed parathyroid adenoma)    who might be surgi-
cal candidates are parathyroid localization studies 
a consideration. Given that most of these cases 
will exhibit four-gland parathyroid hyperplasia, 
however, one might argue that bilateral parathy-
roid exploration is necessary in any event and 
localization studies are superfl uous.  

   Differential Diagnoses 

 The broad differential diagnosis of FHH encom-
passes the numerous causes of hypercalcemia. As 
with the investigation of any clinical entity, the 
correct diagnosis starts with a detailed medical 
history and physical examination, which may 
help distinguish FHH from NSHPT, acquired 
autoimmune hyperparathyroidism, and hypercal-
cemia due to neoplastic or other disorders (see 
Table  12.1 ). The initial laboratory evaluation, 
however, provides key information. That is, FHH 
is a PTH-dependent form of hypercalcemia (i.e., 
PTH, even when normal, is not appropriately 
suppressed to or below the lower limit of normal 
by the prevailing hypercalcemia, as occurs in 
normal individuals) accompanied by inappropri-
ately normal or frankly low renal calcium excre-
tion, implicating the renal contribution to 
hypercalcemia characteristic of FHH. Thus, the 
differential diagnosis in FHH can be limited to 
the various causes of PTH-dependent hypercal-
cemia, and, more specifi cally, those accompanied 
by hypocalciuria. The distinction between FHH 
and PHPT is particularly important because the 
management of the two conditions differs in 
important ways. It is key in this regard to alert not 

only the proband but also other affected family 
members that parathyroid surgery is ill-advised 
in all but the most unusual of circumstances. 

 What are the other hypocalciuric forms of 
hypercalcemia that must be differentiated from 
FHH (Table  12.2 )? The most important differen-
tial is between FHH and PHPT. Ten to twenty 
percent of patients with PHPT have a calcium to 
creatinine clearance ratio (CCa/CCr) of <0.01, 
while a similar percentage of FHH patients have 
a value higher than this level. In a recent study 
 [  98  ] , the value of CCa/CCr providing the optimal 
diagnostic separation between FHH and PHPT 
was 0.0115 (similar to the widely used value of 
0.01)  [  4  ] , which provided 80% sensitivity and 
88% specifi city. In any patient with PHPT, coex-
istent factors that can lower the CCa/CCr further 
are very low calcium intake, vitamin D defi ciency 
(as assessed by a serum level of 25-hydorxyvita-
min D), concomitant administration of a thiazide 
diuretic or lithium, and mild or moderate renal 
insuffi ciency (which reduces the fi ltered load of 
calcium). Even mild renal insuffi ciency (e.g., 
50% reduction in GFR) can lower calcium excre-
tion substantially. Such contributory factors 
should be sought by history and laboratory inves-
tigation in the evaluation of PTH-dependent 
hypocalciuric hypercalcemia. The hypercalcemia 
caused by lithium and thiazide diuretics is in 
some cases reversible following cessation of the 
drug. If not, the drugs may have unmasked mild, 
preexistent PHPT by their hypocalciuric action 
or directly contributed to the development of 
PHPT by stimulating parathyroid growth. As 
noted earlier, a small number of patients have 

   Table 12.2    Causes of PTH-dependent hypocalciuric 
hypercalcemia   

 FHH 
 Primary hyperparathyroidism 
 Hyperparathyroidism associated with 

 Very low calcium intake 
 Vitamin D defi ciency 
 Mild renal insuffi ciency 

 Drug-induced hypocalciuric hypercalcemia 
 Lithium therapy 
 Treatment with thiazide diuretics 

 Autoimmune hypocalciuric hypercalcemia 
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been described with hypocalciuric hypercalcemia 
owing to inactivating antibodies to the CaSR. 
The presence of other autoimmune conditions, 
such as sprue or Hashimoto’s thyroiditis, can be 
an important clue to this diagnosis.  

 What is the role of genetic testing in the diag-
nosis or differential diagnosis of patients sus-
pected of having FHH? In many FHH kindreds, 
the presence of benign, PTH-dependent hypocal-
ciuric hypercalcemia in an autosomal dominant 
pattern of inheritance in the proband and in two 
or more additional family members is diagnostic 
of FHH and genetic testing adds little. In appar-
ently sporadic cases with PTH-dependent 
 hypercalcemia and CCa/CCr <0.01 or patients in 
the region of overlap between FHH and PHPT 
 (0.01–0.02), the correct diagnosis is usually 
straightforward using history (including family 
history and biochemical screening if appropri-
ate), physical examination, and appropriate labo-
ratory evaluation as noted above. In patients in 
whom the diagnosis remains unclear, mutational 
analysis of the exons and exon–intron boundaries 
of the CaSR gene would be appropriate, bearing 
in mind that in ~30% of patients with linkage of 
their FHH to chromosome 3, no mutation will be 
identifi ed. Such genetic testing is offered by sev-
eral commercial laboratories. Other situations in 
which genetic testing should be performed are 
(1) any patient with FIH; (2) any child <10 with 
PTH-dependent hypocalciuric hypercalcemia, 
including those with NHPT or NSHPT, as most 
such patients have inactivating CaSR mutations; 
(3) a family with hypocalciuric hypercalcemia 
and recurrent pancreatitis. Any family with FHH 
and consanguineous marriages should be coun-
seled about the risk of NSHPT.  

   Treatment 

 The most important treatment of typical FHH is 
no specifi c treatment. Because of the benign clin-
ical course of the disease in the great majority of 
these patients, no medical intervention is indi-
cated. It is important that patients with typical 
FHH and his/her affected family members be 
counseled as to the inadvisability of parathyroid 

surgery. There is no evidence that the currently 
recommended levels of calcium and vitamin D 
supplementation for the population as a whole 
pose any risk of exacerbating the hypercalcemia 
in FHH or inducing hypercalciuria, and these 
patients should be supplemented in the same way 
as other, unaffected persons of their age and sex. 
There are specifi c recommendations for monitor-
ing the clinical status of patients with asymptom-
atic PHPT who do not initially meet current 
guidelines for parathyroid surgery  [  22  ] , e.g., 
determinations of serum calcium and creatinine 
yearly and of BMD every 1–2 years. Given their 
benign clinical course, less frequent monitoring 
of these parameters in patients with typical FHH, 
on the order of every 5 years, would likely suf-
fi ce, although there have been no systematic 
studies of this issue. 

 It is in patients with severe or atypical presen-
tations of inactivating mutations of the CaSR that 
more active intervention may be warranted. The 
most severe of such cases are NSHPT due to 
homozygous inactivating CaSR mutations. 
NSHPT can be a lethal disease, and prompt para-
thyroidectomy early in life may be life-saving. In 
some cases, the bisphosphonate, pamidronate has 
been used as “rescue” therapy to lower serum cal-
cium concentration and stabilize the affected 
infant’s condition  [  99  ] . Another potential medical 
treatment is the use of the calcimimetic, cinacalcet 
HCl, which, however, in a patient with a homozy-
gous CaSR mutation would only be effective if 
the receptor had some residual signaling capacity. 
In patients only discovered to have homozygous 
inactivating mutations later in childhood, or even 
as adults, the need for any kind of medical or sur-
gical intervention would need to be made on a 
case-by-case basis, but might not be easily justi-
fi ed in an asymptomatic patient without renal or 
skeletal complications of hyperparathyroidism. 

 Cinacalcet might also be useful as a temporiz-
ing measure in infants with NHPT who are 
heterozygous for inactivating CaSR mutations 
 [  100  ] . Cinacalcet is not FDA approved for treat-
ment of FHH. Such patients can revert spontane-
ously, or following subtotal parathyroidectomy, 
to a picture resembling FHH, with healing of 
bony lesions. Use of the calcimimetic might 
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obviate the need for parathyroid surgery in this 
setting. 

 Other atypical presentations in which active 
medical or surgical intervention might be consid-
ered would be FHH presenting as typical PHPT, 
rather than FHH, or in patients with pancreatitis. 
In the former setting, frankly elevated levels of 
PTH and, in some cases, hypercalciuria may lead 
to the skeletal and renal consequences, respec-
tively, of PHPT. The only recent recognition, 
however, that FIH can be caused by inactivating 
mutations of the CaSR and the small number of 
families reported, has not allowed an extensive 
experience to date. Furthermore, there appears to 
be a high risk of persistence or recurrence of 
hypercalcemia in this setting  [  18  ] .  

   Prognosis 

 As noted above, the prognosis of typical FHH is 
excellent, and studies to date of a substantial 
number of such patients in multiple kindreds 
have not indicated any premature mortality of 
affected vs. unaffected family members. Atypical 
forms of FHH, such as those present in families 
with unusually high serum calcium and/or PTH 
levels or recurrent pancreatitis, have not been 
studied with regard to overall prognosis. However, 
there might be morbidity, or possibly mortality, 
associated with the more marked hypercalcemia, 
chronically elevated PTH levels or pancreatitis 
per se in such patients. In its severest form, 
NSHPT, particularly that due to homozygous or 
compound heterozygous mutations in the CaSR, 
can be lethal. If a child with NSHPT escapes clin-
ical detection, there can be severe neurodevelop-
mental consequences. Successful surgical 
treatment, in contrast, can be associated with pro-
longed survival, although the number of such 
cases that have been studied is small.      
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  13

  Abstract 

 Hyperparathyroidism–jaw tumor syndrome (HPT–JT) is an autosomal 
dominant disorder characterized by the development of parathyroid 
tumors, ossifying fi bromas of the mandible and maxilla, cystic and neo-
plastic renal abnormalities, and uterine tumors. One of its unique charac-
teristics is its association with a high prevalence of atypical parathyroid 
adenomas and carcinomas. 

 HPT–JT is caused by mutations in the HRPT2 gene that reduce expres-
sion or function of parafi bromin, a nuclear protein that regulates gene 
expression and inhibits cellular proliferation (Carpten et al., Nat Genet 
32(4):676–680, 2002; Yart et al., Mol Cell Biol 25(12):5052–5060, 2005; 
Zhang et al., Biochem Biophys Res Commun 350(1):17–24, 2006; 
Woodard et al., Oncogene 24(7):1272–1276, 2005). Prior to recognition of 
HRPT2, HPT–JT was diagnosed using clinical criteria and was based on 
the presence of ossifying jaw tumors in a patient with primary hyperpara-
thyroidism (PHPT) who lacked features of other complex syndromes 
associated with hyperfunctioning parathyroid glands. Patients with 
HPT–JT also manifest a more aggressive form of PHPT than is typical of 
sporadic or other genetic forms of PHPT, due in part to the presence of 
atypical parathyroid tumors and the increased risk of parathyroid carci-
noma (Marx, N Engl J Med 343(25):1863–1875, 2000). Moreover, patients 
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   Table 13.1    Familial forms of primary hyperparathyroidism   

 Familial forms of primary 
hyperparathyroidism(PHPT) 

 Genetic 
mutation 

 Chromosomal 
location  Inheritance  PHPT features 

 Associated 
endocrinopathies 

 HPT–JT   HRPT2   1q21.q31  AD  Adenomas (cystic) 
 Carcinomas 

 Jaw tumors 
 Renal tumors 
 Uterine tumors 

 MEN-1   MEN1   11q13  AD  Hyperplasia  Pituitary tumors 
 Pancreatic tumors 

 MEN-2A   RET   10q11.2  AD  Hyperplasia  Medullary thyroid 
carcinoma 
 Pheochromocytoma 

 FIHP   HRPT2  
  MEN1  
  CASR  
  Unnamed  

 1q21.31 
 11q13 
 3q13.3-q21 
 2q14-p13.3 

 AD  Adenomas/carcinomas 
 Hyperplasia/adenoma 
 Normal/hyperplasia 
 Hyperplasia/adenoma 

 By defi nition, 
isolated to PHPT 

 FHH   CASR   3q13.3-q21  AD  Normal/hyperplasia  None 

  Adapted from Carling, T. and R. Udelsman,  Parathyroid surgery in familial hyperparathyroid disorders.  J Intern Med, 
2005.  257 (1): p. 27–37  

with HPT–JT have asynchronous development of parathyroid tumors, so 
recurrence of PHPT is common after removal of one or more parathyroid 
tumors.  

  Keywords 

 Hyperparathyroidism  •  Parafi bromin  •  Atypical parathyroid adenomas  • 
 HRPT2 gene    

   Introduction 

 Primary hyperparathyroidism (PHPT) is the most 
common cause of hypercalcemia. In most cases, 
PHPT is a sporadic disorder that occurs in patients 
in their fi fth or sixth decade of life and occurs as 
a consequence of a single, benign parathyroid 
adenoma. Inherited forms of PHPT occur in up to 
20% of cases, however, and are usually associ-
ated with the presence of multiple parathyroid 
tumors and an earlier onset of hypercalcemia. 
These disorders exhibit autosomal dominant 
modes of transmission, and over the past few 
years, molecular genetic research has led to the 
identifi cation of many of the responsible genes. 
In turn, clinical genetic testing has facilitated 
molecular diagnosis in presymptomatic relatives 
of affected subjects, enabled the identifi cation of 
affected patients who lack a family history of 

PHPT, and enhanced specifi cation and character-
ization of distinct genetic forms of inherited 
PHPT. Patients with genetic forms of PHPT may 
have isolated hyperparathyroidism, in which only 
the parathyroid glands are involved, or may have 
more complex syndromes in which parathyroid 
tumors are associated with cellular defects in 
other endocrine and nonendocrine tissues 
(Table  13.1 )  [  1  ] . The most unique of these com-
plex syndromes is the hyperparathyroidism–jaw 
tumor syndrome (HPT–JT), an autosomal domi-
nant disorder with incomplete penetrance that is 
characterized by the development of parathyroid 
tumors, ossifying fi bromas of the mandible and 
maxilla, cystic and neoplastic renal abnormali-
ties, and uterine tumors. In contrast to other forms 
of familial PHPT in which parathyroid tumors 
are generally benign, HPT–JT is associated with 
a high prevalence of atypical parathyroid ade-
nomas and carcinomas  [  2–  5  ] .  
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 HPT–JT is caused by mutations in the  HRPT2  
gene that reduce expression or function of parafi -
bromin, a nuclear protein that regulates gene 
expression and inhibits cellular proliferation 
  [  6–  9  ] . Prior to recognition of  HRPT2 , HPT–JT 
was diagnosed using clinical criteria and was 
based on the presence of ossifying jaw tumors in 
a patient with PHPT who lacked features of other 
complex syndromes associated with hyperfunc-
tioning parathyroid glands. Patients with HPT–JT 
also manifest a more aggressive form of PHPT 
than is typical of sporadic or other genetic forms 
of PHPT, due in part to the presence of atypical 
parathyroid tumors and the increased risk of para-
thyroid carcinoma  [  5  ] . Moreover, patients with 
HPT–JT have asynchronous development of para-
thyroid tumors, so recurrence of PHPT is com-
mon after removal of one or more parathyroid 
tumors. Some patients with HPT–JT will not have 
jaw tumors or other typical features of the syn-
drome, which in the absence of molecular genetic 
testing can lead to diagnostic confusion with other 
hereditary parathyroid disorders (Table  13.1 )  [  1  ]  
or sporadic presentations of PHPT.  

   Pathophysiology 

 The pathophysiology of the HPT–JT syndrome is 
similar to other forms of PHPT. The primary 
abnormality in parathyroid cells leads to exces-
sive and inappropriate secretion of parathyroid 
hormone (PTH), which results in hypercalcemia 
and other features of PHPT. PTH binds to spe-
cifi c heptahelical receptors (PTHR1) that are 
expressed on the plasma membrane of target 
cells, particularly renal tubular cells and osteo-
blasts, and activates adenylyl cyclase to produce 
the second messenger cyclic AMP. In the kidney, 
PTH increases calcium reabsorption in the renal 
distal tubule and reduces reabsorption of phos-
phate and bicarbonate in the proximal tubule. In 
addition, PTH induces expression of renal 
CYP27b, the enzyme that converts 25(OH)D to 
1,25(OH) 

2
 D (calcitriol), with consequent eleva-

tion of serum levels of this fully active, hormonal 
form of vitamin D. Elevated levels of calcitriol 
increase absorption of calcium, and to a lesser 

extent phosphorus, from the gastrointestinal tract, 
and together with PTH induce expression of 
RANKL (receptor activator of nuclear factor of 
kB ligand) in osteoblasts. Elevated RANKL 
induces differentiation and activity of osteoclasts, 
which lead to increased bone resorption and bone 
turnover. These direct and indirect actions of 
PTH lead to the principal features of PHPT: 
hypercalcemia, hypophosphatemia, and prefer-
ential loss of cortical bone. Skeletal abnormali-
ties range from mild osteopenia to the classical 
lesions of osteitis fi brosa cystica. Overt skeletal 
disease is now uncommon, occurring in only 
1.4–14% patients at presentation, but osteoporo-
sis with associated fractures is now increasing 
 [  10  ] . Symptoms in PHPT are often vague and 
patients may also complain of anorexia, nausea, 
abdominal pain, constipation, and rarely acute 
pancreatitis. Peptic ulcer disease has been 
described in multiple endocrine neoplasia type 1 
(MEN-1) if PHPT is present, but this has not been 
described with HPT–JT. Psychiatric symptoms 
such as fatigue, weakness, somnolence, lethargy, 
dementia, stupor, and depression have long been 
associated with PHPT and are likely related to 
effects of hypercalcemia on the neurologic sys-
tem. Many of these changes may be subtle and 
may not be truly appreciated until after parathy-
roidectomy. Acute hypercalcemic crisis with 
nephrogenic diabetes insipidus may also develop 
if serum calcium levels are greater than 12 mg/dL 
(3 mmol/L). The degree of hypercalcemia deter-
mines the amount of calcium in the glomerular 
fi ltrate, and although the fractional excretion of 
calcium may be reduced, the absolute amount of 
excreted calcium in the urine is increased in most 
patients and increases the risk of nephrocalcino-
sis and nephrolithiasis. Today, due to the routine 
measurement of serum concentrations of cal-
cium, at least 70–80% of patients with PHPT fail 
to show obvious signs or symptoms of disease, 
and are identifi ed through the incidental fi nding 
of mild hypercalcemia  [  11  ] . 

 In most patients with PHPT (80–85%), hyper-
parathyroidism is limited to a single monoclonal 
adenoma, which in most cases is related to a spe-
cifi c somatic gene defect. The other three glands 
are normal. The average adenoma ranges from 1 
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to 3 cm in size and weighs about 0.5 g, which is 
signifi cantly larger than a normal parathyroid 
gland (25–35 mg). Cystic elements in an ade-
nomatous gland may call attention to HPT–JT, 
which was originally characterized as  cystic 
parathyroid adenomatosis . Approximately 
15–20% of patients with PHPT have diffuse 
hyperplasia of all four glands, a broad category 
that includes hyperplasia, multiple adenomas, 
and polyclonal hyperfunction. Multiglandular 
disease is more likely to occur in younger indi-
viduals, and is usually associated with germ line 
mutations that cause MEN-1 and MEN-2A 
(Table  13.1 )  [  1  ] . PHPT rarely is due to parathy-
roid carcinoma (~1%), but its identifi cation 
should raise suspicions for HPT–JT.  

   Hyperparathyroidism–Jaw Tumor 
Syndrome 

   Clinical Presentation 

 In 1987, Mallette et al. described a father and 
three sons who at early ages developed severe 
hypercalcemia; in each case, a single parathyroid 
adenoma was found at surgery  [  12  ] . Three mem-
bers of this family developed recurrent hypercal-
cemia due to development of a second parathyroid 
adenoma 6–13 years after resection of the initial 
parathyroid adenoma; the fourth affected indi-
vidual had developed hypoparathyroidism after 
the fi rst operation. Review of the pathologic 
specimens showed that each parathyroid tumor 
was a cystic adenoma, and unexpectedly, similar 
cystic changes were also present in the normal 
parathyroid glands in these patients. In the origi-
nally described cohort, urinary calcium excretion 
was elevated in all four patients, and one indi-
vidual had nephrolithiasis. Interestingly, three 
other fi rst-degree relatives of the affected sub-
jects were hypercalcemic, but two were hypocal-
ciuric, which initially suggested a possible link 
between this syndrome and familial hypocalciu-
ric hypercalcemia (FHH) that was later disproved. 
Three of four patients in this cohort also under-
went resection of ossifying fi bromas of the man-
dible or maxilla. However, unlike the classic 

brown tumors of the jaw (epulis) that occasion-
ally occur in other forms of PHPT, these jaw 
tumors did not have the distinctive appearance of 
brown tumors as they were found to lack osteo-
clasts. Review of the literature disclosed previ-
ously reported cases of familial parathyroid 
adenomas in association with fi bro-osseous jaw 
tumors  [  13,   14  ] , suggesting that these individuals 
had the same syndrome. Further review of the 
parathyroid histology in these other kindreds also 
identifi ed the adenomas as cystic  [  15  ] . To date, 
approximately 50 families of HPT–JT have been 
described. Subsequent analysis of these addi-
tional cases has extended the phenotype of 
HPT–JT to include uterine tumors and cystic and 
neoplastic renal anomalies and extended the 
spectrum of parathyroid disease to include not 
only cystic adenomas but also parathyroid 
carcinomas.  

   Natural History of PHPT in HPT–JT 
Syndrome 

 The most common, and sometimes the only fea-
ture of HPT–JT, is primary hyperparathyroidism, 
which has a penetrance of about 80–90%  [  5,   16  ] . 
HPT–JT, similar to other genetic forms of PHPT, 
presents earlier in life than sporadic forms of 
PHPT. On average, about 80% of individuals 
with HPT–JT will manifest PHPT by the end of 
the third decade  [  5  ] . The average age of diagnosis 
for HPT–JT probands is 32 years, but in some 
patients PHPT may occur as early as the fi rst 
decade  [  17  ] . With the exception of its very early 
onset, the clinical presentation of PHPT in 
HPT–JT is otherwise indistinguishable from that 
of sporadic or other inherited forms of PHPT. 
Patients with PHPT often develop renal compli-
cations, such as nephrolithiasis (17–37%), neph-
rocalcinosis, and hypercalciuria  [  11  ] . Patients 
with HPT–JT develop additional unique renal 
anomalies, such as renal cysts, hamartomas, and 
adult onset Wilms tumor. 

 In contrast to sporadic PHPT or other heredit-
able forms of PHPT, there is a relatively high 
prevalence of parathyroid carcinoma in HPT–JT, 
as well as atypical adenomas that have a high 
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potential for malignant transformation. Moreover, 
although all four parathyroid glands are poten-
tially affected in HPT–JT, the development of 
adenomas is asynchronous, and often only a sin-
gle parathyroid tumor is present at diagnosis  [  3  ] . 
This asynchronous presentation is unique among 
the different forms of inherited PHPT, in which 
development of parathyroid tumors is more likely 
to be metasynchronous. Removal of the initially 
affected parathyroid tumor leads to a presumed 
cure, only to be followed years later by recur-
rence of PHPT and the need for additional treat-
ment or surgery  [  3  ] . As in the original description 
of HPT–JT, the adenomas may be cystic, either 
with micro- or macrocysts, which may aid in 
diagnosis  [  3  ] . In addition, there is a signifi cant 
association of parathyroid carcinoma in HPT–JT 
syndrome, with 15% of cases presenting with 
parathyroid carcinoma, compared to an incidence 
of <1% in other forms of PHPT  [  17,   18  ] . Still, 
while most experts cite a frequency of 15% for 
parathyroid carcinomas in HPT–JT syndrome, 
this number is based on a relatively small number 
of families and may be confounded by ascertain-
ment bias  [  19  ] . In general, parathyroid carcino-
mas are usually larger, fi rmer, and more easily 
palpable than benign parathyroid tumors, and are 
associated with higher serum levels of PTH and 
serum calcium levels that are often greater than 
14 mg/dL (3.5 mmol/L)  [  20  ] .  

   Jaw Tumors 

 In 1958, Jackson et al. reported a unique multi-
generational family with hereditary hyperpara-
thyroidism in which four of the fi ve affected 
members of the fi rst generation had jaw tumors 
 [  21  ] . Three affected members of the third genera-
tion developed similar jaw tumors that progressed 
after surgical correction of hyperparathyroidism. 
Reinvestigation of this family disclosed that these 
maxillary and mandibular tumors were histologi-
cally distinct from the classical “brown tumors” 
of hyperparathyroidism. Brown tumors are focal 
lesions found within the areas of bone resorption. 
Radiographic evaluation of these tumors reveals 

well-defi ned lytic lesions but histologically 
brown tumors represent a reparative cellular pro-
cess. Brown tumors consist of foci of hemor-
rhage, fi brosis, and granulation tissue, and the 
characteristic brown color is due to hemosiderin 
deposition. The lesions contain increased num-
bers of multinucleate giant cells, osteoblasts, and 
osteoclasts and poorly mineralized woven bone, 
and often resemble giant cell lesions. Brown 
tumors are usually slowly growing and locally 
destructive lesions, and invasion into surround-
ing structures may cause a variety of symptoms. 
Patients often develop signifi cant bone pain, and 
pathologic fractures may occur. When brown 
tumors occur in the head or neck, they usually 
involve the mandible, and only rarely affect the 
maxilla. Most studies have shown that surgical 
treatment of PHPT and normalization of exces-
sive levels of serum PTH is typically associated 
with spontaneous regression of the bony lesions, 
including brown tumors. Nevertheless, local 
curettage and enucleation of jaw lesions appear 
necessary in cases where regression of the brown 
tumor is incomplete or where disfi gurement is 
signifi cant. 

 By contrast, the jaw tumors in HPT–JT are 
fi bro-osseous lesions that lack giant cells. The 
jaw tumors are typically fi brous maxillary or 
mandibular tumors and resemble ossifying fi bro-
mas (cemento-ossifying fi bromas) (Fig.  13.1 ) 
 [  22  ] . The ossifying fi bromas of HPT–JT are lim-
ited to the jaw, whereas the typical brown tumors 
of hyperparathyroidism occur in the ribs or knees 
as well as the jaw. Whereas sporadic jaw tumors 
generally occur in the third and fourth decades of 
life, jaw tumors in HPT–JT often arise earlier. 
Jaw tumors occur in 16–50% of patients with 
HPT–JT  [  23  ] , and as they are unrelated to para-
thyroid status it is not surprising that they do not 
regress after correction of hyperparathyroidism 
 [  24  ] . Similar to the asynchronous development of 
parathyroid tumors in HPT–JT, jaw tumors may 
be asynchronous and may even precede the 
development of hypercalcemia by several 
decades. Complete surgical removal of jaw 
tumors is the recommended treatment, but recur-
rence is possible  [  25  ] .   
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   Kidney Involvement in the HPT–JT 
Syndrome 

 The kidney is involved in a limited subset of 
patients with HPT–JT (~5–15% of cases), raising 
the possibility that the development of renal cysts 
and tumors represents a distinct phenotypic vari-
ant of HPT–JT  [  26,   27  ] . Cystic kidney disease is 
the most common renal manifestation of this syn-
drome  [  26  ] . The majority of affected HPT–JT 
patients were discovered to have unsuspected renal 

involvement by routine ultrasound, but several 
patients have presented in renal failure  [  26  ] . The 
cysts may range from a few minor cysts to bilat-
eral polycystic lesions that result in renal failure 
 [  26  ] . In addition to renal cysts, some patients often 
develop rare renal tumors, such as mixed epithe-
lial-stromal tumors and adult Wilms’ tumors. The 
mixed epithelial-stromal tumor,  previously 
reported as a hamartoma, is a very unusual tumor 
that may be solid or cystic, lacks necrosis, and 
contains a mesenchymal  component with variable 

  Fig. 13.1    Jaw tumors. Axial ( a ) and coronal ( b ) CT scans 
showing a well-circumscribed lesion in the right maxilla of 
an HPT–JT patient, with accompanying histologic evalua-
tion consistent with an ossifying fi broma ( c ) (Reprinted 
from Int J Oral Maxillofac Surg, 36(4), Yamashita, Y., et al., 

A case of hyperparathyroidism-jaw tumor syndrome 
found in the treatment of an ossifying fi broma in the max-
illary bone, pp. 365–9, Copyright 2007, with permission 
from Elsevier)       
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spindle cell proliferation  [  16  ] . While these tumors 
demonstrate loss of the wild-type  HRPT2  allele, 
surgical resection has been curative and malignant 
behavior (i.e., metastases) has not been noted. 
Adult Wilms’ tumors have been described in mul-
tiple HPT–JT families. Wilms’ tumors are typi-
cally diagnosed in childhood and are usually 
highly malignant tumors that require surgical 
resection, chemotherapy, and radiation. The 
Wilms’ tumors in HPT–JT have been identifi ed in 
patients as old as 53 years but have neither metas-
tasized nor led to death. They are usually bilateral, 
poorly circumscribed, and of smaller sizes than 
classical childhood Wilms’ tumor, which is an 
embryonal tumor (e.g., nephroblastoma) that is 
associated with loss of both copies of the  WT1  
tumor suppressor gene. The Wilms tumor of 
HPT–JT also has distinctive histological features 
that distinguish it from the childhood Wilms’ 
tumor, such as a low number of mitoses, lack of 
necrosis and hemorrhages, large mesenchymal 
components, and the presence of cysts  [  4  ] . 
Papillary renal cell carcinoma and renal cell ade-
nomas have also been described, albeit infre-
quently, in HPT–JT  [  28  ] . These tumors are also 
likely part of HPT–JT, as both mixed epithelial-
stromal tumors and papillary renal cell carcinomas 
have all shown allelic deletions in the same region 
on chromosome 1  [  4,   28  ] .  

   Other Features 

 Characterization of additional, more recently 
described subjects with HPT–JT has shed new 
light on the spectrum of endocrinopathies and 
tumors that can be associated with syndrome. 
Uterine tumors have been described in associa-
tion with HPT–JT and may actually be the most 
common clinical feature in some patients after 
PHPT, affecting 75% of HPT–JT female patients 
in some cohorts  [  19,   23,   29,   30  ] . In a Japanese 
family, two women with HPT–JT had unusual 
multiple small uterine polyps, which were diag-
nosed as adenomyomatous polyps  [  31  ] . It is 
unclear if these polyps are a variant of adenomyo-
sis or endometriosis or have more aggressive neo-
plastic potential. Analysis of 33 HPT–JT kindreds 

revealed that affected women in 13 families 
 suffered from menorrhagia in their second to 
fourth decades and often required hysterectomy 
as defi nitive treatment  [  30  ] . Uterine tumors were 
only diagnosed after surgery and have been linked 
to reduced fertility in affected women with 
HPT–JT  [  30  ] . Histological analysis of the uterine 
specimens revealed both benign and malignant 
tumors, with adenomyosis, adenofi bromas, leio-
momas, endometrial hyperplasia, and adenosar-
comas identifi ed  [  30  ] . Uterine myomas have also 
been described in several families  [  31  ] . A large 
Dutch kindred has also extended the clinical phe-
notype of HPT–JT syndrome. Thirteen affected 
members presented with either parathyroid ade-
noma or carcinoma, but in addition to associated 
renal anomalies, testicular mixed germ cell tumor 
with major seminoma component and Hürthle cell 
thyroid adenoma were also reported  [  28  ] . Other 
conditions, including thyroid carcinoma, thyro-
toxicosis, colonic carcinoma, and pituitary cyst, 
have also been described, but may represent inci-
dental fi ndings. It is unclear whether a predisposi-
tion to these less common tumors truly exists.   

   The HPT–JT Syndrome and Other 
Forms of Familial PHPT 

 HPT–JT is one of the several autosomal domi-
nant forms of familial hyperparathyroidism, that 
include familial isolated hyperparathyroidism 
(FIHP), MEN-1, multiple endocrine neoplasia 
type 2A (MEN-2A), and FHH (Table  13.1 ). In 
general, inherited forms of PHPT present at an 
earlier age than sporadic forms and occur with 
equal frequencies in both sexes. Genetic analyses 
of these disorders have helped to elucidate some 
of the underlying molecular mechanisms that 
may have signifi cant clinical implications 
(Fig.  13.2 )  [  32  ] . Multiple small kindreds with 
two or three affected members with isolated 
PHPT have received a diagnosis of FIHP. FIHP is 
a rare autosomal dominant form of PHPT charac-
terized by hypercalcemia, elevated PTH levels, 
and uni- or multiglandular parathyroid tumors. 
FIHP is a diagnosis of exclusion and must be dis-
tinguished from other familial hypercalcemic 
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disorders, in particular, FHH, MEN-1, MEN-2A, 
and HPT–JT (Table  13.1 ). The genetic locus of 
FIHP has not yet been disclosed. FHH is a benign 
autosomal dominant hypercalcemic disorder that 

is caused by heterozygous loss-of-function muta-
tions of the  CASR  gene encoding the calcium 
sensing receptor. FHH is characterized by life-
long, nonprogressive hypercalcemia that may be 
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  Fig. 13.2    Schematic representation of molecular compo-
nents of calcium homeostasis. HPT–JT syndrome is caused 
by a mutation in the  HRPT2  gene and must be differenti-
ated from MEN-1, which is due to inactivating mutations of 
the tumor suppressor gene  MENIN ; FHH, which is caused 
by heterozygous loss-of-function mutations of the  CASR  

gene encoding the calcium sensing receptor; and FIHP, 
which has been linked to mutations in  HRPT2 ,  MENIN , and 
 CASR  in some cases (With kind permission from Springer 
Science + Business Media: Rev Endocr Metab Disord, 
Genetics of endocrine and metabolic disorders: Parathyroid, 
5(1), 2004, p. 37–51, Thakker, R.V.)       
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present from birth, inappropriately elevated PTH 
levels, and hypocalciuria. FHH is related to neo-
natal severe PHPT, a life-threatening form of 
severe hypercalcemia that is most commonly due 
to homozygous loss-of-function mutations in the 
 CASR  gene. MEN-1 is due to inactivating muta-
tions of the tumor suppressor gene  MENIN , and 
the autosomal dominant MEN-1 syndrome is 
characterized by tumors of the parathyroid, ante-
rior pituitary (most commonly prolactinomas), 
and endocrine pancreas (most commonly gastri-
nomas). MEN-1 has near full penetrance, with 
hyperparathyroidism present at diagnosis in over 
90% of cases and invariably associated with mul-
tiglandular disease. The presentation of pituitary 
and pancreatic tumors is generally much later 
and more variable than hyperparathyroidism in 
MEN-1.    Like MEN-1, MEN-2A is also an auto-
somal dominant condition, but instead is due to 
activating mutations of the RET proto-oncogene 
and associated with medullary thyroid cancer, 
pheochromocytoma, and hyperparathyroidism. 
PHPT occurs in only 10–15% of patients with 
MEN-2A, as opposed to MTC, which has nearly 
100% penetrance, and pheochromocytoma, 
which occurs in 50–60% of affected individuals. 
In contrast to MEN-1, PHPT in MEN-2A is more 
often caused by uniglandular disease but occa-
sionally presents with multiglandular disease.  

 HPT–JT may be diffi cult to distinguish from 
other forms of familial PHPT, especially when 
the parathyroid tumors occur in isolation without 
any evidence of jaw tumors. HPT–JT syndrome 
is readily differentiated from FHH, as serum cal-
cium levels are elevated in FHH from the neona-
tal or early infantile period and fractional 
excretion of calcium is very low (<1%), whereas 
hypercalcemia in HPT–JT is uncommon in the 
fi rst decade. The clinical distinction between 
HPT–JT and MEN-1 in patients who lack other 
features can be more challenging. Although 
HPT–JT patients can have multiple parathyroid 
adenomas, they more commonly will have a sin-
gle parathyroid adenoma with unusual histology 
of a parathyroid carcinoma. By contrast, parathy-
roid disease in patients with MEN-1 is often mul-
tiglandular and parathyroid carcinoma does not 
occur. Long-term follow-up may be required to 

disclose the development of other lesions in 
MEN-1, which may explain why some cases of 
FIHP have been linked to the MEN-1 locus  [  33  ] . 
The distinction between HPT–JT syndrome and 
FIHP is equally diffi cult, especially given the 
incomplete or asynchronous presentation of the 
additional features associated with HPT–JT. 
However, this distinction is very important given 
the higher risk of developing carcinomas in 
HPT–JT. A personal or family history of parathy-
roid carcinoma mandates serious consideration 
of germ line  HRPT2  mutation status in families 
with FIHP, regardless of whether features associ-
ated with HPT–JT are present  [  34  ] . An investiga-
tion for additional features of HPT–JT, such as 
jaw tumors, renal, uterine, pancreatic, thyroid, 
and testicular anomalies, may provide such a dis-
tinction and may help identify HPT–JT patients. 
Specifi cally, the fi nding of ossifying fi bromas is 
an important distinguishing feature of HPT–JT 
from FIHP, and the occurrence of these jaw 
tumors may occasionally precede the develop-
ment of hypercalcemia in HPT–JT patients by 
decades.  

   Parafi bromin and the  HRPT2  Gene 

 To gain insight into the mechanisms underlying 
HPT–JT, family linkage studies were undertaken 
to determine the chromosomal location of the 
HPT–JT locus. The HPT–JT locus was mapped 
to chromosome 1q21-q31 and the putative gene 
designated hyperparathyroidism type 2,  HRPT2 . 
Positional cloning studies refi ned the chromo-
somal map location of  HRPT2 , and a prioritized 
DNA sequence analysis of the genes located 
within the critical interval on chromosome 1q31.2 
revealed mutations within a gene that encoded a 
531 amino acid protein with 17 exons, designated 
parafi bromin or cell division cycle 73 (CDC73) 
 [  6  ] . The mutations identifi ed in HPT–JT patients 
were found to be scattered through the coding 
region, with a higher number of mutations in 
exons 1–2 and 7–8, but none in exons 9–12 and 
14–17, and greater than 80% predicting a func-
tional loss through premature truncation  [  23,   27, 
  30  ] . To date, 111 independent CDC73 mutations 
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have been recognized and consist of 68 germ line 
mutations (>60%), 38 somatic mutations (<35%), 
and 5 others (<5%) whose origin has not been 
defi ned  [  35  ] . Of the 111 mutations, 50% were 
frameshift deletions or insertions, 29% nonsense 
mutations, 13% missense mutations, 6% splice 
site mutations, and 2% in-frame deletions or 
insertions  [  35  ] . In another study of HPT–JT kin-
dreds, germ line frameshift and nonsense muta-
tions were the most frequent mutations identifi ed, 
accounting for 88% of mutations, as opposed to 
the infrequent fi nding of germ line missense 
mutations  [  23  ] . No genotype–phenotype correla-
tion has been identifi ed to date  [  30  ] . In addition, 
nonpenetrance has been seen in greater than 30% 
of mutation carriers, which may have important 
implications for surveillance considerations  [  30  ] . 

 In their original work, Carpten et al. were able 
to detect  HRPT2  mutations in only 14 of 24 
HPT–JT families, most of which had full expres-
sion of the syndrome and proven linkage to 1q24-
q32  [  6,   36  ] . Mutations in the coding region and 
splice sites have been identifi ed in more than 
80% of the 51 reported HPT–JT families  [  36  ] . 
In the remaining cases, mutations may be present 
in the promoter or untranslated regions or there 
may be whole exon or gene deletions that are not 
detected by PCR-based analysis  [  36  ] . Gene 
silencing through methylation is also a potential 
mechanism, as is involvement of a second genetic 
locus  [  36  ] . 

 Since the identifi cation of  HRPT2 , germ line 
 HRPT2  mutations have been found in 7% of 
FIHP ( HRPT1 ) kindreds  [  6,   17,   23,   27,   30,   34, 
  37,   38  ] . In several of these apparent FIHP kin-
dreds, parathyroid carcinomas and atypical ade-
nomas have been identifi ed in individuals 
carrying a germ line  HRPT2  mutation, again 
pointing to the tendency for malignant prolifera-
tion  [  6,   30,   34  ] . Other cases of FIHP had previ-
ously been linked to mutations in the MEN-1 
gene and  CASR   [  39  ] . In addition, hyperparathy-
roidism type 3 ( HRPT3 ) has also been described, 
with mapping demonstrating linkage to chromo-
some 2q14-p13.3 in a FIHP kindred  [  40  ] . The 
remaining cases of FIHP are likely due to as of 
yet unidentifi ed genes or potentially recently 
described genes, such as  CDKN1B , which has 

been associated with the pathogenesis of sporadic 
parathyroid adenomas and a rare familial MEN-
1-like (MEN-4) disorder but whose role in tum-
origenesis remains to be fully elucidated  [  41  ] . 
FIHP may represent a phenotypic variant of dif-
ferent genetic syndromes, such as HPT–JT, 
MEN-1, and FHH, but with reduced or incom-
plete penetrance. As such, the clinical diagnosis 
of FIHP should be considered only provisional, 
and ultimately the term FIHP may be replaced as 
more causative genes are recognized. 

 Parafi bromin is thought to function as a tumor 
suppressor, and consistent with Knudson’s two-
hit model of inherited cancer, mutations in  HRPT2  
generally lead to a truncated or inactive protein. 
Moreover, germline mutations that inactivate 
 HRPT2  are present in affected members of 
HPT–JT kindreds and occur as somatic events in 
sporadic parathyroid adenomas and carcinomas 
 [  6,   24  ] . In some cases, “two hits” affecting  HRPT2 , 
either an additional mutation or loss of heterozy-
gosity at the  HRPT2  locus, have been identifi ed in 
a subset of parathyroid tumors  [  23,   26,   42–  44  ] . 
Despite this, immunohistochemical analysis has 
revealed a loss of parafi bromin expression in both 
parathyroid adenomas and carcinomas but not in 
normal parathyroid glands in the same subjects 
 [  23  ] . This suggests that the loss of parafi bromin 
immunoreactivity in HPT–JT-related adenomas is 
a pivotal step in parathyroid tumorigenesis  [  45  ] . 
Still, as parafi bromin is only involved in approxi-
mately 70% of parathyroid carcinomas and loss of 
parafi bromin immunoreactivity may not be 
observed in all cases of  HRPT2  mutation, the 
identifi cation of complementary markers would 
greatly aid diagnosis  [  46  ] . One such candidate 
marker to loss of parafi bromin immunoreactivity 
is protein gene product 9.5 (PGP9.5), encoded by 
ubiquitin carboxyl-terminal esterase L1 ( UCHL1 ) 
 [  46  ] . Diffuse positive staining for PGP9.5 has 
been exhibited in parafi bromin negative carcino-
mas and adenomas, as well as parafi bromin posi-
tive tumors, and may have greater sensitivity with 
similar specifi city to parafi bromin negativity as a 
marker of malignancy  [  46  ] . Moreover, these fi nd-
ings were supported by RT-PCR analysis that 
showed high expression of  UCHL1  in the carci-
noma group  [  46  ] . 
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 The association between other affected tissues 
in HPT–JT and the  HRPT2  gene has also been 
explored. Masi et al. compared parafi bromin 
expression in HPT–JT-related uterine polyps to 
sporadic ones. They noted a loss of parafi bromin 
nuclear staining in both stromal and epithelial 
components of HPT–JT polyps, supporting a 
pathogenic role for  HRPT2  mutations in the 
development of uterine polyps in this syndrome 
 [  23  ] . While linkage to 1q markers was not associ-
ated with  HRPT2  in six hereditary Wilms’ tumor 
families  [  26  ] , additional studies have identifi ed 
somatic  HRPT2  mutations with sporadic renal 
tumors, including renal cell carcinoma and 
Wilms’ tumor  [  47  ] . Somatic and germ line 
 HRPT2  mutations have also been identifi ed in 
sporadic ossifying fi bromas and support a poten-
tial role for  HRPT2  mutations in the pathogenesis 
of jaw tumors  [  48  ] . The presence of such muta-
tions in the fi bromas themselves may explain the 
lack of clinical improvement in these jaw tumors 
after parathyroidectomy. 

 Determination of  HRPT2  mutations is particu-
larly important due to the association with para-
thyroid carcinoma. Overall, somatic  HRPT2  
mutations are present in most sporadic parathy-
roid carcinomas (20 of 26 cases; 77%)  [  49–  51  ] , 
and are absent in most sporadic parathyroid ade-
nomas (0–4%). This indicates that  HRPT2  muta-
tions confer a high risk for malignant 
transformation to carcinoma and may have a 
direct role in the pathogenesis of parathyroid car-
cinoma. A recent analysis of the full coding 
sequence and splice sites of the  HRPT2  gene in 
21 parathyroid carcinomas from 15 patients with-
out family history of PHPT revealed that 67% of 
parathyroid tumors had  HRPT2  mutations, and 
three patients carried germ line  HRPT2  mutations 
 [  51  ] . The unexpected fi nding of germ line  HRPT2  
mutations in 20–30% of patients with sporadic 
parathyroid carcinomas suggests that these 
probands and their relatives may have occult 
HPT–JT with limited expressivity or a pheno-
typic variant. Thus,  HRPT2  analysis can provide 
a sensitive and specifi c molecular marker for 
parathyroid carcinoma in tumors with ambiguous 
or atypical histopathology. This has important 
clinical implications, as up to 50% of parathyroid 

tumors that behave in a biologically malignant 
manner (i.e., recurrence and metastasis) will be 
considered benign using conventional clinico-
pathological criteria. Moreover,  HRPT2  analysis 
facilitates DNA-based testing to identify at-risk 
relatives of patients with parathyroid cancer who 
carry germ line  HRPT2  mutations. 

 The  HRPT2  gene is ubiquitously expressed 
and evolutionarily conserved. Despite its role as 
a putative tumor suppressor gene, the function of 
parafi bromin was not initially clear. The 
C-terminal domain shares 27% sequence identity 
with the yeast Cdc73 protein, which is a compo-
nent of the yeast polymerase-associated factor 1 
(PAF1) complex, a key transcriptional regulatory 
complex that interacts directly with RNA poly-
merase II  [  7  ] . Studies in yeast as well as mam-
malian cells have revealed that parafi bromin is a 
nuclear protein and a mediator of key transcrip-
tional events of histone modifi cation, chromatin 
remodeling, initiation, and elongation  [  36  ] . 
Studies in  Drosophila  support a role for parafi -
bromin in the regulation of translation, through 
homologs of the mammalian translational regula-
tory protein, cytoplasmic polyadenylation ele-
ment binding protein  [  52  ] . Parafi bromin has also 
been recognized to have an activating role as a 
component of the Wnt signaling pathway  [  53  ] . 
Immunohistochemical and functional studies 
have demonstrated that  HRPT2  mutations lead to 
loss of parafi bromin expression  [  42,   45  ] , abnor-
mal localization  [  54  ] , and abolition of antiprolif-
erative activity  [  8  ] . In mammalian cells, 
parafi bromin may have a dual role as an oncopro-
tein and tumor suppressor, depending on cellular 
environment, and therefore may have opposing 
effects in different tissues  [  36  ] . Interestingly, loss 
of HRPT2 expression and parafi bromin in mice 
leads to apoptosis, possibly due to decreased 
expression of the  Igf1 ,  Igf2 ,  Hmga1,  and  Hmga2  
genes, which are important factors for mamma-
lian growth and adult survival  [  36,   55  ] . By con-
trast, similar loss of HRPT2 expression in human 
adult parathyroid cells results in tumor develop-
ment due to increased proliferation. Comparison 
with the  Men1  knockout mouse provides adjunc-
tive evidence for this divergence of expression. 
Despite ubiquitous expression,  Men1  knockout 
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mice suggest that loss of a tumor suppressor in 
susceptible tissues will lead to tumor formation, 
but will not affect proliferation in nonsusceptible 
tissues and cells will undergo apoptosis or remain 
normal  [  36  ] .  

   Diagnostic Evaluation 

   Primary Hyperparathyroidism 

 The most common clinical presentation of both 
sporadic and familial forms of PHPT is asymp-
tomatic hypercalcemia. An elevated serum cal-
cium level should be confi rmed by repeated 
measurement of the serum calcium concentra-
tion. Measurement of the total serum calcium 
concentration is generally adequate, but determi-
nation of the ionized calcium level may be neces-
sary if serum protein levels and/or acid–base 
status are abnormal. An ionized calcium level 
may be more sensitive, as shown in a recent series 
of patients with PHPT where 12 of 60 subjects 
had elevated serum ionized calcium levels in the 
setting of presumed normocalcemia  [  56  ] . If pos-
sible, previous values for serum calcium levels 
should be reviewed. The presence of longstand-
ing asymptomatic hypercalcemia raises the pos-
sibility of FHH and is also more suggestive of 
PHPT than nonparathyroid malignancy. 

 If hypercalcemia is confi rmed, PTH levels 
should be measured using an immunoassay for 
intact or whole molecule PTH. The diagnosis of 
PHPT is usually concluded by the combination of 
an elevated or inappropriately normal serum level 
of PTH level in a subject with hypercalcemia. 
Absolute or relative elevations in PTH help to 
distinguish PHPT from other common causes of 
hypercalcemia, such as malignancy (Fig.  13.3 ) 
 [  5  ] . The majority of patients with PHPT have 
elevated serum levels of PTH, but in some 
patients the PTH concentration can be within the 
normal range  [  57  ] . These latter cases suggest that 
not all bioactive PTH can be measured by cur-
rently available intact and bioactive assays  [  57  ] , 
or that “normal” ranges for serum PTH are not 
accurate. In suspected cases of PHPT with low-
normal PTH levels, it may be helpful to repeat 

measurement of PTH using assays that detect 
other epitopes as adenomas may produce a bioac-
tive form of PTH that is not completely measured 
by the intact or bioactive assays  [  57  ] . In addition, 
the 7–84 PTH peptide makes up roughly 15% of 
the measured intact assay in normal plasma, 
whereas the amino-truncated PTH (7–84) may 
account for at least 30% of the intact assay mea-
surement in PHPT  [  57  ] . Conversely, others cases 
of PHPT may initially present with normocalce-
mia despite elevated PTH levels, which may rep-
resent the earliest manifestation of the disease 
course of PHPT. In these cases of so-called 
“incipient” PHPT, elevations of PTH are not 
associated with frankly elevated levels of serum 
calcium. In a longitudinal study of 37 patients 
with normocalcemic PHPT referred to a meta-
bolic bone disease unit, many patients had evi-
dence of classical PHPT, with a history of kidney 
stones in 14%, fragility fractures in 11%, and 
osteoporosis in 57% [spine (34%), hip (38%), 
and/or distal one-third radius (28%)]  [  58  ] . 
Moreover, progressive bone loss was not con-
fi ned to the distal one-third of the radius, as in 
classical PHPT, instead occurring at all sites 
[T scores: spine, −2.00 ± 0.25; hip, −1.84 ± 0.18; 
distal one-third radius, −1.74 ± 0.22]  [  58  ] . Further 
signs of progressive hyperparathyroidism devel-
oped over the duration of the study (median 
3 years) in 40% of patients, with 19% developing 
hypercalcemia  [  58  ] . Moreover, the observation 
that many individuals did not show evidence of 
hypercalcemia suggests the time course for the 
development of hypercalcemia in PHPT is highly 
variable.   

   Preoperative Imaging 

  99 Tc-labeled sestamibi with single photon emis-
sion computerized tomography (SPECT) imag-
ing is the most widely used localization procedure 
for parathyroid tumors at experienced centers and 
can help plan the surgical approach in HPT–JT as 
in other cases of PHPT. However, suspicion for 
HPT–JT may not arise until the time of surgery, 
based on operative, histologic, and pathologic 
fi ndings, or much later, in the event of recurrence 
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after initial resection of an isolated adenoma. 
Overall, the success rate of sestamibi scans is 
very good, with approximately 85% of parathy-
roid adenomas identifi ed, but this decreases to 
about 45% for multiglandular disease  [  59  ] . Other 
modalities such as ultrasound and magnetic reso-
nance imaging (MRI) are less helpful, except in 
the setting of coexisting thyroid disease and 
remedial cervical exploration  [  60  ] . Invasive 
localization procedures, such as angiography and 
venous sampling, are used for patients with recur-
rent or persistent PHPT  [  60,   61  ] , and venous 
sampling in particular has been aided by the 
introduction of the rapid PTH assay  [  61  ] .  

   Additional Diagnostic Testing 

 Diagnosis of HPT–JT is usually made during the 
second or third decade of life. Typically, the diag-
nosis is based on the fi nding of a single parathy-
roid adenoma with atypical cystic features and/or 
parathyroid carcinoma in a patient with jaw tumors. 
While the fi nding of carcinoma raises the possibil-
ity of HPT–JT, the presentation of a solitary para-
thyroid adenoma makes it much more diffi cult to 
distinguish HPT–JT from other forms of PHPT. 
Moreover, jaw tumors may be occult, emphasizing 
the importance of radiological evaluation of 
the jaw and kidneys in patients with young-onset 
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  Fig. 13.3    Serum parathyroid hormone (PTH) concentra-
tions (pg/mL) according to serum total calcium concentra-
tions (mg/dL) in various disease states. The normal range 
is shown in the  white box . Serum PTH and calcium levels 
are low in hypoparathyroidism ( open blue squares ) and 
high in primary hyperparathyroidism ( blue squares ). The 
serum calcium concentration is high and serum PTH is 
appropriately low in individuals with hypercalcemia of 
malignancy ( red circles ). While the diagnosis of a mineral 

metabolism disorder is usually clear, the PTH levels 
may overlap with the normal ranges and represent a limi-
tation of the assays available for clinical use today 
(Reproduced with permission from Fuleihan GE, 
Silverberg SJ. Diagnosis and differential diagnosis of 
 primary hyperparathyroidism. In: UpToDate, Basow, DS 
(Ed), UpToDate, Waltham, MA 2011. Copyright © 2011 
UpToDate, Inc. For more information visit   http://www.
uptodate.com    )       
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disease, multiglandular involvement, cystic para-
thyroid adenomas, and parathyroid carcinoma. 

 Additional baseline testing in suspected cases 
of HPT–JT would also be indicated. Pelvic ultra-
sound may be performed on an annual basis 
to screen for uterine tumors, which may be 
more common that originally appreciated  [  30  ] .  
  Depending on kindred and any potential known 
tumors associated with the individual lineage, 
additional testing, including testicular ultrasound 
for testicular tumors and thyroid ultrasound for 
thyroid cancers, can be considered (Table  13.2 ).   

   Gene Sequencing and Screening 

 All patients with young-onset PHPT, multiglan-
dular parathyroid disease, cystic parathyroid ade-
nomas, or positive family history of PHPT should 
be carefully evaluated for the presence of a germ 
line gene defect associated with MEN 1, MEN2a, 
FIHP, FHH, and HPT–JT. The identifi cation of 
parathyroid carcinoma increases the likelihood of 
identifying an  HRPT2  mutation. Identifi cation of 
associated features, such as renal or jaw tumors, 
which may sometimes precede the identifi cation 
of PHPT, would also be an indication for gene 
sequencing for  HRPT2 . Gene sequencing for 
 HRPT2  as well as other genes that are involved in 
familial PHPT is available from both several com-
mercial reference laboratories (  http://www.ncbi.
nlm.nih.gov/sites/GeneTests/?db=GeneTests    ). 
The identifi cation of a loss-of-function  HRPT2  
mutation in an affected individual has important 
consequences for ongoing surveillance for addi-
tional manifestations of HPT–JT. However, it is 
equally important to screen at-risk individuals in 

potential kindreds. Whereas mutation-negative 
individuals may no longer require close biochem-
ical monitoring, regular surveillance of individu-
als with a germ line  HRPT2  mutation may allow 
for earlier detection of hyperparathyroidism, ear-
lier surgical management, and possible prevention 
or cure of parathyroid carcinoma. DNA testing for 
 HRPT2  mutations should also be seriously con-
sidered for patients presenting with apparent spo-
radic carcinoma. In addition to sporadic carcinoma, 
other indications for possible  HRPT2  mutation 
analysis include young-onset PHPT (less than 
35 years of age), sporadic jaw tumors, FIHP (after 
exclusion of  MEN1  and  CASR ), and parathyroid 
adenoma, in association with renal cysts or tumors, 
pancreatic tumors, thyroid tumors, and/or uterine 
lesions  [  35  ] .  

   Screening Recommendations 

 Semiannual follow-up evaluations have been 
arbitrarily but appropriately suggested for 
affected probands with HPT–JT and potentially 
affected family members. In one such kindred, a 
13-year-old boy with parathyroid carcinoma 
developed a second, albeit more benign, tumor 
2 years after the initial malignancy, but his serum 
calcium and PTH levels were normal 6 months 
prior to presentation of the second tumor  [  34  ] . 
The rapid progression of PHPT suggests how 
aggressive this disease can be and reinforces the 
need for regular and frequent surveillance. 
Similarly, in the same kindred, an asymptomatic 
22-year-old brother developed an aggressive 
parathyroid tumor that was identifi ed after bio-
chemical monitoring indicated hypercalcemia 

   Table 13.2    Screening recommendations   

 Tumor a   Test  Frequency b  

 Parathyroid  Serum calcium, parathyroid hormone (PTH)  6 Months 
 Jaw fi bromas  Panoramic jaw X-rays  5 Years 
 Renal  Renal ultrasound and/or abdominal magnetic resonance imaging (MRI)  5 Years 
 Uterine  Pelvic ultrasound  Annual 

   a Screening for the most common HPT–JT tumors is listed, but additional tumors, such as thyroid and testicular tumors, 
have also been reported. When indicated, assessment for these should also be undertaken 
  b Frequency after baseline testing 
 Adapted from Bradley, K.J., et al.,  Uterine tumours are a phenotypic manifestation of the hyperparathyroidism-jaw 
tumour syndrome.  J Intern Med, 2005.  257 (1): p. 18–26  
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and an elevated PTH level  [  34  ] . This group 
 recommended screening asymptomatic, previ-
ously normocalcemic, mutation-positive siblings 
of the proband using serum calcium and PTH 
measurements every 6 months  [  34  ] . 

 Guidelines for regular surveillance for the 
development of HPT–JT associated tumors have 
been suggested but not formally endorsed and 
will likely continue to evolve  [  30  ] . These apply 
to asymptomatic mutation carriers and fi rst- and 
second-degree relatives in families without iden-
tifi ed germ line  HRPT2  mutations. Monitoring of 
serum calcium and PTH levels is warranted in 
such family members, with the goal of early diag-
nosis and treatment of early parathyroid cancer. 
If PHPT develops in an at-risk relative, surgery 
aimed at identifying and examining all parathy-
roid glands could be advocated, even if a more 
limited approach might otherwise have been cho-
sen. However, surveillance limited to biochemi-
cal monitoring alone would not capture some 
at-risk individuals. In a family with a germ line 
mutation of the  HRPT2  gene, discovery of a 
recurrent atypical adenoma in the normocalcemic 
proband 12 years after initial resection and the 
fi nding of a parathyroid carcinoma in a normo-
calcemic carrier suggest that adding neck ultra-
sound to the surveillance may increase sensitivity 
and lead to earlier detection of potential neo-
plasms  [  19  ] . Given the high worldwide preva-
lence of vitamin D defi ciency, we recommend 
determination of serum 25-hydroxyvitamin D 
levels in patients who have elevated serum PTH 
levels and normal serum calcium concentrations 
to exclude mild secondary hyperparathyroidism. 

 The unexpected fi nding of germline  HRPT2  
mutations in patients with apparent sporadic 
parathyroid carcinoma has forced a reconsidera-
tion of the clinical management approach taken 
not only for affected patients but also for poten-
tially at-risk relatives. On further investigation, 
these individuals may ultimately have manifesta-
tions of HPT–JT or represent a phenotypic vari-
ant. When hyperparathyroidism recurs or worsens 
in such a patient, a new and distinct primary para-
thyroid tumor should be carefully sought in addi-
tion to recurrence or progression of the original 

neoplasm due to the asynchronous presentation 
commonly seen in HPT–JT  [  51  ] . Surveillance for 
jaw and renal tumors would also be indicated. As 
such, genetic testing for  HRPT2  mutations should 
be offered to all individuals with presumed spo-
radic parathyroid carcinoma. Moreover, while 
the identifi cation of a mutation in the coding 
sequence would be defi nitive, this would not rule 
out the existence of a mutation in the noncoding 
region, a fi nding that has been recognized in 
nearly half of families with classic HPT–JT  [  6  ] . 
Relatives of individuals with germline  HRPT2  
mutations may also be at risk for the develop-
ment of parathyroid carcinoma or other fi ndings 
consistent with HPT–JT if they likewise possess 
the mutation. While monitoring serum calcium 
levels on a semiannual basis may be used as a 
screening test, defi nitive genetic testing would 
allow for focused clinical surveillance for family 
members who carry the mutation. Monitoring of 
serum calcium levels in  HRPT2 -positive rela-
tives would allow for earlier diagnosis and treat-
ment of parathyroid carcinoma. Similarly, in 
at-risk individuals, surgery aimed at identifying 
and examining all parathyroid glands may be 
advocated. However, as in probands, current 
technologies will not capture mutations in the 
noncoding regions, so continued biochemical 
monitoring may still be considered in those at-
risk relatives negative for  HRPT2  mutations.   

   Treatment 

 Although surgical intervention remains the pri-
mary treatment for patients with specifi c signs or 
symptoms of PHPT, most individuals are asymp-
tomatic. The most recent recommendations for 
management of patients with asymptomatic 
PHPT are based on the Third International 
Workshop on the Management of Asymptomatic 
Primary Hyperparathyroidism, a consensus con-
ference that was convened in 2008 to reassess 
previous guidelines from 1990 and 2002 work-
shops in the context of recent advances in our 
understanding of the natural history of untreated 
and treated asymptomatic disease  [  62–  64  ] . 
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 The recommendations for surgery in asymp-
tomatic patients with PHPT include the follow-
ing criteria:
    1.    Serum calcium concentration that more than 

1 mg/dL (>0.25 mmol/L) above the upper lim-
its of normal.  

    2.    Renal stones but not isolated hypercalciuria.  
    3.    GFR less than 60 mL/min 1.73 m 2 .   
    4.    Reduction in bone density. Surgery is recom-

mended for peri- or postmenopausal women 
and men aged 50 and older who have a  T -score 
of −2.5 or less at the lumbar spine, femoral 
neck, total hip, or 33% (one-third) radius. In 
premenopausal women and in men younger 
than 50, the  Z -score of −2.5 or less is recom-
mended as the cut-point below which surgery 
is advised.  

    5.    The presence of a fragility fracture, which 
provides clinical evidence of symptomatic 
low bone density.  

    6.    Age less than 50 years is a guideline for sur-
gery, as evidence supports a greater risk of 
complications of PHPT in these individuals 
over time than in those who are older than 
50 years.     
 The 2008 workshop also acknowledged that 

patients who appeared to have asymptomatic 
PHPT frequently have signifi cant neurocognitive 
symptoms that are only appreciated after para-
thyroidectomy  [  65  ] . Moreover, patients with 
asymptomatic PHPT often have lower bone min-
eral density and increased fracture rates that may 
improve with parathyroidectomy  [  62  ] . 

 In HPT–JT, like other forms of PHPT, the 
standard treatment is surgical, but given the rela-
tively small number of cases that have been stud-
ied, surgical recommendations continue to evolve. 
Prophylactic total parathyroidectomy has been 
suggested in HPT–JT to reduce the risk of para-
thyroid carcinoma. This approach seems unduly 
aggressive, however, given the infrequency of 
parathyroid carcinoma and the diffi culties of 
managing postsurgical hypoparathyroidism. 

 In cases of sporadic PHPT where imaging 
studies provide preoperative confi rmation of a 
single parathyroid tumor, and localization is suc-
cessful, minimally invasive parathyroidectomy 
(MIP) is emerging as the surgical procedure of 

choice. MIP offers the potential for curative 
 treatment of a localized tumor with less damage 
to surrounding tissue, fewer complications and 
more rapid postoperative recovery  [  66  ] . MIP may 
be considered as an alternative to standard com-
plete cervical exploration with visualization of 
all four parathyroid glands in patients with 
HPT–JT when uniglandular uptake is identifi ed 
on preoperative imaging (e.g., ultrasound exami-
nation, 99mTc-sestamibi scanning with concomi-
tant SPECT/CT, CT, and/or MRI)  [  66  ] . Because 
patients with HPT–JT may have additional para-
thyroid tumors that escape detection by standard 
imaging techniques, MIP should incorporate 
intraoperative PTH measurement, and PTH lev-
els should be obtained prior to and 5 and 10 min 
after tumor resection  [  66  ] . As normal parathyroid 
glands are suppressed by the hypercalcemia, a 
decline of PTH of greater than 50% after tumor 
resection is generally considered indicative of a 
successful operation where no further explora-
tion is required  [  66  ] . However, concerns have 
arisen regarding the reliability of a drop in PTH 
levels after resection of an adenoma in patients 
with multiple parathyroid adenomas or multig-
landular disease  [  67  ] , and some have suggested 
that an 80% reduction in PTH instead be applied 
 [  68,   69  ] . 

 The surgical approach in HPT–JT is further 
complicated by the increased risk of parathyroid 
carcinoma. If parathyroid carcinoma is encoun-
tered, a more aggressive  en bloc tumor  resection 
with ipsilateral thyroid lobectomy and resection 
of adjacent soft tissues has been recommended as 
defi nitive treatment  [  70  ] . It is important to avoid 
damaging the tumor, as this could lead to seeding 
of tumor cells in the local area. Vascular inva-
sion, fi brous, and large size are hallmarks of 
parathyroid carcinoma. In most series, the median 
maximal diameter of parathyroid carcinoma is 
between 3.0 and 3.5 cm compared with approxi-
mately 1.5 cm for benign adenomas. 

 In one report of 12 patients with germ line 
 HRPT2  mutations (11 adenomas and 1 carci-
noma) who underwent limited parathyroidec-
tomy, all but one achieved initial cure, but three 
required later reoperation due to recurrent disease 
at 5, 9, and 27 years, respectively  [  71  ] . However, 
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long-term follow-up of three Brazilian kindreds 
with germ line  HRPT2  mutations shows that 80% 
of individuals have either persistence or recur-
rence of PHPT after focused parathyroidectomy 
and may support of adoption of a more aggres-
sive initial surgical approach, such as subtotal 
parathyroidectomy  [  72  ] . Still, while no formal 
consensus exists, neither limited nor subtotal 
parathyroidectomy is effective for parathyroid 
carcinoma. By contrast, in other familial forms 
such as MEN-1, subtotal parathyroidectomy is 
generally recommended but total parathyroidec-
tomy with heterotopic autotransplantation of 
resected parathyroid tissue may be considered. A 
schematic of parathyroid abnormalities in the dif-
ferent familial forms of PHPT is provided in 
Fig.  13.4   [  66  ] .   

   Conclusion 

 HPT–JT is a genetic form of PHPT caused by 
inactivating mutations of the  HRPT2  gene and 
characterized by parathyroid tumors, jaw tumors, 
renal and uterine tumors. While the penetrance of 
PHPT is high, the prevalence of other features is 
highly variable between kindreds. While only 
diagnosed in approximately 50 families to date, 

HPT–JT, unlike other forms of PHPT, is charac-
terized by a high prevalence of atypical adenomas 
and parathyroid carcinomas. As such, the identi-
fi cation of  HRPT2  mutations in patients has sig-
nifi cant clinical implications for screening for 
related tumors and for screening at-risk asymp-
tomatic relatives for  HRPT2  mutations. As the 
presentation of the features of HPT–JT may be 
asynchronous, PHPT may be isolated and it may 
be diffi cult to distinguish HPT–JT from other 
forms of PHPT. Genetic testing for  CASR ,  MEN-
1 , and  HRPT2  can help differentiate cases and 
may even provide a more defi nitive diagnosis 
than the provisional diagnosis of FIHP given to 
some individuals. In HPT–JT, after treatment of 
an initial parathyroid tumor, additional tumors 
may occur or the initial tumor may recur, again 
emphasizing the importance of genetic testing in 
suspected cases as it may affect surgical manage-
ment. Identifi cation of  HRPT2  mutations in cases 
of sporadic parathyroid carcinomas have also 
provided further justifi cation for genetic testing 
in these individuals. Screening for jaw tumors, 
renal tumors, uterine tumors, and other related 
tumors and endocrinopathies should be pursued 
on a semiannual basis in affected individuals with 
HPT–JT and mutation-positive relatives. 
Treatment for affected cases is surgical.      

  Fig. 13.4    Schematic illustrations of parathyroid abnor-
malities in familial forms of hyperparathyroidism. 
Parathyroid tumors in HPT–JT syndrome most commonly 
present as a single adenoma but may be cystic, and carry 
a 15% risk of parathyroid carcinoma. By contrast, MEN-1 
nearly always has multiglandular involvement, FIHP usu-

ally presents with a single adenoma but may also have 
multiglandular involvement, and FHH exhibits mild 
hyperplasia. Marked variations exist within each subset 
(From Carling, T. and R. Udelsman,  Parathyroid surgery 
in familial hyperparathyroid disorders.  J Intern Med, 
2005.  257 (1): p. 27–37)       
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  Abstract 

 This chapter focuses on problems with hypoparathyroidism and pseudohy-
poparathyroidism, in contrast to previous chapters in which these problems 
were discussed in children. It provides clinical information on medical his-
tory, clinical symptoms and medical management. Up-to-date information 
is summarized about the genetic abnormalities associated with hypopara-
thyroid disorders as well as disorders such as pluriglandular autoimmune 
hypoparathyroidism. Blomstand’s disease, mitochondrial disorders associ-
ated with hypoparathyroidism, and recessive hypoparathyroid.  

  Keywords 

 Hypoparathyroidism  •  Hypocalcemia  •  Hyperphosphataemia  •  DiGeorge 
syndrome  •  Autoimmune  •  Hypomagnesaemia  •  Pluriglandular disorder  • 
 Endocrinopathy  •  Normal serum calcium  •  Subcapsular cataract  • 
 Papilloedema  •  25 Hydroxy vitamin D  •  1,25 Dihydroxy vitamin D  • 
 Pseudohypoparathyroidism  •  Tetany  •  Calcium gluconate  •  Celiac disease  
•  Persistent hypocalcemia  •  Cholecalciferol  •  Ergocalciferol  •  Alfacalcidiol  
•  Calcitriol  •  Hypercalciuria  •  Hypercalcemia  •  Autosomal disorder  • 
 X-linked disorder  •  Infi ltrating metastases  •  Seizures  •  PTH gene mutation  
•  Chromosome 11p15  •  Autosomal dominant isolated hyperparathyroidism  
•  Autosomal recessive hypoparathyroidism  •  Calcium receptor  •  GCMB 
gene  •  X-linked recessive hypoparathyroidism  •  Sox 3 gene  •  SRY gene  • 
 Acquired hypoparathyroidism  •  Hemochromatosis  •  Amyloidosis  • 
 Sarcoidosis  •  Thalassemia  •  Wilson’s disease  •  Neonatal hypoparathyroid-
ism  •  Kenney Caffey syndrome  •  Barakat syndrome  •  Dysmorphic features  
•  Lymphoedema  •  Deafness  •  Renal dysplasia  •  Haploinsuffi ciency  • 
 Mitochondrial disorders  •  Kearns-Sayre syndrome  •  MELAS syndrome  • 
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   Introduction 

 Hypoparathyroidism is characterized by hypocal-
caemia and hyperphosphataemia, which are the 
result of a defi ciency in PTH secretion or action 
(Table  14.1 )  [  1–  4  ] . Hypoparathyroidism may 
result from agenesis (e.g. the DiGeorge syndrome) 
or destruction of the parathyroid glands (e.g. fol-
lowing neck surgery, or in autoimmune diseases), 
from reduced secretion of PTH (e.g. neonatal 
hypocalcaemia or hypomagnesaemia), or resis-
tance to PTH (which may occur as a primary dis-
order [e.g. pseudohypoparathyroidism (PHP)], or 
secondary to hypomagnesaemia)  [  3,   4  ] . In addi-
tion, hypoparathyroidism may occur as an inher-
ited disorder (Table  14.2 ) that may either be part 
of a complex congenital defect (e.g. the DiGeorge 
syndrome), or as part of a pluriglandular autoim-
mune disorder, or as a solitary endocrinopathy, 
which has been referred to as  isolated or idio-
pathic  hypoparathyroidism (Fig.  14.1 )  [  3,   4  ] .     

   Clinical Features and Investigations 

 Patients with hypoparathyroidism may be asymp-
tomatic or develop symptoms and signs associ-
ated with hypocalcaemia  [  1,   2  ] . The clinical 

presentation of hypocalcaemia ranges from an 
asymptomatic biochemical abnormality to a 
severe, life-threatening condition. Normal total 
serum calcium is 2.15–2.65 mM, and in mild 
hypocalcaemia (serum calcium 2.00–2.15 mM), 
patients may be asymptomatic. Those with more 

   Table 14.1    Causes of hypoparathyroidism   

 • Low parathyroid hormone levels (hypoparathyroidism) 
  – Parathyroid agensis 

 Isolated or part of complex developmental 
anomaly (e.g. DiGeorge syndrome) 

  – Parathyroid destruction 
 Surgery a  
 Radiation 
 Infi ltration by metastases or systemic disease 
(e.g. haemochromatosis, amyloidosis, sarcoido-
sis, Wilson’s disease, thalassaemia) 

  – Autoimmune 
 Isolated 
 Polyglandular (type 1) a  

  –  Reduced parathyroid function (that is, parathyroid 
hormone secretion) 

 Parathyroid hormone gene defects 
 Hypomagnesaemia a  
 Neonatal hypocalcaemia (may be associated 
with maternal hypercalcaemia) 
 Hungry bone disease (post-parathyroidectomy) 
 Calcium-sensing receptor mutations 

 • High parathyroid hormone levels 
  –  Parathyroid hormone resistance (e.g. pseudohy-

poparathyroidism and hypomagnesaemia) 

   a Most common causes  

 Opthalmoplegia  •  Pigmentary retinopathy  •  Cardiomyopathy  •  Lactic 
 acidosis  •  Diabetes mellitus  •  Sensorineural deafness  •  Trifunctional 
 protein defi ciency  •  Osteosclerosis  •  Nanophthalmos  •  Hyperopia  • 
 Kirk-Richardson syndrome  •  Sanjad–Sakati syndrome  •  Tubulin-specifi c 
chaperone  •  Brachytelephalangy  •  Blomstrand disease  •  Chondrodysplasia  
•  Pluriglandular autoimmune hypoparathyroidism  •  Candidiasis  • 
 Hypogonadism  •  Steatorrhea  •  Alopecia  •  Vitiligo  •  Autoimmune polyg-
landular candidiasis ectodermal dystrophy  •  Polyglandular autoimmune 
type 1 syndrome  •  Autoantibodies  •  Addison’s disease  •  Diabetes mellitus 
type 1  •  Infl ammasome  •  Innate immune system  •  Familial benign 
hypocalciuric hypercalcemia  •  Barter syndrome type 5  •  Hypokalemic 
alkalosis  •  Hyperrenninemia  •  Hyperaldosteronism  •  Gain-of-function 
mutation  •  Inactivating mutation  •  Carpopedal spasm  •  Nephrocalcinosis   • 
 Autoimmune acquired hypoparathyroidism  •  Pseudohypoparathyroidism 
type 1a and 1b  •  Pseudopseudohypoparathyroidism  •  Albright’s hereditary 
osteodystrophy  •  Dental hypoplasia  •  Brachydactyly  •  Adenyl cyclase  • 
 Parathyroid hormone-related protein  •   GNAS  gene    
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severe (serum calcium less than 1.9 mM) and 
long-term hypocalcaemia may develop the fol-
lowing: acute symptoms of neuromuscular irrita-
bility (Table  14.3 ), ectopic calcifi cation (e.g. in 
the basal ganglia, which may be associated with 
extrapyramidal neurological symptoms), subcap-
sular cataract, papilloedema, and abnormal denti-
tion. Investigations should be directed at 
confi rming the presence of hypocalcaemia and 
establishing the cause (Table  14.1 ). In  hypopara-
thyroidism , serum calcium is low, phosphate is 
high, and PTH is undetectable; renal function and 
concentrations of the 25-hydroxy and 1,25-dihy-
droxy metabolites of vitamin D are normal  [  1,   3  ] . 

In PHP these fi ndings are similar to those of 
hypoparathyroidism except for PTH, which is 
markedly increased  [  2,   3  ] .   

   Management of Acute 
Hypocalcaemia 

 The management of acute hypocalcaemia 
depends on the severity of the hypocalcaemia, 
the rapidity with which it developed and the 
degree of neuromuscular irritability (Table  14.3 ). 
Treatment should be given to: symptomatic 

   Table 14.2    Inherited forms of hypoparathyroidism and their chromosomal locations   

 Disease  Inheritance  Gene product  Chromosomal location 

 Isolated hypoparathyroidism  Autosomal dominant 
 Autosomal recessive 
 X-linked recessive 

 PTH a , GCMB 
 PTH a , GCMB 
 SOX3 

 11p15, 6p24.2 
 11p15, 6p24.2 
 Xq26–27 

 Hypocalcaemic hypercalciuria  Autosomal dominant  CaSR  3q21.1 
 Hypoparathyroidism associated 
with complex congenital 
syndromes 

 DiGeorge type 1 (DGS1)  Autosomal dominant  TBX1  22q11.2 
 DiGeorge type 2 (DGS2)  Autosomal dominant  10p13–14 
 HDR  Autosomal dominant  GATA3  10p15 
 Hypoparathyroidism associated 
with Kearns–Sayre and MELAS 

 Maternal  Mitochondrial 
 Genome 

 Blomstrand lethal 
chondrodysplasia 

 Autosomal recessive  PTH/PTHrPR  3p21.3 

 Kenney–Caffey, Sanjad–Sakati  Autosomal dominant b   TBCE  1q42.3 
 Barakat  Autosomal recessive b   Unknown  ? 
 Lymphoedema  Autosomal recessive  Unknown  ? 
 Nephropathy, nerve deafness  Autosomal dominant b   Unknown  ? 
 Nerve deafness without renal 
dysplasia 

 Autosomal dominant  Unknown  ? 

 Hypoparathyroidism associated 
with polyglandular autoimmune 
syndrome (APECED) 

 Autosomal recessive  AIRE  21q22.3 

 Pseudohypoparathyroidism 
(type Ia) 

 Autosomal dominant 
parentally imprinted 

 GNAS1  20q13.3 

 Pseudohypoparathyroidism 
(type Ib) 

 Autosomal dominant 
parentally imprinted 

 GNAS1  20q13.3 

  HDR hypoparathyrodism, deafness, and renal anomalies,  MELAS  mitochondrial encephalopathy, stroke like episodes 
and lactic acidosis,  ?  location not known 
  a Mutations of PTH gene identifi ed only in some families 
  b Most likely inheritance shown  
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  Fig. 14.1    Schematic representation of some of the com-
ponents involved in calcium homeostasis. Alterations in 
extracellular calcium are detected by the calcium-sensing 
receptor (CaSR), which is a 1,078-amino acid G-protein 
coupled receptor. The PTH/PTHrP receptor is also a 

G-protein coupled receptor. Thus, Ca 2 , PTH, and PTHrP 
involve G-protein coupled signalling pathways, and 
 interaction with their specifi c receptors can lead to activa-
tion of Gs, Gi, and Gq. Gs stimulates adenylate cyclase 
(AC) which catalyses the formation of cAMP from ATP.
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patients (e.g. with tetany); and asymptomatic 
patients with a serum calcium of less than 
1.90 mM who may be at high risk of developing 
complications. The preferred treatment for acute 
symptomatic hypocalcaemia is calcium glucon-
ate, 10 ml 10%  w / v  (2.20 mmol of calcium) i.v., 
diluted in 50 ml of 5% dextrose or 0.9% sodium 
chloride and given by slow injection (more than 
5 min); this can be repeated as required to control 
symptoms. Serum calcium should be assessed 
regularly  [  2,   3  ] . Continuing hypocalcaemia may 
be managed acutely by administration of a cal-
cium gluconate infusion; e.g. dilute 10 ampoules 
of calcium gluconate, 10 ml 10%  w / v  (22.0 mmol 
of calcium), in 1 L of 5% dextrose or 0.9% 
sodium chloride, start infusion at 50 ml/h and 
titrate to maintain serum calcium in the low nor-
mal range. Generally, 0.30–0.40 mmol/kg of ele-
mental calcium infused over 4–6 h increases serum 
calcium by 0.5–0.75 mM. If hypocalcaemia is 
likely to persist, oral vitamin D therapy should 
also be commenced. It is important to note that, 

in hypocalcaemic patients who are also hypo-
magnesaemic, the hypomagnesaemia must be 
corrected before the hypocalcaemia will resolve. 
This may occur in the post-parathyroidectomy 
period or in those with severe intestinal malab-
sorption, e.g. as in coeliac disease.  

   Management of Persistent 
Hypocalcaemia 

 The two major groups of drugs available for the 
treatment of hypocalcaemia are supplemental 
calcium, about 10–20 mmol calcium 6–12 hourly, 
and vitamin D preparations  [  3  ] . Patients with 
hypoparathyroidism seldom require calcium sup-
plements after the early stages of stabilization on 
vitamin D. A variety of vitamin D preparations 
have been used (Table  14.4 ). These include vita-
min D3 (cholecalciferol) or vitamin D2 (ergocal-
ciferol), 25 000–100 000 U (1.25–5 mg/day); 
dihydrotachysterol (now seldom used), 0.25–
1.25 mg/day; alfacalcidol (1 a -hydroxycholecal-
ciferol), 0.25–1.0  m g/day; and calcitriol 
(1,25-dihydroxycholecalciferol), 0.25–2.0  m g/
day. In children, these preparations are prescribed 
in doses based on body weight. Cholecalciferol 
and ergocalciferol are the least-expensive prepa-
rations, but have the longest durations of action 
and may result in prolonged toxicity. The other 
preparations, which do not require renal 
1 a -hydroxylation, have the advantage of shorter 
half-lives and thereby minimize the risk of pro-
longed toxicity. Calcitriol is probably the drug of 
choice because it is the active metabolite and, 
unlike alfacalcidol, does not require hepatic 
25-hydroxylation. Close monitoring (at about 
1–2 weeks intervals) of the patient’s serum and 
urine calcium is required initially, and at 3–6 
monthly intervals once stabilization is achieved. 

   Table 14.3    Symptoms and signs associated with 
hypocalcaemia   

 • Paraesthesia, usually of fi ngers, toes, and circumoral 
regions 

 • Tetany, carpopedal spasm, muscle cramps 
 • Chvostek’s sign a  
 • Trousseau’s sign b  
 • Seizures of all types (that is, focal or petit mal, grand 

mal or syncope) 
 • Prolonged QT interval on ECG 
 • Laryngospasm 
 • Bronchospasm 

   a  Chvostek’s sign is twitching of the circumoral muscles in 
response to gentle tapping of the facial nerve just anterior 
to the ear; it may be present in 10% of normal 
individuals 
  b  Trousseau’s sign is carpal spasm elicited by infl ation of a 
blood pressure cuff to 20 mmHg above the patient’s sys-
tolic blood pressure for 3 min  

Fig. 14.1 (continued) Gi inhibits AC activity. cAMP 
stimulates PKA, which phosphorylates cell-specifi c sub-
strates. Activation of Gq stimulates PLC, which catalyses 
the hydrolysis of phosphoinositide (PIP 

2
 ) to inositol 

triphosphate (IP 
3
 ), which increases intracellular calcium, 

and diacylglycerol (DAG), which activates PKC. These 

proximal signals modulate downstream pathways, which 
result in specifi c physiological effects. Abnormalities in 
several genes and encoded proteins in these pathways 
have been identifi ed in patients with hypoparathyroid dis-
orders (Table  14.1 ). Adapted from Thakker RV  [  57  ] . By 
permission of Oxford University Press       
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The aim is to avoid hypercalcaemia, hypercalciu-
ria, nephrolithiasis, and renal failure. It should be 
noted that hypercalciuria may occur in the 
absence of hypercalcaemia.   

   Hypoparathyroid Disorders 

   Isolated Hypoparathyroidism 

 Isolated hypoparathyroidism may either be  inher-
ited  as an autosomal or X-linked disorder  [  4  ] , or 
it may be  acquired  by damage to the parathyroids 
at surgery, or by infi ltrating metastases, or sys-
temic disease (Table  14.1 ). 

   Autosomal Hypoparathyroidism 
 Patients with autosomal forms of hypoparathy-
roidism may develop hypocalcaemic seizures in 
the neonatal or infantile periods and require life-
long treatment with oral vitamin D preparations, 
e.g. calcitriol. These patients may have mutations 
in the PTH gene, which consists of three exons 
and is located on chromosome 11p15  [  5,   6  ] . To 
date, three PTH mutations have been identifi ed 
 [  4  ] . These occurred in one patient with  autosomal 
dominant isolated hypoparathyroidism  and in 
two families with  autosomal recessive hypopara-
thyroidism   [  4–  6  ] . However, mutations of the PTH 
gene have been detected in only a minority of 
autosomal forms of hypoparathyroidism and this 
indicates that other genes are likely to be involved 
(Table  14.2 ). Two of these are the  CaSR  gene 
(see below), and the  Gcm2  ( glial cells missing 2 ) 
 [  7–  12  ] . GCMB ( g lial  c ells  m issing B), which is 
the human homologue of the Drosphilia gene 
Gcm, and of the mouse gcm2 gene, is expressed 
exclusively in the parathyroid glands. Studies of 
patients with isolated hypoparathyroidism have 
shown that GCMB mutations are associated with 
autosomal recessive and dominant forms of 
hypoparathyroidism  [  7–  11  ] . Thus, a homozygous 
intragenic deletion of GCMB has been identifi ed 
in a patient with autosomal recessive hypopara-
thyroidism  [  7  ] , whilst in other families homozy-
gous nonsense and missense mutations has been 
reported  [  8,   10  ] . Heterozygous GCMB mutations, 

which consist of single nucleotide deletions 
(c1389deT and c1399delC) that introduce frame-
shifts and premature truncations and a missense 
mutation, have been identifi ed in three unrelated 
families with autosomal dominant hypoparathy-
roidism  [  9,   11  ] . These mutations were shown, by 
using a GCMB-associated luciferase reporter, to 
inhibit the action of the wild-type transcription 
factor, thereby indicating that these GCMB mutants 
have dominant-negative properties  [  9,   11  ] .  

   X-linked Recessive Hypoparathyroidism 
 X-linked recessive hypoparathyroidism has been 
reported in two multigenerational kindreds from 
Missouri, USA  [  13  ] . In this disorder only males 
are affected and they suffer from infantile onset 
of epilepsy and hypocalcaemia, which is due to 
an isolated defect in parathyroid gland develop-
ment  [  14  ] . Studies utilizing X-linked polymor-
phic markers in these families localized the 
mutant gene to chromosome Xq26-q27  [  15  ] , and 
a molecular deletional–insertion that involves 
chromosome 2p25 and Xq27 has been identifi ed 
 [  16  ] . This deletion insertion is located approxi-
mately 67 kb downstream of SOX3, and hence it 
is likely to exert a position effect on SOX3 expres-
sion. SOX3 belongs to a family of genes encod-
ing high-mobility group (HMG) box transcription 
factors and is related to SRY, the sex determining 
gene on the Y chromosome. The location of the 
deletion-insertion ~67 kb downstream of SOX3 
in X-linked recessive hypoparathyroid patients is 
likely to result in altered SOX3 expression, as 
SOX3 expression has been reported to be sensi-
tive to position-effects caused by X-chromosome 
abnormalities  [  17  ] .  

   Acquired Forms of Hypoparathyroidism 
 Hypoparathyroidism may occur after neck  sur-
gery ,  irradiation , or because of  infi ltration by 
metastases  or  systemic disease,  e.g. haemochro-
matosis, amyloidosis, sarcoidosis, Wilson’s dis-
ease, or thalassaemia  [  2,   3  ]  (Table  14.1 ). Surgical 
damage to the parathyroids occurs most com-
monly after a radical neck dissection, e.g. for 
laryngeal or oesophageal carcinoma, or a total 
thyroid resection, or after repeated parathyroidec-
tomies for multi-gland disease, e.g. in multiple 
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endocrine neoplasia type 1 or type 2. 
Hypocalcaemic symptoms begin 12–24 h post-
operatively and may need treatment with oral or 
intravenous calcium. Parathyroid function often 
returns, but persistent hypocalcaemia requires 
treatment with vitamin D preparations  [  2,   3  ] . 

  Neonatal hypoparathyroidism  resulting in 
hypocalcaemia may occur in the baby of a mother 
with hypercalcaemia caused by primary hyper-
parathyroidism  [  2,   3  ] . Maternal hypercalcaemia 
results in increased calcium delivery to the foetus, 
and this foetal hypercalcaemia suppresses foetal 
PTH secretion. Post-partum, the infant’s sup-
pressed parathyroids are unable to maintain nor-
mocalcaemia. The disorder is usually self-limiting, 
but occasionally therapy may be required. 

 Hypoparathyroidism may occur secondary to 
 severe hypomagnesaemia  (less than 0.40 mM), 
which may be due to a severe intestinal malab-
sorption disorder (e.g. Crohn’s disease) or a renal 
tubular disorder  [  2,   3  ] . It is associated with 
hypoparathyroidism because magnesium is 
required for the release of PTH from the parathy-
roid gland and also for PTH action via adenyl 
cyclase. Magnesium chloride, 35–50 mmol i.v. in 
1 L of 5% glucose or other isotonic solution given 
over 12–24 h may be repeatedly required to 
restore normomagnesaemia.   

   Complex Syndromes Associated 
with Hypoparathyroidism 

 Hypoparathyroidism may occur as part of a com-
plex syndrome which may either be associated 
with a congenital development anomaly or with 
an autoimmune syndrome  [  4  ] . The congenital 
developmental anomalies associated with 
hypoparathyroidism include the DiGeorge, the 
hypoparathyroidism, deafness and renal anoma-
lies (HDR), the Kenney–Caffey, and the Barakat 
syndromes and also syndromes associated with 
either lymphoedema or dysmorphic features and 
growth failure (Fig.  14.1 ). 

   DiGeorge Syndrome 
 Patients with the DiGeorge syndrome (DGS) 
typically suffer from hypoparathyroidism, 
immunodefi ciency, congenital heart defects, and 

deformities of the ear, nose, and mouth  [  4,   8–  20  ] . 
The disorder arises from a congenital failure in 
the development of the derivatives of the third 
and fourth pharyngeal pouches with resulting 
absence or hypoplasia of the parathyroids and 
thymus. Most cases of DGS are sporadic but an 
autosomal dominant inheritance of DGS has been 
observed and an association between the syn-
drome and an unbalanced translocation and dele-
tions involving 22q11.2 have also been reported 
 [  18  ] , and this is referred to as DGS type 1 (DGS1). 
In some patients, deletions of another locus on 
chromosome 10p have been observed in associa-
tion with DGS  [  19  ]  and this is referred to as DGS 
type 2 (DGS2). Mapping studies of the DGS1 
deleted region on chromosome 22q11.2 have 
defi ned a 250–3,000-kb critical region  [  20  ] , 
which contained approximately 30 genes. Studies 
of DGS1 patients have reported deletions of 
 several of the genes (e.g. rnex40, nex2.2–nex 3, 
UDFIL, and TBX1) from the critical region. 
However, point mutations in DGS1 patients have 
been detected only in the TBX1 gene  [  21  ] , and 
TBX1 is now considered to be the gene causing 
DGS1  [  22  ] . TBX1 is a DNA-binding transcrip-
tional factor, of the T-Box family, that is known 
to have an important role in vertebrate and inver-
tebrate organogenesis and pattern formation. The 
TBX1 gene is deleted in ~96% of all DGS1 
patients. Moreover, DNA sequence analysis of 
unrelated DGS1 patients, who did not have dele-
tions of chromosome 22q11.2, revealed the 
occurrence of three heterozygous point mutations 
 [  21  ] . One of these mutations resulted in a frame-
shift with a premature truncation, whilst the other 
two were missense mutations (Phe148Tyr and 
Gly310Ser). All of these patients had the com-
plete pharyngeal phenotype but did not have 
mental retardation or learning diffi culties. 

 Some patients may have a late onset DGS1 
and these develop symptomatic hypocalcaemia 
in childhood or during adolescence with only 
subtle phenotypic abnormalities  [  23  ] . These late-
onset DGS1 patients have similar microdeletions 
in the 22q11 region. It is of interest to note that 
the age of diagnosis in the families of the three 
DGS1 patients with inactivating Tbx1 mutations 
ranged from 7 to 46 years, which is in keeping 
with late onset DGS1  [  21  ] .  
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   Hypoparathyroidism, Deafness, 
and Renal Anomalies Syndrome 
 The combined inheritance of hypoparathyroid-
ism, deafness, and renal dysplasia (HDR) as an 
autosomal dominant trait was reported in one 
family in 1992  [  24  ] . Patients had asymptomatic 
hypocalcaemia with undetectable or inappropri-
ately normal serum concentrations of PTH and 
normal brisk increases in plasma cAMP in 
response to the infusion of PTH. The patients 
also had bilateral, symmetrical, sensorineural 
deafness involving all frequencies. The renal 
abnormalities consisted mainly of bilateral cysts 
that compressed the glomeruli and tubules, and 
lead to renal impairment in some patients. 
Cytogenetic abnormalities were not detected and 
abnormalities of the PTH gene were excluded 
 [  24  ] . However, cytogenetic abnormalities involv-
ing chromosome 10p14-10pter were identifi ed in 
two unrelated patients with features that were 
consistent with HDR. These two patients suffered 
from hypoparathyroidism, deafness, and growth 
and mental retardation; one patient also had a 
solitary dysplastic kidney with vesico-ureteric 
refl ux and a uterus bicornis unicollis, and the 
other patient, who had a complex reciprocal, 
insertional translocation of chromosomes 10p 
and 8q, had cartilaginous exostoses  [  25  ] . Neither 
of these patients had immunodefi ciency or heart 
defects, which are key features of DGS2 (see 
above), and further studies defi ned two non- 
overlapping regions; thus, the DGS2 region was 
located on 10p13-14 and HDR on 10p14-10pter. 
Deletion mapping studies in two other HDR 
patients further defi ned a critical 200-kb region 
that contained GATA3  [  25  ] , which belongs to a 
family of zinc-fi nger transcription factors that are 
involved in vertebrae embryonic development. 
DNA sequence analysis in other HDR patients 
identifi ed mutations that resulted in a haploinsuf-
fi ciency and loss of GATA3 function  [  25,   26  ] . 
GATA3 has two zinc fi ngers, and the C-terminal 
fi nger (ZnF2) binds DNA, whilst the N-terminal 
fi nger (ZnF1) stabilizes this DNA binding and 
interacts with other zinc-fi nger proteins, such as 
the Friends of GATA (FOG)  [  26  ] . HDR-associated 
mutations involving GATA3 ZnF2 or the adjacent 
basic amino acids were found to result in a loss of 
DNA binding, whilst those involving ZnF1 either 

lead to a loss of interaction with FOG2 ZnFs or 
altered DNA-binding affi nity  [  26  ] . These fi nd-
ings are consistent with the proposed 3D model 
of GATA3 ZnF1, which has separate DNA- and 
protein-binding surfaces  [  26  ] . Thus, the HDR-
associated GATA3 mutations can be subdivided 
into two broad classes which depend upon 
whether they disrupt ZnF1 or ZnF2 and their sub-
sequent effects on interactions with FOG2 and 
altered DNA binding, respectively. The majority 
(>75%) of these HDR-associated mutations are 
predicted to result in truncated forms of the 
GATA3 protein. Each proband and family will 
generally have its own unique mutation and there 
appears to be no correlation with the underlying 
genetic defect and the phenotypic variation, e.g. 
the presence or absence of renal dysplasia. Over 
90% of patients with two or three of the major 
clinical features of the HDR syndrome, i.e. 
hypoparathyroidisim, deafness, or renal abnor-
malities, have a GATA3 mutation  [  26  ] . The 
remaining 10% of HDR of patients who do not 
have a GATA3 mutation of the coding region may 
harbour mutations in the regulatory sequences 
fl anking the GATA3 gene, or else they may repre-
sent heterogeneity. The phenotypes of HDR 
patients with GATA3 mutations appear to be sim-
ilar to those without GATA3 mutations  [  26  ] . It is 
important to note that HDR patients with GATA3 
haploinsuffi ciency do not have immune defi -
ciency, and this suggests that the immune abnor-
malities observed in some patients with 10p 
deletions are most likely to be caused by other 
genes on 10p. Similarly, the facial dysmorphism, 
growth, and development delay, commonly seen 
in patients with larger 10p deletions were absent 
in the HDR patients with GATA3 mutations, fur-
ther indicating that these features were likely due 
to other genes on 10p  [  25  ] . These studies of HDR 
patients indicate an important role for GATA3 in 
parathyroid development and in the aetiology of 
hypoparathyroidism.  

   Mitochondrial Disorders Associated 
with Hypoparathyroidism 
 Hypoparathyroidism has been reported to occur 
in three disorders associated with mitochondrial 
dysfunction: the Kearns–Sayre syndrome (KSS), 
the MELAS syndrome, and a mitochondrial 
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 trifunctional protein defi ciency syndrome. KSS 
is characterized by progressive external ophthal-
moplegia and pigmentary retinopathy before the 
age of 20 years and is often associated with heart 
block or cardiomyopathy. The MELAS syndrome 
consists of a childhood onset of mitochondrial 
encephalopathy, lactic acidosis, and stroke-like 
episodes. In addition, varying degrees of proxi-
mal myopathy can be seen in both conditions. 
Both the KSS and MELAS syndromes have been 
reported to occur with insulin-dependent diabetes 
mellitus and hypoparathyroidism  [  27,   28  ] . A 
point mutation in the mitochondrial gene tRNA 
leucine (UUR) has been reported in one patient 
with the MELAS syndrome who also suffered 
from hypoparathyroidism and diabetes mellitus 
 [  28  ] . Large deletions, consisting of 6,741 and 
6,903 bp and involving more than 38% of the 
mitochondrial genome, have been reported in 
other patients who suffered from KSS, hypopara-
thyroidism, and sensorineural deafness  [  29  ] . 
Rearrangements and duplication of mitochon-
drial DNA have also been reported in KSS  [  4  ] . 
Mitochondrial trifunctional protein defi ciency is 
a disorder of fatty-acid oxidation that is associ-
ated with peripherial neuropathy, pigmentary 
retinopathy, and acute fatty liver degeneration in 
pregnant women who carry an affected foetus. 
Hypoparathyroidism has been observed in one 
patient with trifunctional protein defi ciency  [  30  ] . 
The role of these mitochondrial mutations in the 
aetiology of hypoparathyroidism remains to be 
further elucidated.  

   Kenney–Caffey, Sanjad–Sakati, 
and Kirk-Richardson Syndromes 
 Hypoparathyroidism has been reported to occur 
in over 50% of patients with the Kenney–Caffey 
syndrome which is associated with short stature, 
osteosclerosis, and cortical thickening of the long 
bones, delayed closure of the anterior fontanel, 
basal ganglia calcifi cation, nanophthalmos, and 
hyperopia  [  31  ] . Parathyroid tissue could not be 
found in a detailed post-mortem examination of 
one patient  [  32  ]  and this suggests that hypopara-
thyroidism may be due to an embryological 
defect of parathyroid development. In the Kirk-
Richardson and Sanjad–Sakati syndromes, which 

are similar, hypoparathyroidism is associated 
with severe growth failure and dysmorphic fea-
tures  [  33,   34  ] . This has been reported in patients 
of Middle Eastern origin. Consanguinity was 
noted in the majority of the families, indicating 
that this syndrome is inherited as an autosomal 
recessive disorder. Homozygosity and linkage 
disequilibrium studies located this gene to chro-
mosome 1q42–q43 and molecular genetic inves-
tigations have identifi ed that mutations of the 
tubulin-specifi c chaperone (TBCE) are associ-
ated with the Kenney–Caffey and Sanjad–Sakati 
syndromes  [  35  ] . TBCE encodes one of several 
chaperone proteins required for the proper fold-
ing of  a -tubulin subunits and the formation of  a -
 b  tubulin heterodimers (Fig.  14.1 )  [  35  ] .  

   Additional Familial Syndromes 
 Single familial syndromes in which hypoparathy-
roidism is a component have been reported 
(Table  14.2 ). The inheritance of the disorder in 
some instances has been established and molecu-
lar genetic analysis of the PTH gene has revealed 
no abnormalities. Thus, an association of 
hypoparathyroidism, renal insuffi ciency, and 
developmental delay has been reported in one 
Asian family in whom autosomal recessive inher-
itance of the disorder was established. An analy-
sis of the PTH gene in this family revealed no 
abnormalities. The occurrence of hypoparathy-
roidism, nerve deafness, and a steroid-resistant 
nephrosis leading to renal failure, which has been 
referred to as the  Barakat syndrome , has been 
reported in four brothers from one family, and an 
association of hypoparathyroidism with congeni-
tal lymphoedema, nephropathy, mitral valve pro-
lapse, and brachytelephalangy has been observed 
in two brothers from another family. Molecular 
genetic studies have not been reported from these 
two families.  

   Blomstrand’s Disease 
 Blomstrand’s chondrodysplasia is an autosomal 
recessive disorder characterized by early lethal-
ity, dramatically advanced bone maturation, and 
accelerated chondrocyte differentiation. Affected 
infants, who usually have consanguineous unaf-
fected parents, develop pronounced hyperdensity 
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of the entire skeleton with markedly advanced 
ossifi cation that results in extremely short and 
poorly modelled long bones. Mutations of the 
PTH/PTHrP receptor that impair its function are 
associated with Blomstrand’s disease  [  36  ] . Thus, 
it seems likely that affected infants will, in addi-
tion to the skeletal defects, also have abnormali-
ties in other organs, which will include secondary 
hyperplasia of the parathyroid glands, presum-
ably due to hypocalcaemia.  

   Pluriglandular Autoimmune 
Hypoparathyroidism 
 This syndrome comprises of hypoparathyroid-
ism, Addison’s disease, candidasis, and two or 
three of the following: insulin-dependent diabe-
tes mellitus, primary hypogonadism, autoim-
mune thyroid disease, pernicious anaemia, 
chronic active hepatitis, steatorrhoea (malabsorp-
tion), allopecia (totalis or areata), and vitiligo. 
The disorder has also been referred to as either 
the autoimmune polyendocrinopathy-candidiasis-
ectodermal dystrophy (APECED) syndrome or 
the polyglandular autoimmune type 1 syndrome 
 [  37  ] . This disorder has a high incidence in 
Finland, and a genetic analysis of Finnish fami-
lies indicated autosomal recessive inheritance of 
the disorder. In addition, the disorder has been 
reported to have a high incidence among Iranian 
Jews, although the occurrence of candidiasis was 
less common in this population. Linkage studies 
of Finnish families mapped the APECED gene 
to chromosome 21q22.3  [  38  ] . Further positional 
cloning approaches led to the isolation of a novel 
gene from chromosome 21q22.3. This gene, 
referred to as AIRE ( a uto i mmune  re gulator), 
encodes a 545-amino acid protein that contains 
motifs suggestive of a transcriptional factor and 
includes two zinc-fi nger motifs, a proline-rich 
region and three LXXLL motifs  [  39,   40  ] . Four 
AIRE1 mutations are commonly found in 
APECED families, which are the following: 
Arg257 Stop in Finnish, German, Swiss, British, 
and Northern Italian families; Arg139 Stop in 
Sardinian families; Tyr85Cys in Iranian Jewish 
families; and a 13-bp deletion in exon 8 in 
British, Dutch, German, and Finnish families 
 [  39,   41  ] . AIRE1 has been shown to regulate the 

elimination of organ-specifi c T cells in the 
 thymus, and thus APECED is likely to be caused 
by a failure of this specialized mechanism for 
deleting forbidden T cells and establishing 
immunological tolerance  [  42  ] . Patients with 
APS1 may also develop other autoimmune disor-
ders in association with organ-specifi c autoanti-
bodies, which are similar to those in patients 
with non-APS1 forms of the disease. Examples 
of such autoantibodies and related diseases are 
GAD6S autoantibodies in Diabetes Mellitus type 
1A and 21-dydroxylase autoantibodies in 
Addison’s disease. Patients with APS1 may also 
develop autoantibodies that react with specifi c 
autoantigens that are not found in non-APS1 
patients, and examples of this are autoantibodies 
to type 1 inferferon, which are present in all 
APS1 patients  [  43  ] , and to NACHT leucine-rich-
repeat-protein 5 (NALP5), which is a parathyroid-
specifi c autoantibody present in 49% of patients 
with APS1 associated hypoparathyroidism  [  44  ] . 
NALP proteins are essential components of the 
infl ammasone and activate the innate immune 
system in different infl ammatory and autoim-
mune disorders, such as vitiligo, which involves 
NALP1, and gout, which involves NALP3  [  45  ] . 
The precise role of NALP5 in APS1 associated 
hypoparathyroidism remains to be elucidated.  

   Calcium-Sensing Receptor Abnormalities 
 The CaSR, which is located in the plasma mem-
brane of the cell (Fig.  14.1 ), is at a critical site to 
enable the cell to recognize changes in extracel-
lular calcium concentration. Thus, an increase in 
extracellular calcium leads to CaSR activation of 
the G-protein signalling pathway, which in turn 
increases the free intracellular calcium concen-
tration and leads to a reduction in transcription of 
the PTH gene. CaSR mutations that result in a 
loss of function are associated with familial 
benign (hypocalciuric) hypercalcaemia (FBH or 
FHH)  [  46  ] . CaSR abnormalities are associated 
with three hypocalcemic disorders, which are 
autosomal dominant hypocalcemic hypercalciu-
ria (ADHH), Bartter syndrome type V (i.e. 
ADHH with a Bartter-like syndrome), and a form 
of autoimmune hypoparathyroidism (AH) due to 
CaSR autoantibodies (Table  14.2 )  [  47  ] . CaSR 
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missense mutations that result in a gain of func-
tion (or added sensitivity to extracellular calcium) 
lead to ADHH  [  12  ] . These hypocalcaemic indi-
viduals are generally asymptomatic and have 
serum PTH concentrations that are in the low-
normal range, and because of the insensitivities 
of previous PTH assays in this range, such 
patients have often been diagnosed to be 
hypoparathyroid. In addition, such patients may 
have hypomagnesaemia. Treatment with vitamin 
D or its active metabolites to correct the hypocal-
caemia in these patients may result in marked 
hypercalciuria, nephrocalcinosis, nephrolithiasis, 
and renal impairment. Thus, these patients need 
to be distinguished from those with hypoparathy-
roidism. Patients with Bartter syndrome type V 
have the classical features of the syndrome i.e. 
hypokalemic metabolic alkalosis, hyperrenine-
mia, and hyperaldosteronism  [  47–  49  ] . In addi-
tion, they develop hypocalcaemia, which may be 
symptomatic and lead to carpopedal spasm, and 
an elevated fractional excretion of calcium that 
may be associated with nephrocalcinosis  [  48, 
  49  ] . Such patients have been reported to have 
heterozygous gain-of-function CaSR mutations, 
and in vitro functional expression of these muta-
tions has revealed a more severe set-point abnor-
mality for the receptor than that found in patients 
with ADHH  [  48,   49  ] . This suggests that the addi-
tional features occurring in Bartter syndrome 
type V, but not in ADHH, are due to severe gain-
of-function mutations of the CaSR.  

   Autoimmune Acquired 
Hypoparathyroidism 
 Twenty percent of patients who had acquired 
hypoparathyroidism (AH) in association with 
autoimmune hypothyroidism, were found to have 
autoantibodies to the extracellular domain of the 
CaSR  [  50,   51  ] . The CaSR autoantibodies did not 
persist for long; 72% of patients who had AH for 
less than 5 years had detectable CaSR autoanti-
bodies; whereas only 14% of patients with AH 
for more than 5 years had such autoantibodies 
 [  50  ] . The majority of the patients who had CaSR 
autoantibodies were females, a fi nding that is 
similar to that found in other auto-antibody medi-
ated diseases. Indeed a few AH patients have also 

had features of autoimmune polyglandular syn-
drome type 1 (APS1). These fi ndings establish 
that the CaSR is an autoantigen in AH  [  50,   51  ] .   

   Pseudohypoparathyroidism 

 Patients with PHP, which may be inherited as an 
autosomal dominant disorder, are characterized 
by hypocalcaemia and hyperphosphataemia due 
to PTH resistance rather than PTH defi ciency  [  1, 
  4  ] . Five variants are recognized on the basis of 
biochemical and somatic features (Table  14.5 ) 
and three of these—PHP type Ia (PHPIa), PHP 
type 1b (PHPIb), and pseudopseudohypoparathy-
roidism (PPHP)—will be reviewed in further 
detail. Patients with PHPIa exhibit PTH resis-
tance (hypocalcaemia, hyperphosphataemia, ele-
vated serum PTH, and an absence of an increase 
in serum and urinary cyclic AMP and urinary 
phosphate following intravenous human PTH 
infusion), together with the features of Albright’s 
hereditary osteodystrophy (AHO), which includes 
short stature, obesity, subcutaneous calcifi cation, 
mental retardation, round facies, dental hypopla-
sia, and brachydactyly (i.e. shortening of the 
metacarpals, particularly the third, fourth, and 
fi fth)  [  1,   4  ] . In addition to brachydactyly, other 
skeletal abnormalities of the long bones and 
shortening of the metatarsals may also occur. 
Patients with PHPIb exhibit PTH resistance only 
and do not have the somatic features of AHO; 
whilst patients with PPHP exhibit the somatic 
features of AHO in the absence of PTH resistance 
 [  4  ] . The absence of a normal rise in urinary excre-
tion of cyclic AMP after an infusion of PTH in 
PHPIa indicated a defect at some site of the PTH 
receptor–adenyl cyclase system. This receptor 
system is regulated by at least two G proteins, 
one of which stimulates (Gs a ) and another which 
inhibits (Gi a ) the activity of the membrane-
bound enzyme that catalyses the formation of the 
intracellular second messenger cyclic AMP. 
Interestingly, patients with PHPIa may also show 
resistance to other hormones, e.g. thyroid-stimu-
lating hormone (TSH), follicle-stimulating hor-
mone (FSH), and luteinizing hormone (LH), that 
act via G-protein coupled receptors  [  1,   4  ] . 
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   Table 14.5    Clinical, biochemical, and genetic features of hypoparathyroid and pseudohypoparathyroid disorders   

 Pseudohypopara-
thyroidism (PHP) 

 Hypoparathyroidism  PHPIa  PPHP  PHPIb  PHPIc  PHPII 

 AHO manifestations  No  Yes  Yes  No  Yes  No 
 Serum calcium  ↓  ↓  N  ↓  ↓  ↓ 
 Serum PO 

4
   ↑  ↑  N  ↑  ↑  ↑ 

 Serum PTH  ↓  ↑  N  ↑  ↑  ↑ 
 Response to PTH 
  Urinary cAMP a  

(Chase–Aurbach test) 
 ↑  ↓  ↑  ↓  ↓  ↑ 

  Urinary PO 
4
  

(Ellsworth–Howard 
test) 

 ↑  ↓  ↑  ↓  ↓  ↓ 

 Gs a  activity  N  ↓  ↓  N  N  N 

 Inheritance  AD/AR/X  AD  AD  AD  AD  Sporadic 
 Molecular defect  PTH/CaSR/GATA3/

Gcm2/others 
 GNAS1  GNAS1  ?GNAS1  ?Adenyl 

cyclase 
 ?cAMP 
targets 

 Other hormonal 
resistance 

 No  Yes  No  No  Yes  No 

   ↓  decreased,  ↑  increased,  N  normal,  AD  autosomal dominant,  AR  autosomal recessive,  X  X-linked,  AHO  Albright’s 
hereditary osteodystrophy,  ?  presumed, but not proven 
  a Plasma cAMP responses are similar to those of urinary cAMP  

Inactivating mutations of the Gs a  gene (referred 
to as  GNAS1 ), which is located on chromosome 
20q13.2, have been identifi ed in PHPIa and PPHP 
patients  [  52,   53  ] . However,  GNAS1  mutations do 
not fully explain the PHPIa or PPHP phenotypes, 
and studies of PHPIa and PPHP that occurred 
within the same kindred revealed that the hor-
monal resistance is parentally imprinted  [  54  ] . 
Thus, PHPIa occurs in a child only when the 
mutation is inherited from a mother affected with 
either PHPIa or PPHP; and PPHP occurs in a 
child only when the mutation is inherited from a 
father affected with either PHPIa or PPHP. 
 GNAS1  mutations have not been detected in 
PHPIb, which has been considered to be due to a 
defect of the PTH/PTHrP receptor. However, 
studies of the PTH/PTHrP receptor gene and 
mRNA in PHPIb patients have not identifi ed 
mutations  [  55  ] , and linkage studies in four unre-
lated kindreds have mapped the PHPIb locus to 
chromosome 20q13.3, a location that also con-
tains the  GNAS1  gene. In addition, parental 
imprinting of the genetic defect was observed 
and this is similar to the fi ndings in kindreds with 

PHP-type Ia and/or PPHP. Detailed analyses of 
the GNAS1 gene in PHPIb families have revealed 
a large 3-kb deletion involving upstream exon(s) 
referred to as A/B  [  56  ] . In affected individuals, 
the deletion involved the maternal allele, whereas 
its occurrence on the paternal allele resulted in 
unaffected healthy carriers  [  56  ] . This is consis-
tent with parental imprinting of the GNAS1 
abnormality causing PHPIb  [  57  ] .        

  Acknowledgements   I am grateful: to the Medical 
Research Council (UK) for support and to Mrs Tracey 
Walker for typing the manuscript and for expert secre-
tarial assistance.  

   References 

    1.    Rubin MR, Levine MA. Hypoparathyroidism and 
pseudohypoparathyroidism. In: Rosen CJ, editor. 
Primer on the metabolic bone diseases and disorders 
of mineral metabolism. 7th ed. Washington, DC: 
American Society of Bone and Mineral Research; 
2008. p. 354–61.  

    2.    Shoback D. Hypocalcaemia: defi nition, etiology, 
pathogenesis, diagnosis and management. In: Rosen 



286 R.V. Thakker

CJ, editor. Primer on the metabolic bone diseases and 
disorders of mineral metabolism. 7th ed. Washington, 
DC: American Society of Bone and Mineral Research; 
2008. p. 313–7.  

    3.   Thakker RV. Hypocalcaemic disorders. In: Thakker 
RV, Wass JAH, editors. Endocrine disorders, medi-
cine. Abingdon, Oxon: The Medicine Group [Journals] 
Ltd, 25(6):68–70.  

    4.    Thakker RV, Juppner H. Genetic disorders of calcium 
homeostasis caused by abnormal regulation of parathy-
roid hormone secretion or responsiveness. In: DeGroot 
LJ, Jameson JL, editors. Endocrinology. 5th ed. 
Philadelphia: Elsevier Saunders; 2006. p. 1511–31.  

    5.    Arnold A, Horst SA, Gardella TJ, Baba H, Levine 
MA, Kronenberg HM. Mutations of the signal peptide 
encoding region of preproparathyroid hormone gene 
in isolated hypoparathyroidism. J Clin Invest. 1990;86:
1084–7.  

    6.    Parkinson DB, Thakker RV. A donor splice site muta-
tion in the parathyroid hormone gene is associated 
with autosomal recessive hypoparathyroidism. Nat 
Genet. 1992;1:149–52.  

    7.    Ding C, Buckingham B, Levine M. Familial isolated 
hypoparathyroidism caused by a mutation in the gene 
for the transcription factor GCMB. J Clin Invest. 
2001;108:1215–20.  

    8.    Baumber L, Tufarelli C, Patel S, King P, Johnson CA, 
Maher ER, Trembath RC. Identifi cation of a novel 
mutation disrupting the DNA binding activity of 
GCM2 in autosomal recessive familial isolated 
hypoparathyroidism. J Med Genet. 2005;
2005(42):443–8.  

    9.    Mannstadt M, Bertrand G, Grandechamp B, Jueppner 
H, Silve C. Dominant-negative GCMB mutations 
cause hypoparathyroidism. J Bone Miner Res. 
2007;22:S9.  

    10.    Bowl MR, Mirczuk SM, Grigorieva IV, Piret SE, 
Cranston T, Southam L, Allgrove J, Bahl S, Brain C, 
Loughlin J, Mughal Z, Ryan F, Shaw N, Thakker YV, 
Tiosano D, Nesbit MA, Thakker RV. Identifi cation 
and characterization of novel parathyroid-specifi c 
transcription factor glial cells missing homolog B 
(GCBM) mutations in 8 families with autosomal 
recessive hypoparathyroidism. Hum Mol Genet. 2010;
19(10):2028–38.  

    11.    Mirczuk SM, Bowl MR, Nesbit MA, Cranston T, 
Fratter C, Allgrove J, Brain C, Thakker RV. A mis-
sense glial cells missing homologue B (GCMB) 
 mutation, Asn502His causes autosomal dominant 
hypoparathyroidism. J Clin Endocrinol Metab. 2010;
95(7):3512–6.  

    12.    Pearce SH, Williamson C, Kifor O, Bai M, Coulthard 
MG, Davies M, Lewis-Barned N, McCredie D, Powell 
H, Kendall-Taylor P, Brown EM, Thakker RV. A 
familial syndrome of hypocalcaemia with hypocalciu-
ria due to mutations in the calcium-sensing receptor 
gene. N Engl J Med. 1996;335:1115–22.  

    13.    Whyte MP, Weldon VV. Idiopathic hypoparathyroid-
ism presenting with seizures during infancy: X-linked 
recessive inheritance in a large Missouri kindred. 
J Pediatr. 1981;99:608–11.  

    14.    Whyte MP, Kim GS, Kosanovich M. Absence of para-
thyroid tissue in sex-linked recessive hypoparathy-
roidism (Letter). J Pediatr. 1986;109:915.  

    15.    Thakker RV, Davies KE, Whyte MP, Wooding C, 
O’Riordan JLH. Mapping the gene causing X-linked 
recessive idiopathic hypoparathyroidism to 
Xq26–Xq27 by linkage studies. J Clin Invest. 1990;6:
40–5.  

    16.    Bowl MR, Nesbit MA, Harding B, Levy E, Jefferson 
A, Volpi E, Rozzoti K, Lovell-Badge R, Schlessinger 
D, Whyte M, Thakker RV. An interstitial deletion-
insertion involving chromosomes 2p25.3 and Xq27.1, 
near SOX3, causes X-linked recessive hypoparathy-
roidism. J Clin Invest. 2005;115:2822–31.  

    17.    Kleinjan DA, van Heyningen V. Long-range control 
of gene expression: emerging mechanisms and dis-
ruption in disease. Am J Hum Genet. 2005;76:8–32.  

    18.    Scambler PJ, Carey AH, Wyse RK, Roach S, 
Dumanski JP, Nordenskjold M, Williamson R. 
Microdeletions within 22q11 associated with sporadic 
and familial DiGeorge syndrome. Genomics. 1991;10:
201–6.  

    19.    Monaco G, Pignata C, Rossi E, et al. DiGeorge anom-
aly associated with 10p deletion. Am J Med Genet. 
1991;39:215–6.  

    20.    Scambler PJ. The 22q11 deletion syndromes. Hum 
Mol Genet. 2000;9:2421–6.  

    21.    Yagi H, Furutani Y, Hamada H, Sasaki T, Asakawa S, 
Minoshima S, Ichida F, Joo K, Kimura M, Imamura S, 
Kamatani N, Momma K, Takao A, Nakazawa M, 
Shimizu N, Matsuoka R. Role of TBX1 in human 
del22q11.2 syndrome. Lancet. 2003;362:1366–73.  

    22.    Baldini A. DiGeorge’s syndrome: a gene at last. 
Lancet. 2003;362:1342–3.  

    23.    Sykes KS, Bachrach LK, Siegel-Bartelt J, Ipp M, 
Kooh SW, Cytrynbaum C. Velocardio-facial syn-
drome presenting as hypocalcemia in early adoles-
cence. Arch Pediatr Adolesc Med. 1997;151:745–7.  

    24.    Bilous RW, Murty G, Parkinson DB, Thakker RV, 
Coulthard MG, Burn J, Mathias D, Kendall-Taylor P. 
Autosomal dominant familial hypoparathyroidism, 
sensorineural deafness and renal dysplasia. N Engl J 
Med. 1992;327:1069–84.  

    25.    Van Esch H, Groenen P, Nesbit MA, Schuffenhauer S, 
Lichtner P, Vanderlinden G, Harding B, Beetz R, 
Bilous RW, Holdaway I, Shaw NJ, Fryns JP, Van de 
Ven W, Thakker RV, Devriendt K. GATA3 haploinsuf-
fi ciency causes human HDR syndrome. Nature. 
2000;406:419–22.  

    26.    Ali A, Christie PT, Grigorieva IV, Harding B, Van 
Esch H, Ahmed SF, Bitner-Glindzicz M, Blind E, 
Bloch C, Christin P, Clayton P, Gecz J, Gilbert-
Dussardier B, Guillen-Navarro E, Hackett A, Halac I, 
Hendy GN, Lalloo F, Mache CJ, Mughal Z, Ong 
ACM, Rinat C, Shaw N, Smithson SF, Tolmie J, Weill 
J, Nesbit MA, Thakker RV. Functional characterisa-
tion of GATA3 mutations causing the hypoparathy-
roidism-deafness-renal (HDR) dysplasia syndrome: 
insight into mechanisms of DNA binding by the 
GATA3 transcription factor. Hum Mol Genet. 2007;
16:265–75.  



28714 Hypoparathyroidism and Pseudohypoparathyroidism

    27.    Moraes CT, DiMauro S, Zeviani M, Lombes A, 
Shanske S, Miranda AF, Nakase H, Bonilla E, 
Werneck LC, Servidei S. Mitochondrial deletions in 
progressive external ophthalmoplegia and Kearns–
Sayre syndrome. N Engl J Med. 1989;320:1293–9.  

    28.    Morten KJ, Cooper JM, Brown GK, Lake BD, Pike D, 
Poulton J. A new point mutation associated with mito-
chondrial encephalomyopathy. Hum Mol Genet. 
1993;2:2081–7.  

    29.    Isotani H, Fukumoto Y, Kawamura H, Furukawa K, 
Ohsawa N, Goto Y, Nishino I, Nonaka I. 
Hypoparathyroidism and insulin-dependent diabetes 
mellitus in a patient with Kearns–Sayre syndrome 
harbouring a mitochondrial DNA deletion. Clin 
Endocrinol. 1996;45:637–41.  

    30.    Dionisi-Vici C, Garavaglia B, Burlina AB, Bertini E, 
Saponara I, Sabetta G, Taroni F. Hypoparathyroidism 
in mitochondrial trifunctional protein defi ciency. J 
Pediatr. 1996;129:159–62.  

    31.    Franceschini P, Testa A, Bogetti G, Girardo E, Guala 
A, Lopez-Bell G, Buzio G, Ferrario E, Piccato E. 
Kenny-Caffey syndrome in two sibs born to consan-
guineous parents: evidence for an autosomal recessive 
variant. Am J Med Genet. 1992;42:112–6.  

    32.    Boynton JR, Pheasant TR, Johnson BL, Levin DB, 
Streeten BW. Ocular fi ndings in Kenny’s syndrome. 
Arch Ophthalmol (Chicago). 1979;97:896–900.  

    33.    Richardson RJ, Kirk JM. Short stature, mental retar-
dation, and hypoparathyroidism: a new syndrome. 
Arch Dis Child. 1990;65:1113–7.  

    34.    Sanjad SA, Sakati NA, Abu-Osba YK, Kaddoura R, 
Milner RD. A new syndrome of congenital hypopara-
thyroidism, severe growth failure, and dysmorphic 
features. Arch Dis Child. 1991;66:193–6.  

    35.    Parvari R, Hershkovitz E, Grossman N, Gorodischer 
R, Loeys B, Zecic A, Mortier G, Gregory S, Sharony 
R, Kambouris M, Sakati N, Meyer BF, Al Aqeel AI, 
Al Humaidan AK, Al Zanhrani F, Al Swaid A, Al 
Othman J, Diaz GA, Weiner R, Khan KT, Gordon R, 
Gelb BD, HRD/Autosomal Recessive Kenny-Caffey 
Syndrome Consortium. Mutation of TBCE causes 
hypoparathyroidism-retardation-dysmorphism and 
autosomal recessive Kenny-Caffey syndrome. Nat 
Genet. 2002;32:448–52.  

    36.    Jobert AS, Zhang P, Couvineau A, Bonaventure J, 
Roume J, Le Merrer M, Silve C. Absence of func-
tional receptors parathyroid hormones and parathy-
roid hormone-related peptide in Blomstrand 
chondrodysplasia. J Clin Invest. 1998;102:34–40.  

    37.    Ahonen P, Myllärniemi S, Sipilä I, Perheentupa J. 
Clinical variation of autoimmune polyendocrinopa-
thy-candidiasis ectodermal dystrophy (APECED) in 
a series of 68 patients. N Engl J Med. 1990;322:
1829–36.  

    38.    Aaltonen J, Björses P, Sandkuijl L, Perheentupa J, 
Peltonen L. An autosomal locus causing autoimmune 
disease: autoimmune polyglandular disease type 1 
assigned to chromosome 21. Nat Genet. 1994;8:83–7.  

    39.    Nagamine K, Peterson P, Scott HS, Kudoh J, 
Minoshima S, Heino M, Krohn KJ, Lalioti MD, 
Mullis PE, Antonarakis SE, Kawasaki K, Asakawa S, 
Ito F, Shimizu N. Positional cloning of the APECED 
gene. Nat Genet. 1997;17:393–8.  

    40.    The Finnish-German APECED consortium. An auto-
immune disease, APECED, caused by mutations in a 
novel gene featuring two PHD-type zinc fi nger 
domains. Nat Genet. 1997;17:399–403.  

    41.    Pearce SH, Cheetham T, Imrie H, Vaidya B, Barnes 
ND, Bilous RW, Carr D, Meeran K, Shaw NJ, Smith 
CS, Toft AD, Williams G, Kendall-Taylor P. A com-
mon and recurrent 13-bp deletion in the autoimmune 
regulator gene in British kindreds with autoimmune 
polyendocrinopathy type 1. Am J Hum Genet. 
1998;63:1675–84.  

    42.    Liston A, Lesage S, Wilson J, Peltonen L, Goodnow 
CC. Aire regulates negative selection of organ-specifi c 
T cells. Nat Immunol. 2003;4:350–4.  

    43.    Meaager A, Visvalingam K, Peterson P, Moll K, 
Murumagi A, Krohn K, Eskelin P, Perheentupa J, 
Husebye E, Kadota Y, Willcox N. Anti-interferon 
autoantibodies in autoimmune polyendocrinopathy 
syndrome type 1. PLoS Med. 2006;3:e289.  

    44.    Alimohammadi M, Bjorklund P, Hallgren A, Pontynen 
N, Szinnai G, Shikama N, Keller MP, Ekwall O, 
Kinkel SA, Husebye ES, Gustafsson J, Rorsman F, 
Peltonen L, Betterle C, Perheentupa J, Akerstrom G, 
Westin G, Scott HS, Hollander GA, Kampe O. 
Autoimmune polyendocrine syndrome type 1 and 
NALP5, a parathyroid autoantigen. N Engl J Med. 
2008;358:1018–28.  

    45.    Eisenbarth SC, Colegio OR, O’Connor W, Sutterwala 
FS, Flavell RA. Crucial role for the Nalp3 infl am-
masome in the immunostimulatory properties of alu-
minium adjuvants. Nature. 2008;453:1122–6.  

    46.    Pollak MR, Brown EM, Chou YH, Hebert SC, Marx 
SJ, Steinmann B, Levi T, Seidman CE, Seidman JG. 
Mutations in the human Ca 2+ -sensing receptor gene 
cause familial hypocalciuric hypercalcaemia and 
 neonatal severe hyperparathyroidism. Cell. 1993;75:
1297–303.  

    47.    Thakker RV. Diseases associated with the extracellu-
lar calcium-sensing receptor. Cell Calcium. 2004;35:
275–82.  

    48.    Watanabe S, Fukumoto S, Chang H, Takeuchi Y, 
Hasegawa Y, Okazaki R, Chikatsu N, Fujita T. 
Association between activating mutations of calcium-
sensing receptor and Bartter’s syndrome. Lancet. 
2002;360:692–4.  

    49.    Vargas-Poussou R, Huang C, Hulin P, Houillier P, 
Jeunemaitre X, Paillard M, Planelles G, Dechaux M, 
Miller RT, Antignac C. Functional characterization of 
a calcium-sensing receptor mutation in severe auto-
somal dominant hypocalcemia with a Bartter-like 
syndrome. J Am Soc Nephrol. 2002;13:2259–66.  

    50.    Li Y, Song YH, Rais N, Connor E, Schatz D, Muir A, 
Maclaren N. Autoantibodies to the extracellular 



288 R.V. Thakker

domain of the calcium sensing receptor in patients 
with acquired hypoparathyroidism. J Clin Invest. 
1996;97:910–4.  

    51.    Kifor O, Moore Jr FD, Delaney M, Garber J, Hendy 
GN, Butters R, Gao P, Cantor TL, Kifor I, Brown EM, 
Wysolmerski J. A syndrome of hypocalciuric hyper-
calcemia caused by autoantibodies directed at the 
calcium-sensing receptor. J Clin Endocrinol Metab. 
2003;88:60–72.  

    52.    Weinstein LS, Gejman PV, Friedman E, et al. 
Mutations of the Gs a -subunit gene in Albright heredi-
tary osteodystrophy detected by denaturing gradient 
gel electrophoresis. Proc Natl Acad Sci USA. 
1990;87:8287–90.  

    53.    Yu S, Yu D, Hainline BE, Brener JL, Wilson KA, 
Wilson LC, Oude-Luttikhuis ME, Trembath RC, 
Weinstein LS. A deletion hot-spot in exon 7 of the 
G 

s
  a  gene (GNAS1) in patients with Albright 

 hereditary osteodystrphy. Hum Mol Genet. 
1995;4:2001–2.  

    54.    Wilson LC, Oude-Luttikhuis MEM, Clayton PT, et al. 
Parental origin of Gs a  gene mutations in Albright’s 
hereditary osteodystrophy. J Med Genet. 1994;31:
835–9.  

    55.    Schipani E, Weinstein LS, Bergwitz C, et al. 
Pseudohypoparathyroidism type Ib is not caused by 
mutations in the coding exons of the human parathy-
roid hormone (PTH)/PTH-related peptide receptor 
gene. J Clin Endocrinol Metab. 1995;80:1611–21.  

    56.    Jüppner H, Schipani E, Bastepe M, Cole DE, Lawson 
ML, Mannstadt M, Hendy GN, Plotkin H, Koshiyama 
H, Koh T, Crawford JD, Olsen BR, Vikkula M. The 
gene responsible for pseudohypoparathyroidism type 
Ib is paternally imprinted and maps in four unrelated 
kindreds to chromosome 20q13.3. Proc Natl Acad Sci 
USA. 1998;95:11798–803.  

    57.    Thakker RV. Parathyroid disorders: molecular genet-
ics and physiology. In: Morris PJ, Wood WC, editors. 
Oxford Textbook of Surgery. Oxford: Oxford 
University Press; 2000. p. 1121–9.      



289A.A. Licata and E.V. Lerma (eds.), Diseases of the Parathyroid Glands, 
DOI 10.1007/978-1-4419-5550-0_15, © Springer Science+Business Media, LLC 2012

  15

  Abstract 

 This rare disorder in children is presented across the spectrum of ages 
from birth to the adolescence. The chapter concentrates on the chemical 
abnormalities of the problem. It tabulates an extensive differential of cal-
cium disorders and gives up-to-date information about chromosomal 
abnormalities for all of them. The chapter concludes with information 
about the management of primary hyperparathyroidism in children both 
from a medical and surgical point of view and focuses on some of the 
surgical complexities in patient care.  

  Keywords 

 Primary hyperparathyroidism  •  Cellular hyperplasia  •  Rickets  •  Vitamin D 
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   Introduction 

 Hyperparathyroidism is defi ned by an excessive 
production of parathyroid hormone (PTH). 
Primary parathyroid (HP1) disorder leading to 
inappropriate or unregulated overproduction of 
PTH due to adenoma or cellular hyperplasia 
which characterizes primary hyperparathyroid-
ism, whereas increased production of PTH fol-
low-up to hypocalcemia occurring most frequently 
in childhood, is that which characterizes second-
ary hyperparathyroidism. In this group, diverse 
causes could lead to hypocalcemia such as rickets 
secondary to low vitamin D still frequently occur-
ring in adolescents, or malabsorption syndromes 
(celiac disease for example) where intestinal cal-
cium absorption is defi cient. Renal insuffi ciency 
at early stage of the disease could also lead to an 
increased PTH secretion secondary to hypocalce-
mia (and/or hyperphosphoremia). At a later stage, 
the production of the active metabolite 1, 25-dihy-
droxyvitamin D (1,25-(OH) 2 D 3 ) is diminished, 
leading to severe hypocalcemia, and thus to an 
increased production of PTH that could become 
autonomous (i.e., third hyperparathyroidism). In 
some cases, PTH level could be elevated without 
true hyperparathyroidism due to PTH resistance 
mostly due to Gs alpha mutations (i.e., pseudo-
hyporparathyroidism). 

 In the present chapter, only primary hyper-
parathyroidism will be discussed. HP1 is a rare 
disorder in children. A French multicenter retro-
spective study (nonexhaustive) collected 55 
cases over a 20-year period, which allowed to 
estimate an incidence at 1/200,000–300,000 live 
births  [  1  ] .  

   Clinical and Radiological 
Manifestations of Primary 
Hyperparathyroidism 

 In primary hyperparathyroidism, clinical signs 
are due to hypercalcemia secondary to excess 
PTH production. 

   Neonatal HP1 

 In neonates, clinical signs are present at diagno-
sis mostly hypotonia, and more rarely feeding 
diffi culties and respiratory problems. Mild 
demineralization is a frequent radiological abnor-
mality but more severe forms could appear such 
as metaphysic irregularities, cortical dualization, 
subperiosteal erosion, marked skeletal deminer-
alization with multiple fractures or a bell-shaped 
thoracic deformation (Fig.  15.1 ).   

   HP1 in Children and Adolescents 

 In children, diagnosis of HP1 is usually made 
between 12 and 16 years. Clinical signs are pre-
dominantly those related to nephrolithiasis: kid-
ney stones, hematuria, and/or polyuropolydipsic 
syndromes. More rarely bone pain, and articular 
or muscles aches responsible for walking prob-
lems such as limping can also be observed. In 
addition, according to the degree of hypercalce-
mia, digestive signs (such as nausea–vomiting or 
abdominal pain), or general signs (i.e., asthenia, 
weight loss) and/or neuropsychological disorders 
(from headache to depression) can also be 
observed. In some cases, hypercalcemia is 

(Sipple syndrome)  •  Medullary cancer of thyroid  •  Pheochromocytoma  • 
 Protooncogene RET  •  Chromosome 10 (10q11.2)  •  HPT-JT syndrome  • 
 Mandibular/maxillary fi brobone lesions  •  Suppressor gene HTPR2  • 
 Chromosome 1 (1q25–q31)  •  Parafi bromin  •  Oncogene cyclin D1  •  Menin  
•  Inhibitory kinase  •  Medical treatment  •  Bisphosphonates  •  Pamidronate 
(AREDIA®)  •  Cinacalcet  •  Ultrasound nodules  •  Doppler imaging  •  MIBI 
technetium scintigraphy  •  Thallium/Tc scintigraphy  •  Minimal invasive 
parathyroidectomy  •  Gland grafts  •  Hungry bone syndrome    
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detected by routine serum calcium measurements 
and patients are totally asymptomatic. 

 The delay between the occurrence of early 
signs and the diagnosis of hyperparathyroidism 

vary greatly. It is shorter in cases of acute hyper-
calcemia or kidney stones, and longer when non-
specifi c digestive disorders or gradually occurring 
osteomuscular pains are observed, ranging from 
a few weeks to several years  [  1  ] . 

 With regard to radiological investigations, 
subperiosteal erosions (microgeodes) can be 
detected in the phalanx or epiphyses when the 
diagnosis is late. In severe forms, the tuft of the 
third phalange is frequently reabsorbed and lam-
ina dura irregularities can be observed. 
Importantly, in children, kidney ultrasound must 
be routinely performed to search for nephrolithia-
sis whatever the clinical signs are (Fig.  15.2 ).    

   Biological Data in HP1 

 The dosage of the PTH, mostly using the detec-
tion of the intact PTH 1-84 (iPTH Nichols), is 
essential for the diagnosis of hyperparathyroid-
ism  [  2  ] . However, this data is not suffi cient and 
the PTH level needs to be interpreted depending 
to the level of calcemia. Indeed, a high PTH level 
associated to a high level of calcemia usually 
defi nes a primary hyperparathyroidism, but a 
normal or subnormal PTH level in regard to 

  Fig. 15.1    Skeletal demineralization and bell-shaped tho-
racic deformation in a neonate affected by HP1       

  Fig. 15.2    Radiologic ( a ) and echographic ( b ) aspect of nephrolithiasis in neonate affected by HP1       
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hypercalcemia (>2.6 mmol/L), can also be 
regarded as primary hyperparathyroidism as 
under normal conditions, hypercalcemia physio-
logically suppresses the PTH production. In addi-
tion, whereas the level of calcemia is usually 
elevated in HP1, a normal or false elevated level 
of calcemia can also occur and does not reject the 
diagnosis of HP1, particularly in cases of protidic 
defects or acidosis, that may mask a mild elevated 
calcium level. In such cases, the ionized calcium 
level that refl ects the reserve in calcium is 
required. In cases of hyperparathyroidism, ion-
ized calcium level is elevated, while the total cal-
cium is normal or low. 

 Note that in borderline situations, repeat serum 
PTH and calcium levels need to be performed for 
accurate diagnosis. 

 The other biological abnormalities in HP1 are 
due to the physiological actions of the para-
thormone:

   Calciuria is mildly elevated due to the stimula- –
tion by PTH on tubular calcium reabsorption 
and is unadapted to the hypercalcemia.  
  Serum phosphatemia is decreased (according to  –
age and blood taking condition), as phosphate 
and potassium are intracellular components.  
  The phosphate renal reabsorption level that is  –
recommended to measure in hypophosphatemic 
cases is also decreased (<85%).  

  The serum activity of alkaline phosphatases,  –
interpreted according to the norm for age, 
can be elevated in relation to the bone 
metabolism.  
  Low serum 25-hydroxyvitamin D (25-OH- –
D) can reveal a neonatal defi ciency that could 
aggravate the hyperparathyroidism. Note that 
in this condition, the dosage of the 1, 25 
(OH) 

2
  D 

3
  is not important, as the values vary 

greatly  .      

   Etiologies of HP1 

 Recent research based on molecular biology has 
allowed for better understanding of the physio-
logical mechanisms responsible for primary 
hyperparathyroidism in children and addressed 
the hereditary forms of HP1 (Table  15.1 ).  

   Familial Hypocalciuric Hypercalcemia 
and Severe Neonatal 
Hyperparathyroidism 

 The CaSR, a receptor expressed in the parathy-
roid and renal cells, has recently been involved 
in HP1. It belongs to the coupled G-protein 
receptors family and controls the PTH secretion 

   Table 15.1    Presentation of the HP1 cases in four published pediatric studies   

 Johns Hopkins  [  5  ]   Mayo Clinic  [  4  ]   Mayo Clinic  [  6  ]   French Series  [  1  ]  

 Period  1984–2001  1976–1998  1970–2000  1984–2004 
 Number of cases  24  33  52  44 (+11 neonates) 
 Age (interval in years)  10.5–20  9–19  4–18.9  6–18 
 Calcemia (mmol/l)  2.98 [2.65–3.45]  3.02  6.2 [3.2–7.6] a   3.27 [2.6–4.33] 
 Frequency of clinical 
symptoms % 

 77  94  79  82 

 Frequency of lithiasis %  83  42  33  41 
 Frequency of bone and 
muscular signs 

 29  27  34  16 

 Histology 
 Adenoma  11  31  35  29 
 Hyperplasia  4  –  16  11 
 Search for MEN cases  1 case of MEN 2A  MEN excluded  10 cases of MEN1 

and 2 cases of 
MEN-2A 

 2 cases of MEN1 
and 1 polymorphism 
in the menin gene 

   a Ionized calcium (mg/dl),  MEN  multiple neuroendocrinopathies  
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and calcium tubular reabsorption and thus plays 
a key role in the maintenance of the normal 
extracellular ionized calcium concentration. The 
gene encoding for this receptor is located on 
chromosome 3 (3q21.1). More than 20 loss-of-
function CaSR mutations leading to partial resis-
tance of calcium on kidney and/or parathyroid 
have been reported so far in HP1 cases.  CaSR  
mutations are mostly identifi ed at heterozygous 
stage and are responsible for  benign forms of 
familial hypocalciuric hypercalcemia  usually 
diagnosed in childhood  [  3  ] . The most frequent 
mutation (25–40% of adenoma) is an 11q13 
allelic deletion (LOH) associated to a somatic 
mutation within the second allele. Homozygous 
CaSR mutations are observed in severe neonatal 
hyperparathyroidism. However, no phenotype–
genotype correlation can be established and 
heterozygous mutations such as those affecting 
the codon 58 (C58Y) could be also responsible 
of severe neonatal disorder. Moreover, a great 
phenotypic variability could be observed in cases 
affected by a similar mutation even in the same 
family. Note that based on the dominant auto-
somal inheritance, the diagnosis in neonates can 
be made when both heterozygous parents are 
diagnosed.  

   Neuroendocrinopathies 

 In addition to the isolated familial HP1, hyper-
parathyroidism can be observed in association to 
other endocrine disorders defi ning multiple neu-
roendocrinopathies (MEN). Manifestations of 
these disorders are observed in neonates as well 
as later during childhood or adolescence. The 
mode of revelation and the etiologies in child-
hood and adolescence are quite similar in the lit-
erature  [  1,   4–  6  ]  (Table  15.2 ).  

  MEN type 1  is characterized in childhood or 
adolescence by association of tumors in neuroen-
docrinogastroenteropancreatic tissues in the 
adrenal cortex. This disorder usually affects the 
parathyroid glands (in 90% of cases), parathyroid 
hyperplasia of the four glands, or multiple ade-
nomas of the endocrine pancreas and/or the pitu-
itary gland .  Parathyroid hyperplasia of the four 

glands or multiple adenomas are the predominant 
disorders, but these tumors could also be mono-
clonal and thus develop isolated adenoma .  MEN 
1 occurs in about 1/200,000 live births, and the 
mode of transmission is autosomal dominant 
with high penetration. The frequency of MEN 1 
is approximately 1 % of HP1 in adults, and muta-
tions in the gene encoding for the menin (located 
in 11q13) are the main cause  [  7  ] . 

  MEN type 2A, or Sipple syndrome , is mainly 
characterized by medullary cancer of the thy-
roid associated to chromocytomas (50% of 
cases). Primary hyperparathyroidism, due to 
cellular C hyperplasia, occurs in only 30% of 
cases. The protooncongene RET, located within 
the long arm of chromosome 10 (10q11.2), is 
involved in this disorder with an autosomal 
dominant mode of inheritance. Several germinal 
dominant gain-of-function mutations have been 
reported with a relatively good genotype–phe-
notype correlation  [  8  ] .  

   HPT-JT Syndrome 

 Another but rare form of familial hyperparathy-
roidism syndrome is the  HPT-JT syndrome , 
characterized by hyperparathyroidism due to 
multiple adenomas, mostly revealed at adoles-
cence, and mandibular or maxillary fi bro-bone 
lesions. This disorder is due to a defect in the 
suppressor tumor gene  HTPR2 , located on chro-
mosome 1 (1q25-q31), a gene encoding for the 
parafi bromin  [  9  ]  and the mode of transmission is 
autosomal dominant.  

   Table 15.2    Principal causes of primary hyperparathy-
roidism with hypercalcemia in children   

 In neonates 
 • Maternal vitamin D defi ciency 
 • Maternal uncompensated hypoparathyroidism 
 •  Health heterozygous and homozygous mutations of 

the calcium sensor receptor (CaSR) (hypercalcemia–
hypocalciuria syndrome) 

 In children and adolescents 
 • Isolated adenoma 
 •  Multiple polyendocrinopathy 1 and 2A (Sipple 

syndrome) 
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   Primary Parathyroid Adenoma 

 In cases of primary parathyroid adenoma, though 
the role of the oncogene encoding for the cyclin 
D1 ( CCND1 ), located within the long arm of the 
chromosome 11 (11q13) is well known, other 
genes such as the protooncogene RET, the sup-
pressor tumor genes encoding for the menin or 
parafi bromin, the genes encoding for the calcium-
sensing receptor (CaSR) and its encoding for the 
inhibitory kinase CDK11B/p27 have only 
recently been implicated especially in familial 
parathyroid hyperplasia  [  10  ]  .  

 To date, in parathyroid adenomas, mutations 
have been identifi ed within the oncogenes  CCND1/
PRAD1  and the menin gene ( MEN1 ) only, and no 
mutation has been found in the other genes 
involved in HP1 so far (i.e., CaSR or RET). 

 In isolated familial hyperparathyroidism, 
mutations have been found in the CaSR, the 
menin, and more rarely the  HRPT2  gene. 
However, many cases remain to be elucidated. 
Recent genetic studies using the Comparative 
Genomic Hybridization technique (CGH array) 
and/or familial studies pointed to new candidate 
loci, but further studies are required to better 
understand their involvement in HP1  [  11,   12  ] . 

 In addition to the severe form due to  CaSR  
homozygous mutation, there is a moderate form of 
congenital hyperparathyroidism due to a vitamin 
D defi cit or a noncompensated maternal hypopara-
thyroidism. These conditions lead to diffuse hyper-
plasia of fetal parathyroid glands in reaction to the 
decrease of the calcium fl ow through the placenta, 
resulting in excessive PTH production in neonates. 
This disorder progressively disappears within the 
fi rst 2 months of life after hydration and vitamin D 
supplementation  [  13  ] .   

   Management of HP1 in Children 

 Knowledge of clinical forms of variable severity, 
the molecular elucidation of several forms of HP1 
has permitted better understanding of the 
pathophysiology, and the recent use of bisphospho-
nates has led to an important change in the manage-
ment of HP1 in children, especially in neonatal 

presentation. Routine emergency surgery, usually 
performed until recently, has decreased in profi t to 
bisphosphonates to control hypercalcemia, and 
mild symptomatic forms may benefi t from moni-
toring alone, whereas surgery should be reserved 
for severe forms with poor clinical tolerance. 

   Medical Treatment 

 Medical treatment is usually initiated to treat 
severe and/or symptomatic hypercalcemia by 
restoring the metabolic balance prior to surgery 
and moderate or mild forms of HP1 with good 
clinical tolerance do not now require surgery in 
the majority of cases. 

 Bisphosphonates, particularly pamidronate 
(AREDIA ® ), are now largely used showing good 
effi cacy in primary intention  [  14  ] , especially 
before surgery or in cases of failure of parathy-
roidectomy before the second surgery  [  15  ] . No 
signifi cant adverse effects have been reported. 

 CINACALCET ®  is another therapeutic key 
usually used in adolescents affected by renal 
insuffi ciency with severe secondary hyperpara-
thyroidism  [  16  ] . 

 Note that hyperhydration combined with 
diuretics has frequently been ineffective.  

   Surgical Treatment 

   Preoperative Investigations 
 Preoperative localization of parathyroid 
adenoma(s) is a major concern. Ultrasound is 
usually used in fi rst intention but does not dis-
criminate between thyroid or ectopic nodules and 
does not detect ectopic (retrotracheal or esopha-
gus) parathyroid adenomas. Combining it with 
Doppler exploration provides better adenoma dif-
ferentiation  [  17  ]  (Fig.  15.3 ).  

 MIBI scintigraphy, that has recently replaced 
thallium/Tc scintigraphy, is also an effective tool 
for the diagnosis of parathyroid adenoma. It is 
able to detect ectopic glands and discriminate 
thyroid from parathyroid gland as complex MIBI-
technetium is fi xed in 15 min in both thyroid and 
parathyroid glands and is retained longer within 
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the parathyroid glands. Note that the high 
 sensitivity of this technique depends on the size 
of the lesion  [  18  ]  (Fig.  15.4 ).  

 Combining echography to Doppler and MIBI 
scintigraphy has greatly improved the preopera-
tive localization of the adenoma  [  19  ]  allowing 
thus to propose only unilateral cervical explora-
tion in cases of concordance in the results. This 
strategy is reserved for cases where preoperative 
identifi cation of a single adenoma is almost cer-
tain and should be combined with preoperative 
PTH assay. This strategy is now widely used in 
adults and allows less invasive surgical technique, 
i.e., microinvasive parathyroidectomy (minimal 
invasive parathyroidectomy or MIP).  

   Surgical Treatment 
 In neonatal hyperparathyroidism, the manage-
ment depends on the clinical tolerance, degree of 
hypercalcemia and molecular biology results. In 
severe forms (i.e., with poor clinical tolerance), 
subtotal thyroidectomy is performed with inser-
tion of hemiparathyroid gland grafting within 
the arm. 

 In children, unilateral cervicotomy following 
preoperative investigations has recently become 
the method of choice rather than the classical 
bilateral surgical treatment. However, such 
 surgical strategy cannot be used in cases of 

 polyglandular disorder (i.e., multiple endocrine 
neoplasias). Therefore, molecular biology tests 
should be routinely performed in children as 
bilateral cervicotomy for subtotal parathyroidec-
tomy (7/8) or total ablation with reimplantation is 
still debated in such cases because of high risk of 
HP1 recurrence  [  20  ] . 

 In single adenoma, when preoperative investi-
gations have localized the lesions, microinvasive 
parathyroidectomy (MIP) can be used. This tech-
nique uses a small subcutaneous incision, to 
maintain an esthetic effect, and a camera through 
the incision in order to determine the level of 
radioactivity. After the surgical removal, the peri-
operative PTH assay combining with periopera-
tive scintigraphy should be performed to control 
the total removal of the lesion  [  21  ] . Indeed, 
despite the high success of surgical treatment, a 
number of failures can occur which frequently 
require diffi cult reintervention. PTH secretion by 
normal parathyroid glands is almost suppressed 
because of overproduction of hyperfunctional 
parathyroid tissue. Preoperative combined with 
perioperative PTH assay should therefore be used 
to confi rm hyperfunctional tissue resection to 
assess the effectiveness of surgery. A 50% 
decreasing PTH at 10 min or more than 60% at 
20 min appear to be accurate predictors of surgi-
cal effi cacy  [  22  ]  (Fig.  15.5 ).  

  Fig. 15.3    Parathyroid adenoma detected by echography combined with Doppler in a child       
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  Fig. 15.5    Course of perioperative PTH immunoreactive assays in six patients from the French series  [  1  ]        

  Fig. 15.4    Parathyroid adenoma detected by MIBI scintigraphy in a child ( arrow )       
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 Note that after surgical removal, transitory 
hypocalcemia can appear, as PTH activity was sup-
pressed because of overproduction of hyperfunc-
tional parathyroid tissue. Therefore, calcium 
supplementation along with 1-25 OH vitamin D 
should be added. In cases with major bone lesions, 
hypocalcemia could be long because of “hungry 
bone syndrome”  [  23  ] , especially in cases of vitamin 
D defi ciency that delays the calcium recovery  [  24  ] .    

   Conclusion 

 Primary hyperparathyroidism regroup two distinct 
entities: (1) neonatal primary hyperparathyroidism 
linked to hyperplasia of the four parathyroid glands, 
with early clinical symptoms mainly due to inac-
tive mutations in the calcium-sensing receptor and 
(2) later occurring primary hyperparathyroidism 
mainly due to parathyroid adenomas or hyperplasia 
that could be included in MEN disorder. 

 In neonatal forms, effective management is now 
conditioned by clinical tolerance, degree of hyper-
calcemia and molecular biology results. Molecular 
investigations should be routinely performed, as 
identifi cation of mutations within the calcium-
sensing receptor has led to an important change in 
the management of HP1 and avoidance of surgery 
in many cases. Treatment of hypercalcemia with 
bisphosphonate drugs is the initial approach. 

 In forms that occur later, i.e., in adolescence, 
the use of bisphosphonates as preoperative treat-
ment, as well as improvements in techniques, the 
sensitivity of preoperative localization procedures, 
such as Doppler echography and MIBI scintigra-
phy, and the quick preoperative PTH assay can 
contribute to more accurate surgery. Currently in 
children, unilateral surgery replaces the classical 
bilateral cervicotomy. In pluriglandular pathology 
(i.e., MEN), bilateral cervicotomy with subtotal 
parathyroidectomy is the approach. Therefore, 
molecular biology testing prior to surgery is rou-
tinely performed to diagnose MEN  [  25  ] .      
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  Abstract 

 This chapter focuses on the rare disorder of hypoparathyroidism in chil-
dren. It details the clinical features, pathophysiology, and biochemical 
abnormalities of the many forms seen clinically. Up-to-date information 
about the genetics of these disorders is provided along with the abnormali-
ties in gene function. The chapter concludes with a summary of current 
treatment options for children with these disorders.  

  Keywords 

 Hypoparathyroidism  •  Ionized calcium  •  Hypocalcemia  •  Parathyroid hor-
mone  •  Distal renal tubular reabsorption  •  Urinary calcium  •  Renal 1 alpha 
hydroxylase  •  1,25 Dihydroxy vitamin D  •  Seizures  •  Laryngospasm  • 
 Cardioversion disturbances  •  Neuromuscular irritability  •  Currently  • 
 Paresthesias  •  Chvostek sign  •  Trousseau sign  •  Mental retardation  •  Dental 
hypoplasia  •  Psychological manifestations  •  Radiological signs  • 
 Metaphysis  •  Basal ganglia  •  Calcifi cations of basal ganglia  •  FARR syn-
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   Introduction 

 Hypoparathyroidism is a rare disorder due to a 
defi cient secretion of parathyroid hormone (PTH) 
by the parathyroid glands, and hence the incapac-
ity to maintain normal extracellular ionized cal-
cium levels. It may cause clinical symptoms 
which upon further investigation will show 
hypocalcemia, hyperphosphatemia, and an inap-
propriately low PTH level. In contrast to 
hypoparathyroidism in adulthood, usually sec-
ondary to thyroid surgery, hypoparathyroidism in 
childhood is mostly due to a congenital disorder, 
even if symptoms are not present during the neo-
natal period. In most cases, the diagnosis is made 
or suspected during infancy or puberty. Those 
periods are marked by an increase in growth 
velocity and therefore an increase in calcium 
requirements. As a consequence, mild or persis-
tent hypocalcemia may become symptomatic.  

   Clinical Features 

   Symptoms 

 Whatever the cause, the symptoms of hypopara-
thyroidism are due to hypocalcemia. Defi cient 
PTH secretion prevents resorption of calcium 
from the skeleton and diminished absorption of 
intestinal calcium due to decreased production of 

1,25 dihydroxyvitamin D (from lower activity of 
renal 1 a -hydroxylase), and decreased renal tubu-
lar reabsorption. 

 Symptoms of hypocalcemia vary with age and 
acuteness of the disease. Hypocalcemia can man-
ifest acutely through generalized seizures, laryn-
gospasm, and cardiac rhythm disturbances. 
However, symptoms may be milder and nonspe-
cifi c: neuromuscular irritability (tetany, muscles 
cramps, paresthesia, increased muscular contrac-
tility assessed by Chvostek’s sign and Trousseau’s 
maneuver), cardiac rhythm disturbances, atten-
tion defi cit disorders, poor academic perfor-
mance, mental retardation, poor dental condition 
such as enamel hypoplasia. In rare cases, hypocal-
cemia may be found on routine blood screening 
for unrelated issues. In older children, hypocalce-
mia may present as psychological manifestations 
(depression and sleeping disturbances).  

   Biochemistry 

 In patients affected with hypoparathyroidism, 
serum calcium is low (<2.2 mM), by defi nition 
less than the lower limit of the reference labora-
tory being used. Whatever the age, ionized cal-
cium is also reduced to less than 1 mM. PTH 
levels are low, often undetectable, or inappropri-
ately normal in presence of hypocalcemia (the 
absence of PTH rise in response to hypocalcemia 
asserts the hypoparathyroidism). Because calcium 

•  Sanjad–Sakati syndrome  •  Familial hypoparathyroidism X linked length 
recessive transmission  •  SOX3  •  Defi ciency of PTH production  •  Heart is 
normal dominant hypocalcemia  •  G protein coupled receptors  •  Activating 
and inhibiting mutations  •  Pseudo-Bartter syndrome  •  Mutation in PTH 
gene  •  Mitochondrial disease  •  Kearns–Sayre syndrome  •  Acquired 
hypoparathyroidism  •  Calcium receptor antibodies  •  APECED syndrome  • 
 NA LP 5 protein  •  Surgery  •  Maternal hyperparathyroidism and neonatal 
hypoparathyroidism  •  Iatrogenic causes of hypocalcemia  •  Antiepileptic 
drugs  •  Ketoconazole  •  Aluminum hydroxide  •  Laxatives  •  Acute pancrea-
titis  •  Rhabdomyolysis  •  Treatment  •  Increased urinary calcium excretion  
•  Nephrocalcinosis  •  Calcium chelators  •  Septic shock  •  Infectious syn-
dromes  •  Chemotherapy  •  Invasive tumors  •  Alfacalcidol  •  Lithiasis  • 
 Exogenous PTH  •  Teriparatide  •  Osteosarcoma  •  Autosomal dominant 
hypoparathyroidism  •  Cytochrome P450          
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levels are low, the urinary calcium excretion is 
usually low or undetectable at the time of diagno-
sis. However, elevated urinary calcium excretion 
can be found in some rare cases of hypoparathy-
roidism due to an activation of the calcium sens-
ing receptor (CaSR) or in patients with low–normal 
calcium levels (Fig.  16.1 ).  

 Serum phosphorus is elevated due to the defi -
cient excretion of phosphates in absence of PTH. 
This observation is often confounded by the natu-
ral occurrence of higher levels of phosphorus in 
infants and young children, but attention to the 
ambient calcium helps determine the signifi -
cance. Magnesium levels are normal or low–nor-
mal in patients with hypoparathyroidism. 
However, severe hypomagnesemia, found in 
patients affected with a genetic defect in magne-
sium transport, impairs the PTH secretion and 
mimics the genetic causes of hypoparathyroid-
ism. Although vitamin D levels (25-OH vitamin 
D) are often low at the time of diagnosis, this 
alone is not suffi cient to cause the symptoms 
since the normal physiological response to vita-
min D defi ciency is an increased secretion of 
PTH and production of hydroxylated vitamin D. 
Obviously, this counterresponse to low vitamin D 
and serum calcium is impaired in patients with 
hypoparathyroidism leading to hypocalcemia.  

   Radiological Findings 

 Because PTH is involved in bone turnover, PTH 
defi ciency, as seen in hypoparathyroidism, is 
associated with an increase in bone density, 
dense metaphyseal striae, and cortical thicken-
ing  [  1  ]  (Fig.  16.2 ). Calcifi cations of the basal 
ganglia or widespread calcifi cations in other 
intracranial structures assessed through com-
puted tomography imaging of the head may be 
associated with chronic hypocalcemia (Fahr syn-
drome)  [  2  ] .    

Serum Calcium (mmol/L) Serum Calcium (mmol/L (mg/L)

Risk of
SEIZURES
Cardiac RHYTHM

HYPOPARATHYROIDISM

Nephrocalcinosis
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2.2

2.0
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1

0.3

250

80

88

104
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NORMAL RANGE

  Fig. 16.1    Clinical consequences of hypocalcemia in 
presence of hypoparathyroidism. Because of PTH lack, 
relationship between serum and urinary calcium is low-
ered and shifted toward the right (normal condition:  black 

line ; hypoparathyroidism:  dotted line ). Therefore, nephro-
calcinosis would rapidly appear for lower serum calcium 
values than in healthy patient       

  Fig. 16.2    Farr syndrome       
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   Causes of Hypoparathyroidism 

 The mechanisms leading to hypoparathyroidism 
are numerous: impairment of the embryonic 
development of the parathyroid glands, abnor-
mal regulation of the PTH synthesis and/or 
secretion, or acquired injury of the parathyroid 
glands. Some of the genetic determinants of 
parathyroid glands embryogenesis, PTH synthe-
sis and secretion, or autoimmunity are now 
known (Table  16.1 ).  

   Impaired Embryonic Development 
of the Parathyroid Glands 

 Animal studies have shown that embryogenesis of 
the parathyroid glands is controlled through a genetic 
cascade comprising different  transcription factors 

(Hoxa3-Pax1/9-Eya1-Six1/4-Shh-Tbx1-Gcmb2-
CCL21), the CaSR, and the PTH  [  3  ] . Mutations in 
those genes cause hypoparathyroidism during 
infancy or early in childhood. 

   DiGeorge Syndrome 
 To date, the DiGeorge syndrome is the most fre-
quent cause of hypoparathyroidism among the 
embryologic anomalies of the parathyroid glands 
(around 1/4,000 living births). It is responsible 
for congenital hypoplasia, or agenesis of the para-
thyroid glands and thymus. A recurrent large 
hemizygotic deletion of the 22q11.21-q11.23 
region, removing about forty genes, is identifi ed 
by fl uorescent in situ hybridization (FISH) in 
more than 95% of the patients affected with 
DiGeorge syndrome. In addition to this autosomal 
dominant transmission, the deletion may occur 
de novo  [  4  ] .Patients affected with the DiGeorge 
syndrome without the  22q11.21-q11.23 deletion 

   Table 16.1    Etiologies of hypoparathyroidism   

 Syndrome  Transmission 
 Gene(s); 
chromosome  Alteration  Clinical symptoms 

 APECED  RA  AIRE; 21q22.3  Immunologic 
tolerance 

 Neonatal candidosis, 
hypoparathyroidism (6–7 years), 
Addison disease (12–15 years) 

 DiGeorge 
(CATCH-22) 

 Sporadic/DA  rnex40/nex2,2, 
TBX1 UDFL1; 
22q11 

 Branchial 
pouches 

 Dysmorphy, thymus agenesis, heart 
malformations, immunological 
abnormalities, mental retardation 

 Kearns–Sayre  Maternal/
sporadic 

 Mitochondrial 
DNA 

 Energy 
production 

 Isolated hypoparathyroidism, 
mitochondrial disease 

 Kenny-Caffey  RA  TBCE; 
1q42-q43 

 Tubulin 
chaperone 

 Osteosclerosis, short stature, 
eyes abnormalities 

 Sanjad–Sakati  RA  TBCE; 
1q42-q43 

 Tubulin 
chaperone 

 Short stature, mental retardation 

 Hypoparathyroidism 
deafness, renal defect 
(HDR) 

 DA  GATA3; 
10p14-10p15.1 

 TF embryologic 
development 

 PT agenesis or hypoplasia, 
neurosensorial deafness, 
renal dysplasia 

 Hypoparathyroidism, 
retardation, dysmorphia 
(HRD) 

 RA  TBCE; 
1q42-q43 

 Tubulin 
chaperone 

 Mental retardation, microcephaly, 
IUGR, micropenis, dysmorphy 

 Autosomal dominant 
hypocalcemia 

 DA  CaSR; 
3q13.3-q21 

 PTH synthesis  Unadapted urinary calcium 
excretion 

 Isolated 
hypoparathyroidism 

 DA/RA  PTH; 
11q15.3-p15.1 

 PTH synthesis 

 Isolated 
hypoparathyroidism 

 RA/DA  GCMB; 
6p24.2 

 TF PT 
embryology 

 PT agenesis 

   APECED  autoimmune endocrinopathy–candidiasis–ectodermal dystrophy,  CaSR  calcium-sensing receptor,  DA  domi-
nant autosomal,  IUGR  intrauterine growth restriction,  RA  recessive autosomal,  TF  transmission factor,  TBCE  tubulin 
cofactor E,  PT  parathyroid gland  
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have been described. These patients carry muta-
tions in the  TBX1  gene, located within the 22q11 
region, suggesting that  TBX1  is responsible for 
the main features of the syndrome  [  5,   6  ] . 
Furthermore, a deletion in the 10p13-p14 region, 
close to the HDR (hypoparathyroidism, deafness, 
and renal dysplasia) syndrome locus, has been 
described in patients with a DiGeorge-like 
 phenotype  [  7  ] . 

 The phenotypical spectrum of the DiGeorge 
syndrome is wide and results from a develop-
mental defect of the third and fourth pharyngeal 
pouches and the facial neural crest. According to 
the age at diagnosis, symptoms will be more or 
less prominent  [  8,   9  ] .

    • Facial dysmorphia  includes microcephaly, 
narrow palpebral fi ssures, hypertelorism, 
small mouth, cleft palate, micrognathia, and 
smooth philtrum (Fig.  16.3 ).   
   • Various congenital cardiac malformations  are 
frequent (80–85%). They are most often diag-
nosed during the fetal or neonatal period: aor-
tic arch anomalies, tetralogy of Fallot, 
conotruncal anomalies such as truncus arterio-
sus, interrupted aorta, hypoplasia of the pul-
monary artery. In both animal and humans, 

these defects are attributed to a defi ciency 
inTBX1  [  6,   10  ] .  
   • Hypoparathyroidism  due to the hypo- or apla-
sia of the parathyroid glands may be the sole 
clinical feature.  
   • Infectious diseases  during early childhood are 
frequent because of thymic hypo- or aplasia.  
   • Dysimmunity  (celiac disease, Graves’ disease, 
and arthritis) may appear later in adulthood.  
   • Malformations  can be present: urogenital 
(agenesis or renal dysplasia, multicystic kid-
ney, obstructive uropathy, and cryptorchid-
ism), skeletal (scoliosis), and ocular anomalies 
(coloboma, cataract, and microphthalmia).  
   • Behavioral problems  (personality distur-
bances) have been attributed to the haploin-
suffi ciency of the catechol- O -methyl 
transferase gene  [  11  ] .    
 Follow-up of patients affected with the DiGeorge 

syndrome has to be adjusted to the patient’s age: 
neonatal period—hypocalcemia, heart disease, eat-
ing problems; early childhood—hypocalcemia, 
heart disease, psychomotor retardation, infection; 
school age—infection, psychomotor retardation, 
personality disturbances; adult age—autoimmune 
diseases.  

   Hypoparathyroidism Associated with a 
Defect in the Glial Cell Missing B Gene 
 Glial cell missing B (GCMB) is a transcription 
factor initially identifi ed in the Drosophila where 
it is necessary to glial cell differentiation. In mice, 
 Gcm1  is expressed in the placenta and  Gcm2  in 
the parathyroid glands and ovaries  [  3  ] . The iden-
tifi cation of biallelic mutations or monoallelic 
dominant negative mutations in the  GCMB  gene 
in families with autosomal recessive and auto-
somal dominant neonatal hypoparathyroidism, 
respectively, has demonstrated the importance of 
GCMB for the embryogenesis and maintenance 
of parathyroid cells in humans  [  12–  14  ] .  Gcm  
probably contributes to the PTH synthesis by 
controlling the expression of the calcium sensing 
receptor  [  15,   16  ]  

 To summarize, mutations in the  GCMB  gene 
are found in patients affected with isolated 
hypoparathyroidism, especially when the disease 
is hereditary.  

  Fig. 16.3    Facial dysmorphia in DiGeorge syndrome       
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   HDR Syndrome 
 HDR syndrome, also known as Barakat syn-
drome, is inherited as an autosomal dominant 
trait. Haploinsuffi ciency of GATA3, a member of 
the GATA family of transcription factors, either 
through a large deletion in the 10p14-10p15 
region or through point mutations of the  GATA3  
gene, is responsible for the disease  [  17–  19  ] . 
Noteworthy, gene duplications have been also 
described  [  20  ] . GATA3 is a transcription factor 
belonging to the large GATA family. It is involved 
in the embryogenesis of the parathyroid glands, 
kidney, and internal ear, as well as in the differen-
tiation of lymphocytes T 

H
 1 and T 

H
 2  [  17  ] . 

 Hypoparathyroidism secondary to a GATA3 
mutation is often severe. Associated features 
allow the diagnosis of the syndrome  [  20  ]  some-
times described as a pseudo DiGeorge syndrome: 
slanted palpebral fi ssures, hypertelorism, bleph-
arophimosis, narrow nose root, anteverted nos-
trils, micrognathia, and arched palate. Other 
cardinal signs are required for the diagnosis: 
enlargement of the nipple distance, clinodactyly, 
syndactyly, hypotony, bilateral neurosensitive 
deafness and renal malformations: multicystic 
kidneys, nephrotic syndrome, renal dysplasia 
(hypoplasia), vesicoureteral refl ux, chronic renal 
insuffi ciency, hematuria, proteinuria, and charac-
teristic bone impairment.  

   Hypoparathyroidism Retardation 
Dysmorphism Syndrome 
 HRD syndrome (hypoparathyroidism retardation 
dysmorphism) unifi es two previously described 
syndromes: the Kenny-Caffey syndrome, in its 
autosomal recessive form, and the Sanjad–Sakati 
syndrome, both due to a defect in the  TBCE  
(Tubulin specifi c Chaperone E) gene, localized in 
1q42-q43, and coding for a protein involved in 
the polymerization of the  a  and  b  tubulin sub-
units. This protein is allows the formation of 
intracellular microtubules; as a result of genetic 
abnormalities in the gene coding TBCE, a large 
amount of intracellular functions are impaired in 
affected patients  [  21  ] . In 4q35, a different gene is 
likely involved in a phenocopy of the HRD syn-
drome  [  22  ] .This syndrome of autosomal reces-
sive inheritance was initially described in the 

Bedouin families originating from Saudi Arabia 
affected with hypoparathyroidism and associated 
symptoms such as intrauterine growth restriction 
(80% of the cases), extreme growth retardation, 
mental retardation, microcephaly, facial dysmor-
phy including hollow eyes, pronounced nasal 
bridge, small turned-up nose, thin upper lip and 
micrognathy, short feet and hands, hypogonad-
ism, susceptibility to infections, and dysimmu-
nity  [  21,   23  ] .  

   Familial Hypoparathyroidism of X-linked 
Recessive Transmission 
 Three American families have been reported as 
presenting a possible X-linked recessive trans-
mission form of isolated hypoparathyroidism due 
to agenesis of the parathyroid glands. The patients 
presented with an X chromosome rearrangement 
involving the  SOX3  locus. Animal models have 
demonstrated the role of  SOX3  in the embryogen-
esis of parathyroid glands  [  24  ] .   

   Defi ciency in PTH Production 
and Secretion 

   Autosomal Dominant Hypocalcemia 
 Autosomal dominant hypocalcemia (ADH) was 
described in the 1990s following the cloning of 
the CaSR. CaSR is a transmembrane receptor 
belonging to the super family of G-protein cou-
pled receptors (GPCR). The CaSR is expressed, 
among other tissues, on the cell surface mem-
brane of the parathyroid cells and the renal tubu-
lar cells. Extracellular calcium ions are the main 
ligands of the CaSR. The CaSR controls the PTH 
synthesis as well as renal tubular calcium reab-
sorption. Hypocalcemia activates to the receptor 
and increases PTH synthesis and urinary calcium 
reabsorption and ultimately in an increase in 
serum calcium. As for numerous GPCRs, muta-
tions of the CaSR gene have been shown to cause 
mirror pathologies: activating and inhibiting 
mutations producing activation and loss of func-
tion of the receptor, respectively  [  25  ] . 

 Autosomal dominant hypocalcemia results 
from a heterozygous activating mutation of the 
CaSR. It is to date the main genetic cause of 
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hypoparathyroidism (Table  16.2 ). Germ-line 
 activating mutations of the CaSR increase the 
receptor sensitivity to circulating concentrations 
of ionized calcium in all target tissues and repress 
both the PTH synthesis and the urinary calcium 
reabsorption. The resultant hypocalcemia is most 
often fortuitously discovered in children or in 
adults. The biochemical phenotype is quite char-
acteristic: hypocalcemia below 2 mM, normal or 
hyperphosphatemia; normal or high urinary cal-
cium; normal or low PTH. The level of urinary 
calcium can drop in cases of severe and/or pro-
longed hypocalcemia: the existence of a low uri-
nary calcium excretion does not therefore 
necessarily infer the hypothesis of an activating 
CaSR mutation. When a mutation is found in an 
index case, the measurement of the calcium level 
is suffi cient for the genetic counseling. Autosomal 
dominant hypocalcemia can be diagnosed at any 
age of life and may present with various clinical 
symptoms, even within the same family. This 
absence of genotype–phenotype correlation sug-
gests the importance of environmental factors 
already mentioned above  [  26  ] . One patient was 
described as having an activating homozygote 
mutation without presenting severe hypoparathy-
roidism  [  27  ] . It should be noted that some patients 
present with a pseudo-Bartter syndrome. In these 
patients, the CaSR activation induces not only an 
increase of the urinary calcium excretion but also 
a defect in sodium, potassium, and chlorine reab-
sorption, and a decrease of the transepithelial 
gradient  [  28,   29  ] .   

   Hypoparathyroidism Due to Mutation 
Within the PTH Gene 
 Mutations in the PTH gene are extremely rare. 
Only three mutations have been described so far: 
two are autosomal recessive inheritance, and one 
is dominant. All are localized within the PTH 
coding region for the peptide precursor, the pre-
proPTH, and disturb the maturing processing of 
PTH  [  30,   31  ] .  

   Mitochondrial Diseases 
 The Kearns–Sayre syndrome is the most frequent 
manifestation of mitochondrial diseases associ-
ated with hypoparathyroidism. In 90% of cases, it 
is secondary to a large deletion of the mitochon-
drial DNA, but duplications have also been 
reported. Its transmission is maternal. The 
Kearns–Sayre syndrome is usually diagnosed 
during childhood but may also occur later on in 
adolescence or in early adulthood. The clinical 
manifestations are variable: impairments of the 
central (ataxia, mental retardation) or peripheral 
nervous system, ocular signs (ptosis, retinitis, 
ophthalmoplegia, and optic atrophy), myopathy, 
cardiac impairment (conduction disturbances, 
cardiomyopathy), neurosensorial deafness, endo-
crine disturbances (hypoparathyroidism, insuffi -
cient insulin secretion eventually leading to 
diabetes, hypogonadism, and hypomagnesemia), 
and renal tubulopathy. Endocrine impairments, 
notably hypoparathyroidism, are usually pre-
ceded by the neurological impairment. The defi -
ciency in the PTH synthesis appears to be 

   Table 16.2    Frequency of hypoparathyroidism    etiologies   

 Lund [46] 
1980 

 Markowitz 
[47] 1982 

 Kruse [48] 
1989 

 Halabe [49] 
1994 

 Winer [42] 
2003 

 Winer [43] 
2008 

 Lienhardt a  
2009 

  n   14  10 (Children)  29  17  27 (Adults)  14 (Children)  50 (Children) 
 CaSR   6 (22%)   1  19 (38%) 
 22q11  17  13 (26%) 
 APECED   1 (3%)   2 (7%)   5   7 (14%) 
 Postsurgery  9   1   2 (7%)  15  11 (41%)   1   1 (2%) 
 Idiopathic  4   7  26 (90%)   2   8 (30%)   7   7 (14%) 
 Other causes   2   2 (4%) 

   APECED  autoimmune endocrinopathy–candidiasis–ectodermal dystrophy,  CaSR  calcium-sensing receptor 
  a Personal data  
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secondary to the low mitochondrial energy 
 production in the parathyroid cell, as this synthe-
sis is very energy-costly  [  32  ] . MELAS syndrome 
and mitochondrial trifunctional protein (MTP) 
defi cit can also be associated with hypoparathy-
roidism  [  33,   34  ] .   

   Acquired Hypoparathyroidism 

   Hypoparathyroidism with Anti-CaSR 
Antibodies 
 Soon after the cloning of the CaSR gene, several 
teams suggested the possible existence of anti-
bodies directed against the CaSR receptors. They 
subsequently identifi ed a patient with acquired 
hypoparathyroidism  [  35  ] . Mayer et al. reported 
anti-CaSR antibodies in fi ve out of 17 patients 
with isolated hypoparathyroidism, and in two out 
of 14 patients with hypoparathyroidism and poly-
endocrinopathy  [  36  ] .  

   APECED Syndrome 
 APECED syndrome (autoimmune polyendo-
crinopathy candidiasis ectodermal dystrophy) is 
from a rare autosomal recessive pathology 
(1/80,000), manifesting early in childhood. 
Mutations have been found on both alleles of the 
 AIRE1  (autoimmune regulator) gene, which regu-
lates the transcription of autoantibodies at the thy-
mic level, in affected patients and families  [  37  ] . 

 The patients progressively develop autoimmu-
nity toward diverse organs, which include numer-
ous endocrine glands  [  38  ] . This pathology evolves 
throughout life. Hypoparathyroidism is the most 
frequent symptom (80–95% of cases), often the 
fi rst, and is due in 49% of cases to autoantibodies 
directed toward the NALP5 (NACHT leucine-
rich-repeat protein 5) protein  [  39  ] . The identifi ca-
tion of the anti-NALP5 antibody in patient sera 
could become the fi rst-line diagnostic tool in sus-
pected APECED, before any gene sequencing. 
To confi rm the diagnosis, two out of three of the 
following clinical impairments are suffi cient: 
chronic mucous–cutaneous candidosis, as soon 
as early childhood—hypoparathyroidism, with a 
peak of occurrence around 10 years of age—

adrenal insuffi ciency, appearing around 15 years 
of age. The other clinical features appear through-
out the patient’s lifetime, including Graves’ dis-
ease, autoimmune thyroiditis, active chronic 
hepatitis, alopecia, autoimmune anemia, malab-
sorption, vitiligo, insulin dependent diabetes, 
hypergonadotropic hypogonadism, bronchiolitis 
 [  40  ] —all of these symptoms being related to an 
organ-targeted autoimmunity. These patients 
require lifelong monitoring of these autoimmune 
pathologies.   

   Surgery 

 Any cervical, parathyroid, or thyroid surgery can 
cause hypoparathyroidism. This iatrogenic con-
sequence (3–4% of interventions) essentially 
depends on the experience of the surgical team 
and the extension of the intervention. In fact, 
hypoparathyroidism has been found more fre-
quently after thyroid surgery for invasive thyroid 
cancer, large multinodular goiters or Graves’ dis-
ease. It is less frequent, and usually temporary, 
after surgery on a solitary parathyroid adenoma, 
or a subtotal parathyroidectomy. The stimulation 
of the remaining glandular tissue or of the reim-
planted tissue prevents hypocalcemia. This cause 
of hypoparathyroidism is not very common in 
children  [  41  ] . 

   Neonatal Hypoparathyroidism Secondary 
to Maternal Hyperparathyroidism 
 Hyperparathyroidism in pregnant women slows 
down the development of the fetal PTH synthesis 
as the fetus becomes hypercalcemic. At birth, 
there is a risk of acute neonatal hypocalcemia due 
to suppressed parathyroid gland function. This 
hypocalcemia resolves within a few weeks.   

   Frequency of Different Etiologies 

 There is no reliable study regarding the frequency 
of pediatric hypoparathyroidism etiologies—
numerous cases being undiagnosed due to mild 
clinical expression (ADH) or to the recent 
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 discovery of the other genes involved in the 
appearance of hypoparathyroidism, such as 
GCMB. We have undertaken in France, with phy-
sicians from the National Reference Centre for 
Rare Diseases of the Calcium and Phosphorus 
Metabolism, a retrospective study of patients 
affected with hypoparathyroidism, which out-
lines some epidemiological tendencies 
(Table  16.2 ). Based on this data, the molecular 
studies that we offer to patients affected with 
hypoparathyroidism are 22q, CaSR, PTH, and 
GCMB.   

   Differential Diagnosis 

 There are many causes of hypocalcemia besides 
what has been mentioned above:

   PTH resistance (genetic defect downstream to • 
the PTH receptor) or chronic renal insuffi -
ciency—in these cases, PTH levels are 
elevated.  
  Drugs:  • Antiepileptic drugs  increase the vita-
min D catabolism,  ketoconazole  inhibits the 
renal 1 a -hydroxylase, prolonged use of  alu-
minum hydroxides  or of  calcium chelators , 
such as citrate, and  laxatives .  
  Drugs used for the treatment of hypercalce-• 
mia, such as bisphosphonates, calcitonin, or 
chemotherapies.  
  Miscellaneous:• 
    Acute pancreatitis —hypocalcemia results 
from the accumulation of calcium deposits in 
necrotic tissue.  
  Hypomagnesemia, hypoalbuminemia.  
  Septic shock and infectious syndrome.     
  Causes of hyperphosphatemia.     • 

   Treatment 

 The conventional treatment will aim at correcting 
the hypocalcemia using 1-alpha hydroxylated 
vitamin D, through the forced intestinal absorp-
tion of calcium. The goals of the treatment may 
differ according to the clinical severity and etiol-
ogy of the hypoparathyroidism  [  42  ] . 

   Treatment and Monitoring 

 Diminished renal production of 1.25-(OH) 
2
 D is 

the main cause of hypocalcemia in patients with 
hypoparathyroidism. Therefore, treatment with a 
1 a -hydroxylated vitamin D derivative (calcitriol 
or alfacalcidol) is the reference treatment. The 
dosage depends on the serum calcium and, above 
all, on urinary calcium excretion, which must be 
maintained within normal ranges to avoid urinary 
calcium intoxication and the development of lith-
iasis and/or nephrocalcinosis. We have established 
the following threshold in patients affected with 
hypoparathyroidism: 24 h-urinary calcium excre-
tion below 5 mg/kg/d or urinary calcium/urinary 
creatinine <1 mmol/mmol (0.35 mg/mg) under 
the age of 5 years or <0.5 mmol/mmol (0.17 mg/
mg) over the age of 5 years. Yearly renal ultra-
sonography is also recommended. The initial dose 
of 1 a -hydroxylated vitamin D is 2–8  m g/day once 
or twice a day (1–4  m g/day of 1 a /25-hydroxylated 
vitamin D twice per day) depending on the sever-
ity of the hypocalcemia. When the serum calcium 
reaches 2.2 mM or higher, the dosage is then 
reduced by 30–50%, to minimize the excreted uri-
nary calcium levels and yet provide symptomatic 
relief. The lowest possible effective dose is often 
between 1 and 2  m g/day, but this has to be indi-
vidually determined. This is a compromise 
between clinical symptomatology (prevention of 
seizures, absence of paresthesia, etc.) and preven-
tion of nephrocalcinosis  [  43,   44  ] . 

 We maintain in those children the 25 OH vita-
min D in the normal range (above 40–50 nM or 
16–20 ng/ml). This threshold should be upgraded 
in patients receiving antiepileptic drugs, which 
increase the risk of vitamin D defi ciency, as well 
as in patients receiving recombinant PTH. In fact, 
in patients affected with hypoparathyroidism, the 
use of PTH will restore the renal 1 alpha hydrox-
ylase activity and induce the hydroxylation of 
25-(OH)D to 1.25-(OH) 

2
 D. 

 Calcium supplementation is carried out intra-
venously during the acute phase of hypocalcemia 
and/or in case of high risk of seizures, until the 
serum calcium reaches approximately 2.2 mM. 
We recommend the dose of 1,000 mg/m 2  of body 
surface. The removal of the IV infusion always 
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induces a drop of 0.2 mM of the calcium level. 
An oral calcium supplementation should be con-
sidered as an adjuvant only. It is used at the start 
of the treatment until total restoration of the cal-
cium pool (4–6 months), after which alimentary 
contribution (depending on the age) is suffi cient. 
In France, daily dietary calcium needs are 
500 mg/day up to 3 years, 700 mg/day up to 
6 years, 900 mg/day up to 9 years, and 1,200 mg/
day up to 19 years. 

 The off-label use of synthetic exogenous PTH 
(teriparatide) has shown its effi ciency and is an 
interesting alternative in cases of hypoparathy-
roidism resistant to the conventional treatment. 
The dose for adults is about 30–40  m g/day via 
two subcutaneous injections  [  45  ] . We have 
recently reported doses of 5–15  m g/day given 
continuously with the aid of a pump in children, 
but this remains to be validated  [  46  ] . Osteosarcoma 
has been observed in rodent models at pharmaco-
logical doses greater than those used for humans 
 [  47  ] . Two reported cases of osteosarcoma in 
patients have been reported, but signifi cance is 
not clear.  

   Monitoring of Specifi c Etiologies 

 In the case of  Autosomal Dominant Hypo-
parathyroidism , iatrogenic complications such as 
increased urinary calcium excretion or nephrocal-
cinosis are frequent. Treatment must therefore be 
considered with caution and must only be used 
when calcium levels are lower than 1.80 mM, or 
when the symptoms are devastating. To avoid 
nephrocalcinosis, serum calcium is kept in the 
lower normal range while maintaining normal uri-
nary calcium excretion. In rare cases, where this 
balance cannot be established, treatment by recom-
binant PTH has been proven effective  [  46,   48  ] . 

 Patients affected with  APECED  may require 
higher doses of 1-hydroxylated vitamin D, as 
well as oral calcium supplementation, because of 
their digestive malabsorption. Alternatively, in 
these patients, worsening of the hypocalcaemia 
and/or elevated urinary calcium excretion may be 
due to an adrenal insuffi ciency. Moreover, anti-
epileptic drugs or liver diseases may inhibit the 

activity of the liver 25-hydroxylase. In this case, 
1-hydroxylated vitamin D has to be replaced by 
1.25-(OH)-2D if it is available. Finally, if the 
patients require an anticandidiasis treatment, it is 
necessary to closely monitor the serum calcium. 
Indeed, ketoconazole reduces the activity of sev-
eral steroid P450-dependant cytochrome hydrox-
ylases and may therefore induce a reduction in 
the concentration of 1.25-(OH) 

2
 D. 

 For patients with hypoparathyroidism 
(DiGeorge syndrome in particular),  infectious 
episodes  may trigger acute hypocalcemia and 
seizures. Implementing a calcium perfusion dur-
ing such episodes or temporarily increasing the 
dose of the 1-hydroxylated vitamin D derivatives 
may prevent incidents. 

 The genetic factors causing hypoparathyroid-
ism have been discovered during the past few 
years. The main treatment is the 1 a -hydroxylated 
vitamin D derivatives and oral calcium supple-
mentation. In very rare cases, especially in cases 
of refractory hypoparathyroidism, the use of teri-
paratide, the recombinant PTH, is an interesting 
alternative.       
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  Abstract 

 This chapter describes the spectrum of problems in children in which there 
is resistance to parathyroid hormone. This is described by the term pseudo-
hypoparathyroidism. The authors describe the clinical presentation of all 
of the various parathyroid hormone resistant syndromes and their associ-
ated general endocrine abnormalities and skeletal changes. The known 
genetic abnormalities are highlighted in each of these disorders. The 
 chapter concludes with a detailed presentation of the clinical management 
of all these problems.  

  Keywords 

 Renal phosphate transporters—NaPi2c, NaPi2a  •  PTH or parathormone  
•  Hypocalcemia  •  Hyperphosphatemia  •  Receptor PTHR1, PTH/PTHrp  
•  G receptor coupled  •  Chondrocytes  •  Pseudohypoparathyroidism  • 
 Blomstrand chondrodysplasia  •  Alpha stimulatory subunit of G protein—
Gsa  •  Heterotrimers  •  Nephrogenic cyclic AMP—cAMP  •  PHP1a, PHP1b, 
PHP1c  •  Parental imprinting  •  DMR  •  Bone dysplasia  •  Brachymetacarpia  
•  Brachymetatarsia  •  Chondrogenesis  •  GHRH resistance  •  IGF1  • 
 Heterotopic ossifi cation  •  Fuller Albright osteodystrophy  •  1 Alpha 
hydroxylase  •  Calcitriol  •  1,25 Dihydroxyvitamin D  •  TSH resistance  •  LH  
•  ACTH  •  Loss of function mutation  •  Pseudopseudohypoparathyroidism  • 
 Progressive osseous heteroplasia  •  Phenotypes  •  GNAS  •  Alfacalcidiol  • 
 Hypercalciuria  
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  Abbreviations  

  GNAS    Guanine nucleotide binding protein 
(G protein), alpha stimulating activity 
polypeptide   

  NaPi2c    Sodium phosphate cotransporter type 
2a   

  NaPi2a    Sodium phosphate cotransporter type 
2c   

  PTHR1    PTH receptor type 1   
  PTHLH    Parathyroid hormone-like hormone   
  NESP    Neurosecretory protein   
  AS    Antinsense   
  GHRH    Growth hormone releasing hormone   
  IGF1    Insulin-like growth factor 1   
  FSH    Follicle stimulating hormone   
  LH    Luteinizing hormone   
  ACTH    Adrenocorticotropic hormone   
  STX16    Syntaxin 16       

   Introduction 

 Parathormone or PTH is a 84-amino-acid peptide 
maintaining the blood calcium level between 
2.25 and 2.65 mM. Besides its crucial role in cal-
cium homeostasis, PTH controls the urinary 
excretion of phosphate through the repression of 
the expression of the renal phosphate transporters 
(NaPi2c and NaPi2a) at the apical border of the 
tubular cell. As a consequence, PTH secretion or 
action defi ciency results in hypocalcemia, hyper-
phosphatemia, and increased tubular reabsorp-
tion of phosphates. However, defects of PTH 
secretion are revealed by low levels of PTH, 
whereas PTH resistance due to a defi cient action 
of the PTH is associated with high levels of PTH. 
PTH action on target tissues (bone and kidney) 
requires the binding to its receptor (PTHR1 
or PTH/PTHrp receptor), a G-protein-coupled 
receptor (GPCR). PTHrp- or PTH-related peptide 
is an alternative ligand for PTHR1 that is neces-
sary for chondrocyte differentiation. 

 Failure in PTH action through its receptor 
is termed pseudohypoparathyroidism (PHP) 
because of the association of hypocalcemia and 

hyperphosphatemia reminiscent of hypopara-
thyroidism, but in this case the PTH levels are 
elevated. 

 Several causes of PHP have been now identi-
fi ed, all of them being consequences of a defi -
cient signaling of the PTHR1:

   Loss of function of the PTHR1. Blomstrand • 
chondrodysplasia is a recessive autosomal 
rare disease due to a mutation on both alleles 
of the PTHR1  [  1  ] .  
  Defi cient expression or function of the alpha • 
stimulatory subunit of the G protein (or Gsa) that 
is necessary for the signaling of PTHR1. G pro-
teins are heterotrimers (alpha, beta, and gamma), 
which, after ligand-binding, induce the produc-
tion of intracellular cAMP through the activation 
of adenylate cyclase (AC). In vivo, absent or 
defi cient Gsa prevents the response to the injec-
tion of exogenous PTH, which, in physiological 
conditions, increases nephrogenic cAMP and 
decreases phosphate tubular reabsorption. Such 
PHP are classifi ed as PHP type I.  
  A defect downstream of the cascade PTHR1/• 
Gsa/AC. Those PHP are classifi ed as type II as 
the injection of exogenous PTH induces an 
increase in nephrogenic cAMP, although with 
no phosphaturic response.    
 This chapter focuses on the description of 

PHP type I, the most common and recently deci-
phered form of PHP. Most of them are due to 
genetic or epigenetic defects at the  GNAS  locus 
encoding Gsa.  

   Parental Imprinting at the  GNAS  Locus 

 Parental imprinting refers to mechanisms that 
lead to the repression of gene expression from 
one parental allele. Genes subjected to parental 
imprinting are usually clustered in regions rich 
in CpG dinucleotides and contain imprinting 
 control elements in differentially methylated 
regions (DMRs). In most loci, the parent-specifi c 
expressed transcripts are associated with a pat-
tern of non- or low-methylated DNA, whereas 
the nonexpressed transcripts are associated with 
a pattern of methylated DNA  [  1  ] . 
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  GNAS  is an imprinted locus that produces 
 several transcripts comprising  Gsa , the alpha 
stimulatory subunit of the G protein, XL, A/B 
(also referred as 1A), NESP, and the antisense 
transcript AS. Due to differential methylation of 
their promoters, most transcripts of this locus orig-
inate from one parental allele only. XL, A/B, and 
AS are transcribed from the paternal allele; NESP 
is transcribed from the maternal allele only  [  2,   3  ] . 
The promoter of Gsa is not differentially methy-
lated and therefore, Gsa expression arises from 
both alleles in most tissues (Fig.  17.1 ). However, 
due to a yet incompletely understood imprinting 
mechanism, Gsa is expressed from the maternal 
allele only in several tissues including the renal 
proximal tubule, the thyroid, the pituitary, and the 
gonads  [  4–  6  ] . For a detailed review on genomic 
imprinting at the  GNAS  locus, see  [  2  ] .   

   PHP Type I 

 As mentioned above, the biochemical proper-
ties of an acute injection of PTH in vivo have 
delineated the main PHP subtypes (I and II) and 
pinpointed Gsa as the main candidate-gene for 

the PHP type I. Based on clinical and in vitro 
assays (G protein activity measured in red blood 
cells or in Cyc cells), PHP type I has been sub-
divided into type Ia (Albright osteodystrophy 
and diminished G protein activity), type Ib 
(absence of Albright osteodystrophy and nor-
mal G protein activity), and type Ic (Albright 
osteodystrophy and normal G protein activity) 
 [  3–  6  ] . Molecular genetics has shown that those 
three subtypes overlap and suggested that a new 
classifi cation based on the molecular mecha-
nism of the disease may be more appropriate 
(Table  17.1 ).  

   PHP-Ia 

 PHP type Ia is a rare autosomal dominant disease 
due to a defect in the expression or function of 
Gsa. The maternal inheritance of the disease is 
due to the allele-specifi c expression of Gsa in 
certain tissues. Clinical features depend on the 
mono- or biallelic transcription of Gsa in tissues 
(maternal-specifi c expression in renal proximal 
tubules, thyroid or gonads; biallelic expression in 
lymphocytes, fi broblasts, adipocytes, and bone). 

Gsa

Gsa

Gsa

2 3 N1 4 5-13A/B

A/B

XLαs

XLAS-14-25-4A

AS

Mat
Pat

Mat
Pat

NESP55

NESP55

+

+ +−

− −

+

−

  Fig. 17.1    Schematic drawing of the  GNAS  locus. The 
 GNAS  locus is not scaled. The four DMRs mentioned in 
this chapter are represented below the genomic line by 
 gray boxes  (+ or methylated) or  white boxes  (− or unm-
ethylated) on the paternal (Pat) or maternal (Mat) allele. 

Exons are indicated as  black rectangles  and allelic origin 
of transcription as  broken arrows  on the paternal (Pat) or 
maternal (Mat) allele. Transcripts arising from the locus 
are depicted above (maternal) or below (paternal) the 
genomic line       
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 In addition to the resistance to hormones that 
signal through GPCRs, patients affected with 
PHP-Ia present with a collection of features, fi rst 
described by Fuller Albright in 1942, the Albright 
hereditary osteodystrophy.

   Bone dysplasia comprises a brachymetacarpia • 
(mainly fourth and fi fth metacarpals), brachy-
dactyly (Fig.  17.2 ) and/or brachymetatarsia 
(present in all patients albeit at variable 
degrees), narrowed lumbar shaft, and under-
developed femoral necks. Absent at birth, the 
bone dysplasia develops overtime, especially 
at puberty and likely results from the defi cient 
action of the PTHrp during chondrogenesis. In 
fact, loss of function mutations of the  PTHLH  
(the gene coding PTHrp) are associated with 

similar bone shape abnormalities. The bone 
density of the patients is roughly normal, yet 
they are prone to rheumatologic complications 
such as femoral slipped epiphysis or osteoar-
thritis  [  7,   8  ] .   
  Adult patients affected with PHP-Ia have short • 
fi nal heights as shown by height  z -score 
(−2.5 ± 0.3 and −3.0 ± 0.9 in Long’s and our 
series of patients, respectively). Most children 
with PHP-Ia have normal stature until they 
undergo premature closure of the epiphyses 
which occurs mainly between 10 and 15 years 
of age. Short stature results from both the defi -
cient chondrogenesis and the GHRH resis-
tance assessed by the insuffi cient secretion of 
growth hormone in response to stimulation 

  Fig. 17.2    Progressive development of the brachymetacarpy and brachydactyly in a girl ( upper panels ) and a boy 
( lower panels ) affected with PHP-Ia       
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and the low normal IGF1 levels in about 70% 
of the patients  [  9  ] . Finally, the gonadotropin 
resistance, by limiting the sex steroid produc-
tion during adolescence, may also participate 
in the height defi cit.  
  Obesity is one of the main features of the dis-• 
ease. In our series, 42% of the patients (children 
and adults) had a body mass index (BMI) over 
2 SD compared to the age-reference. The mean 
 z -score BMI of 40 patients reported by Long 
and colleagues was 2.3 ± 0.2 SD, including two 
adults with a BMI over 40 kg/m 2  thereby 
affected by severe obesity  [  10  ] . Two contribut-
ing factors have been identifi ed as favoring 
obesity in PHP-Ia. One is the resistance to 
 epinephrine, a lipolysis stimulating hormone 
that acts through GPCRs (Fig.  17.3 )  [  11  ] , and 

the second is the potent antiadipogeneic effect 
of Gsa in vitro  [  12  ] .   
  Heterotopic ossifi cations ( • osteoma cutis ) in 
children, inadequately called heterotopic cal-
cifi cations, compose a specifi c feature of Gsa 
loss of function. They are usually superfi cial 
(dermal or subcutaneous fat), made of endo-
chondral bone, and may progress unforesee-
ably superfi cially or within deeper tissues  [  13  ] . 
In contrast with progressive osseous hetero-
plasia (see below), heterotopic ossifi cation in 
patients affected with PHP-Ia may appear after 
a trauma or at friction zones. Consequences of 
these ossifi cations depend on their localiza-
tion, pain, limited movements  [  13  ] , etc.  
  Developmental delay and cognitive dysfunc-• 
tion have been reported repeatedly in textbooks 
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  Fig. 17.3    ( a ) The epinephrine resistance is shown by the 
absence of increase in the heart rate during the IV infusion 
of epinephrine in six patients affected with PHP-Ia 
 compared to lean and obese controls. ( b ) The resistance 

to PTH is shown by the absence of increase in urinary 
cAMP after IV infusion of recombinant PTH in two 
patients affected with PHP-Ia ( gray ) compared to controls 
(CTRLs)       
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since the fi rst description by Fuller Albright 
in 1942. In 2008, Mouallem and colleagues 
have shown that approximately 70% of 
the patients affected with PHP-Ia exhibit 
a  moderate-to-severe cognitive impairment 
(i.e., that 30% do not have any impairment). 
Prolonged hypocalcemia or hypothyroidism 
due to PTH and TSH resistances, respectively, 
may be partly involved  [  14  ] .    
 In our experience, PHP-Ia is diagnosed early 

(6 years and a half on average) during the inves-
tigation of symptomatic hypocalcemia (48%), 
heterotopic ossifi cations (9.5%), growth retarda-
tion (9.5%), familial screening (14%), hypothy-
roidism (9.5%), or developmental delay (9.5%). 

 The resistance to PTH is defi ned by the asso-
ciation of low calcium level (2.05 ± 0.27 mM), 
elevated phosphate level (1.93 ± 0.45 mM), ele-
vated circulating intact PTH (333 ± 178 pg/ml), 
and undetectable urinary calcium excretion. 
Absent at birth, the PTH resistance gradually 
develops during the fi rst months or years of life 
 [  15,   16  ] . Phosphate and PTH levels increase fi rst, 
followed by a decrease in calcemia due to the 
defect in the PTH-dependant 1 alpha hydroxyla-
tion of vitamin D. In the renal proximal tubule, 
the defect in PTH signaling induces (1) the lack 
of 1 alpha hydroxylase transcription and 1,25 
(OH) 

2
  vitamin D production, and (2) an increased 

expression of the phosphate transporters, there-
fore an increase in tubular phosphate reabsorp-
tion. In the distal tubule, the calcium reabsorption 
depends also on the PTH-driven intracellular 
cAMP production. However, likely due to the 
biallelic expression of Gsa in the distal tubule, 
urinary calcium reabsorption seems close to 
 normal in patients with PHP-Ia (personal data) 
and may be involved in the long-term tolerance 
of the PTH resistance in patients before they 
develop hypocalcemia. Events requiring increas-
ing amounts of calcium like vitamin D defi ciency 
or pubertal growth spurt may worsen the hypo-
calcemia and reveal the disease. In fact, low 
 vitamin D is often present at the time of diagno-
sis. Hyperphosphatemia, Albright osteodystro-
phy, and TSH resistance allow the differential 
diagnosis with secondary hyperparathyroidism 
due to vitamin D defi ciency. In rare cases, the 

examination of the renal response to the infusion 
of PTH (or Ellsworth-Howard test) is required 
and shows the absence of nephrogenic cAMP 
production and of increase in phosphaturia 
(Fig.  17.3 ). 

 The resistance to TSH is found in most, if not 
all, patients affected and is, in our experience, a 
contributive element for the diagnosis of PHP-Ia 
 [  17  ] . TSH resistance is characterized by elevated 
TSH (15.1 mUI/L on average in our series, 
4.9 mUI/L in Balavoine’s), low normal free T4 
(11.1 ± 2.5 pmol/L), and small or normal thyroid 
volume. Usually present at birth, the TSH resis-
tance is sometimes revealed through the neonatal 
screening program. Jean-Louis Wemeau’s group 
has shown in 2008 and 2001 that the patients 
affected with PHP-Ia also display resistances to 
TRH and calcitonin  [  18,   19  ]  with no clinical 
symptoms. 

 Gonadotropins signal through GPCRs and 
their actions are likely modifi ed in patients with 
Gsa loss of function. In fact, cryptorchidism, 
even bilateral, is frequent in boys; menarche may 
be delayed and elevated FSH levels (150–200% 
of the upper normal range in our experience), yet 
normal LH levels, have been measured in affected 
girls  [  20,   21  ] . 

 ACTH resistance has not been found in 
patients, may be because Gsa does not seem to be 
imprinted in human adrenals  [  22  ] . GHRH and 
catecholamine resistances have previously been 
mentioned. 

 The diagnosis of PHP-Ia relies on the identifi -
cation of a loss of function mutation on the mater-
nal allele of the coding sequence of  GNAS  (exons 
1–13). All types of mutations can be found such 
as deletion, insertion, amino-acid substitution or 
stop codon; three hot-spots, not exclusive, are 
located in exons 6, 7, and 13, respectively. Note 
that the alternatively spliced exon 3 may also be 
mutated  [  23  ] . We will mention here only muta-
tions associated with specifi c phenotypes:

   The A366S mutation was identifi ed in a patient • 
affected with PHP-Ia and testotoxicosis  [  24  ] .  
  Although mutations in the fi rst exon of Gsa • 
do not modify the sequence nor the function 
of XLas, the alternative transcript of Gsa 
able to stimulate the cAMP production, the 
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phenotype of mutated patients do not appear 
different from those harboring mutations in 
exons 2–13  [  25  ] .  
  Mutations located at the 3’ end of the exon 13 • 
modify the domain of interaction between Gsa 
and the GPCRs. However, those mutations do 
not affect the GTPase activity nor the interac-
tion with the AC, two characteristics assayed 
when measuring the G protein biological activ-
ity in vitro. Therefore, those mutations are 
characterized by an in vitro biological activity 
of the G protein close to controls  [  26,   27  ] .  
  A deletion of isoleucine at position 382 of Gsa • 
was found in two brothers exhibiting isolated 
PTH resistance and improperly diagnosed 
with PHP-Ib. Later on, the functional charac-
terization of the mutation was performed 
in vitro and showed the defi cient coupling of 
the mutated Gsa to the PTHR1  [  26  ] .  
  Finally, large deletions of the  • GNAS  locus may 
be inaccessible to current molecular biology 
techniques and misinterpreted as methylation 
changes, i.e., PHP-1b  [  28  ] .    
 In our center, the measure of the biological 

activity of the G protein is not required for the 
diagnosis of PHP-Ia; however, it may be neces-
sary for a better understanding of the genotype–
phenotype relationship. Note that this in vitro 
assay has to be performed after correction of vita-
min D defi ciency which artifi cially decreases the 
Gsa biological activity.  

   Pseudopseudohypoparathyroidism 
or pPHP or Isolated Albright 
Osteodystrophy 

 Patients affected with pPHP have been fi rst iden-
tifi ed within relatives of PHP-Ia patients. They 
present with Albright osteodystrophy and no 
hormonal resistances, and harbor the exact same 
loss of function mutation of Gsa than their rela-
tives albeit on the paternal allele. Very few stud-
ies have attempted to delineate their phenotypes. 
However, recent observations have shown that 
patients affected with pPHP are not obese (aver-
age BMI of 0.1 ± 0.5, signifi cantly inferior to 
that in PHP-Ia ( p  = 0.02)  [  10  ] ) and do not have 

cognitive impairment  [  14  ] . Nonetheless, they 
exhibit short fi nal height and heterotopic ossifi -
cations sometimes more severe than their PHP-Ia 
counterparts  [  29  ] . The search for a mutation in 
the Gsa coding sequence in sporadic patients 
with short stature, brachydactyly, and obesity 
has proven to be frequently unsuccessful.  

   Progressive Osseous Heteroplasia 
or POH 

 POH is a rare disorder of osteogenesis character-
ized by a single characteristic manifestation (pro-
gressive heterotopic ossifi cation) that can vary in 
its degree of severity. POH appears during infancy 
with heterotopic bone in the derma and subcuta-
neous fat. Bone plaques eventually fuse and 
progress deeper into fascia, skeletal muscle, ten-
dons, and ligaments, leading to ankylosis and 
preventing the natural limb growth. In some 
patients, Kaplan and colleagues noted features of 
Albright osteodystrophy and subsequently iden-
tifi ed  GNAS  as the causing-disease gene  [  29,   30  ] . 
Mutations in the coding sequence of Gsa found in 
patients affected with POH are also found in 
patients with PHP-Ia or pPHP, although they are 
exclusively located on the paternal allele and are 
mostly severely affecting the protein function 
 [  31  ] . We believe that pPHP and POH are both 
extremes of a common disease.  

   PHP-Ib 

 PHP-Ib is a rare disease due to the defective 
 signaling through Gsa in selected tissues like the 
renal proximal tubule or the thyroid. Because of 
an abnormal methylation at the maternal A/B pro-
moter of  GNAS , the Gsa expression is limited in 
those tissues resulting in hormonal resistances. 

 The mean age at diagnosis is about 13 years of 
age, mostly because of hypocalcemic symptoms. 
In our experience, patients diagnosed after the 
age of 20 represent at least 20% of our cohort. 

 The PTH resistance is the main symptom of 
the disease (for a long time considered as the 
single one). This is likely because of the absence 
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of physical features allowing an earlier diagnosis 
in PHP-Ia. Patients affected with PHP-Ib usually 
show a very low calcium level at the time of diag-
nosis (1.6 ± 0.3 mM), high phosphate level 
(2.2 ± 0.2 mM) due to an increased tubular reab-
sorption of phosphates, elevated intact PTH 
 levels (530 ± 304 pg/ml), undetectable urinary 
calcium excretion, and, in most patients, vitamin 
D defi ciency that triggered the symptoms  [  4,   32  ] . 
Like in PHP-Ia, the PTH resistance develops 
overtime  [  16  ] . In contrast to PHP-Ia, in which 
haploinsuffi ciency ensures end-organ resistance 
in all tissues, patients affected with PHP-Ib main-
tain a biallelic expression of Gsa in most tissues 
(lymphocytes and bone). Consequently, their 
bone responds adequately to the elevated PTH 
levels through an increased bone resorption and 
demineralization resembling severe primary 
hyperparathyroidism  [  33,   34  ] . 

 It is now widely accepted that PTH resistance 
is not the sole manifestation of PHP-Ib. In fact, 
resistances to several hormones signaling through 
GPCRs have been found in patients affected 
with PHP-Ib. The TSH resistance is not always 
present in patients affected with PHP-Ib, and usu-
ally mild (in our 35 patients, the mean TSH was 
4.6 ± 1.0 mUI/L, minimum 2.5, and maximum 
10.0 mUI/L; in Liu’s report TSH ranged between 
2.4 and 9.5 mUI/L; in Levine’s report TSH level 
was 4.5 mUI/L)  [  35,   36  ] . Despite high TSH, we 
could not detect any symptoms of hypothyroid-
ism and free T4 levels were within the normal 
range. As in PHP-Ia, we found elevated calcitonin 
levels in eight out of ten patients investigated. 
Mantovani et al.’s group failed to identify neither 
gonadotropin nor GHRH resistance in those 
patients  [  37  ] . 

 It is noteworthy that several features of 
Albright osteodystrophy might be present, rarely 
all of them in a single patient. Some patients 
present with a typical brachymetacarpy  [  38  ]  or 
slender heterotopic ossifi cations  [  39  ] . In our 
series of patients, the BMI, especially in girls, 
was signifi cantly higher than that of the general 
population (1.0 ± 0.4 SD,  p  = 0.019), yet the fi nal 
height was normal. In fact, Mantovani et al.’s 
group had shown that patients affected with 
PHP-Ib are frequent among the samples send for 

PTH resistance and AHO yet having no mutation 
in the  GNAS  coding sequence  [  40  ] . 

 In patients affected with an isolated PTH 
resistance or with PTH resistance and few associ-
ated features (TSH resistance or mild AHO), we 
would fi rst look for methylation changes at the 
 GNAS  promoters. Patients affected with PHP-Ib 
typically show a loss of cytosine methylation of 
the maternal A/B promoter (often referred in 
molecular biology articles as the A/B differen-
tially methylated region or DMR)  [  41  ] . The A/B 
DMR is located just upstream of the Gsa pro-
moter and fi rst exon and controls the tissue- 
specifi c expression of Gsa. Consequently, a loss 
of methylation at A/B leads to a suppression of 
Gsa expression in the renal proximal tubule and 
the thyroid, hence, PTH and TSH resistance, 
respectively. 

 Several subtypes of PHP-Ib have now been 
recognized:

   The autosomal dominant form of PHP-Ib or • 
AD-PHP-Ib. It represents most of the familial 
form of PHP-Ib, and about 15% of the patients 
affected with PHP-Ib. These patients show a 
loss of methylation restricted to the maternal 
A/B DMR (the methylation at the rest of the 
 GNAS  locus is preserved). Most of the patients, 
except one family worldwide, carry an identi-
cal maternal deletion of 3,6-kb at the neigh-
boring  STX16  gene, 220-kb upstream of 
 GNAS   [  16,   42  ] . This deletion likely removes 
a genomic element that is necessary for the 
proper methylation at the A/B DMR of  GNAS . 
The phenotype of AD-PHP-Ib is associated 
with the maternal transmission of the deletion, 
whereas no phenotype, including no methyla-
tion abnormality, is associated with the paternal 
transmission of the disease (healthy carriers).  
  In three families affected with AD-PHP-Ib, • 
Murat Bastepe and HaraldJueppner‘s group 
has identifi ed deletions removing the exons 3 
and 4 of the antisense transcript of  GNAS . The 
patients differed from the most frequent 
AD-PHP-Ib patients because they harbored 
methylation changes spanning the entire mater-
nal  GNAS  locus (loss of methylation at A/B, 
AS, and XL DMRs, gain of methylation at the 
NESP DMR). As mentioned previously, we 
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believe that those deletions removed a genomic 
sequence that is required for the methylation 
over the whole  GNAS  locus  [  43,   44  ] .  
  The sporadic form of PHP-Ib is the by far the • 
most frequent. The patients do not have any 
affected siblings. In those patients, the methy-
lation defect is not restricted to A/B (it always 
includes a loss of methylation at A/B) but 
spreads to the other DMRs of  GNAS  compris-
ing AS, XL, and NESP. The cause of these 
methylation changes is still unknown. 
Researchers failed to identify deletions in 
STX16 or in AS in those patients  [  40,   41,   45  ] .    
 There is no major difference in the phenotypes 

of patients affected with the familial or the spo-
radic form of PHP-Ib [  32  ] . Therefore, the diagno-
sis of PHP-Ib relies on (1) the identifi cation 
through molecular biology of the loss of methy-
lation at the A/B DMR of  GNAS  and (2) its char-
acterization through the search for the common 
deletion at  STX16  and the analysis of the methy-
lation at the entire  GNAS  locus.   

   Treatment 

 The objectives of the treatment of the PTH resis-
tance could be defi ned as (1) maintain calcemia 
within the low normal range (2.0–2.5 mM), (2) 
prevent hypercalciuria, (3) prevent the bone 
resorption due to elevated PTH levels (lower PTH 
below 150 pg/ml). In children, the key treatment 
is the 1 alpha hydroxylated vitamin D (calcitriol 
twice a day or alfacalcidol once a day). The dose 
does not depend on the weight; most patients 
have 1–2  m g/day of alfacalcidol or 0.5–1  m g of 
calcitriol. Highest doses may be needed during 
periods of high growth velocity (infancy and 
puberty). The treatment with calcitriol or alfacal-
cidol permits to recover a normal calcium level 
and lowers the PTH levels to the normal or upper 
normal range. Usually, phosphate levels remain 
slightly elevated as they do not depend on 1,25 
(OH) 

2
  vitamin D, but on PTH signaling alone. As 

mentioned before, the ability of the distal tubule 
to maintain, at least in part, the urinary calcium 
reabsorption prevents excessive excretion of cal-
cium in the urine; in contrast to patients affected 

with hypoparathyroidism, the treatment with 
alfacalcidol or calcitriol in patients with PTH 
resistance rarely leads to hypercalciuria. 

 Calcium supplements, 500–1,000 mg daily 
according to age, are recommended during the fi rst 
year following the diagnosis of PTH resistance. 

 The TSH resistance is usually treated in 
patients affected with PHP-Ia by oral thyroxin 
according to the weight. Except during preg-
nancy, patients affected with PHP-Ib do not 
require a treatment for their TSH resistance. 

 Off-label use of growth hormone has been 
done in patients affected with PHP-Ia and short 
stature with variable results. Unfortunately, clini-
cal trials are lacking to prove the effi cacy of the 
drug  [  46  ] . 

 The treatment of the heterotopic ossifi cations 
is one of the most important challenges of this 
disease. Small and non-problematic ossifi cations 
should remain untouched as they easily recur 
after surgery. Orthopedic measures or surgery 
may be necessary to maintain the mobility of the 
joints. Several treatments like nonsteroidal anti-
infl ammatory drugs or bisphosphonates have 
been reported in case reports yet are not consid-
ered as fully effective [  47  ] . 

 At birth, the molecular diagnosis for the new-
born may be done on cord blood  [  16  ] . Because of 
the absent PTH resistance during the fi rst months 
of life, affected newborn babies do not risk 
hypocalcemia. However, TSH resistance may be 
present at birth, especially in PHP-Ia. Therefore, a 
blood test is recommended for those babies at day 
3 of life, and a treatment with thyroxin should be 
started in newborns with elevated TSH even before 
the result of the molecular biology analysis.  

   Conclusion 

 PHP type I is a rare disease that has been charac-
terized at the clinical, genetic, and epigenetic level 
in the last 20 years. We propose that the classifi ca-
tion of the PHP subtypes should now include the 
molecular biology analysis as it has been shown 
that the different phenotypes overlap signifi cantly. 
The treatment of the hormonal resistance in PHP, 
whatever the subtype, is fairly easy; we feel, 
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 however, that a specifi c therapy is needed for at 
least three specifi c features of the disease: hetero-
topic ossifi cations, obesity, and short stature.      
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  Abstract 

 Ultrasound affords certain key advantages in general and specifi cally for 
parathyroid disease management. It can be readily performed in the offi ce 
and even portably in the operating room, allows real-time examination that 
is noninvasive and comfortable for the patient, identifi es co-existing 
 thyroid pathology that may require treatment, and can be performed by a 
clinician who is evaluating the patient with access to all relevant clinical 
information. Recognizable sonographic features allow identifi cation of 
abnormal parathyroid glands, can be readily learned, and make ultrasound 
a powerful tool especially when performed by clinicians with access to 
comprehensive information about the patient’s parathyroid disease. 
Ultrasound can guide appropriate interventions to clarify challenging 
diagnostic scenarios, although ultimately it should not be viewed as a 
diagnostic test for hyperparathyroidism. It has a demonstrated history of 
valuable clinical use. 

 The following review highlights these advantages, describes the technical 
and anatomical fi ndings expected with parathyroid ultrasound, relates the 
specifi c indications for its use, and presents an overview of reported perfor-
mance as a localizing study in the management of hyperparathyroidism.  
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   The Modern Context of Parathyroid 
Ultrasound 

 Neck ultrasound evolved into its current role as 
the primary imaging modality for the evalua-
tion of thyroid diseases and thyroid cancer over 
the last decade  [  1  ] . During this time period, 
ultrasound has also become an increasingly 
used tool in the management of parathyroid dis-
eases. A query of publications indexed with the 
US National Library of Medicine shows fewer 
than 80 devoted to ultrasound and parathyroid 
disease in the period 1990–2000, compared to 
nearly 900 in the decade since [  2  ] . Viewed from 
the vantage point of modern-day parathyroid 
surgery, this application of ultrasound is not 
surprising and has come as part of a paradigm 
shift in the treatment of primary hyperparathy-
roidism. Although ultrasound as a technology 
was available in the 1980s, the philosophy of 
treating parathyroid disease was quite different. 
Symptomatic patients with obvious primary 
hyperparathyroidism constituted the vast major-
ity of those with parathyroid diseases. Operative 
rather than medical treatment was logical and 
rarely questioned, and the strategy at surgery 
was a mandatory four-gland parathyroid explo-
ration with removal of the gland or glands 
which appeared abnormal. Parathyroid local-
ization procedures were rarely used, since sur-
gery was successful in >95% of patients without 
them  [  3,   4  ] . 

 A sequence of technological innovations 
occurred by the mid-1990s to change the para-
digm from bilateral parathyroid examination to 
focused surgery targeted to a single area of sus-
pected parathyroid disease  [  5  ] . These innova-
tions included the use of other radiologic 
modalities, most notably 99-technetium 
Sestamibi (Mibi) scans, and the intraoperative 
measurement of parathyroid hormone (PTH) as a 
metric of disease cure  [  6,   7  ] . Additionally, the 
landscape of parathyroid disease broadened to 
include signifi cantly more patients with inciden-
tally discovered, asymptomatic hyperparathy-
roidism for whom the benefi ts of surgery came 

be viewed as controversial, prompting the devel-
opment of treatment guidelines  [  8–  11  ] . It is in 
this context and from the need for reliable, non-
invasive localization methods that ultrasound 
was incorporated into the management of para-
thyroid disease. 

 It is also not surprising, then, that surgeons 
have in large part driven the use of ultrasound in 
parathyroid disease  [  12–  20  ] . Most patients with 
endocrine diseases, such as primary hyperpara-
thyroidism, have received extensive biochemical 
diagnostic evaluation before referral to a surgeon. 
Indeed, ultrasound is not a diagnostic tool for pri-
mary hyperparathyroidism, but a tool to refi ne 
intended surgical treatment. Surgeons bring 
unique dimensions to a parathyroid ultrasound 
examination: images are interpreted by those 
who encounter the relevant anatomy daily and 
directly in the operating room and can recognize 
subtle fi ndings; available to them are the full his-
tory, physical exam, and laboratory fi ndings to 
complete an assessment of hyperparathyroidism; 
and the ultrasound images can give a mental pic-
ture of expected fi ndings in the operating room 
for that particular patient. Not all surgeons per-
form parathyroid ultrasound. That expertise may 
reside with other specialists as well, whose con-
tributions are essential and enormous in provid-
ing valuable information to guide patient care, 
particularly in collaboration with other treating 
physicians  [  21–  24  ] . 

 Ultrasound affords certain key advantages in 
general and specifi cally for parathyroid disease 
management. It can be readily performed in the 
offi ce and even portably in the operating room, 
allows real-time examination that is noninvasive 
and comfortable for the patient, identifi es co-
existing thyroid pathology that may require treat-
ment, and can be performed by a clinician who is 
evaluating the patient with access to all relevant 
clinical information. The following review high-
lights these advantages, describes the technical 
and anatomical fi ndings expected with parathy-
roid ultrasound, relates the specifi c indications 
for its use, and presents an overview of reported 
performance as a localizing study in the manage-
ment of hyperparathyroidism.  



32518 The Use of Ultrasonography in the Management of Parathyroid Diseases

   Equipment and Technique 
of Parathyroid Ultrasound 

 Parathyroid ultrasound should be performed with 
a high-resolution, real-time ultrasound with both 
gray scale and color Doppler resolution. Because 
of the relatively superfi cial location of the thyroid 
and parathyroid glands, the anatomic imaging 
can be remarkably detailed. Although a variety 
of ultrasounds are commercially available, a key 
feature is the use of high-frequency transducers 
at 7.5–15 MHz. These can be linear or small cur-
vilinear (“fi ngerprint”) transducers. Other helpful 
features of the ultrasound equipment include the 
ability to adjust focal zones, the ability to evalu-
ate the vascular pattern of the abnormal fi ndings 
with the color Doppler function, and the ability to 
store images for documentation. 

 For ultrasound examination, the patient is 
positioned supine with a small pillow below the 
shoulders to achieve gentle extension of the 
neck, mimicking the position during surgery 
(Fig.  18.1a, b ). This allows abnormally enlarged 
parathyroids that reside in deeper neck planes 
to be brought into more prominent view on 
 ultrasound. Parathyroid abnormalities can be 
appreciated upon even further degrees of neck 
hyperextension achieved during surgery in an 

anesthetized patient, which might be impractical 
or uncomfortable during an offi ce-based exam. 
This supports the virtue of repeating a parathy-
roid ultrasound in the operating room, especially 
if offi ce-based ultrasound was negative, and dem-
onstrates its versatility as a stethoscope-like tool. 
The sonographer usually stands on the patient’s 
right side (as illustrated in Fig.  18.1b ) and faces 
the ultrasound machine.  

 The region of the thyroid and the central neck 
should be examined in transverse and longitudi-
nal planes (Fig.  18.2a, b ). The lateral cervical 
regions, particularly along the carotid and jugular 
vasculature and the region adjacent to the sub-
mandibular gland, should likewise be examined, 
for the purpose of identifying ectopic parathy-
roids (Fig.  18.2c ). For the same purpose, tilting 
the transducer toward the upper mediastinum can 
identify abnormal parathyroids in the upper 
mediastinum or cervical thymus. As with thyroid 
ultrasound, the sequence of examination should 
ideally be performed in a step-wise and system-
atic fashion that visualizes all anatomic regions 
of the thyroid and immediately adjacent soft 
 tissue. Additionally, regions along the posterior 
border of the thyroid, and the paratracheal, ret-
roesophageal, and pretracheal spaces, require 
careful evaluation. In these regions, graded 
 pressure or a balloting motion applied by the 

  Fig. 18.1    Patient positioning for parathyroid ultrasound examination in an offi ce-based setting ( a ) and in the operating 
room ( b )       
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transducer can sometimes cause an abnormal 
parathyroid to “pop out” or shift with respect to 
surrounding structures. Swallowing by the patient 
may also aid in abnormal parathyroid identifi ca-
tion. A patient with hyperparathyroidism may 
bring medical records of a thyroid ultrasound that 
fails to describe an obvious parathyroid abnor-
mality. This may be understandable in the con-
text that a thyroid ultrasound focuses solely on 
the thyroid parenchyma and potential thyroid 
nodular disease. Communicating a specifi c 
request to the sonographer, however, to perform 
dedicated ultrasound examination for parathyroid 
abnormalities is crucial.  

 An abnormality detected by ultrasound to be 
suspicious but not convincing for parathyroid 
disease can further be evaluated, if appropriate, 
by ultrasound-guided fi ne needle aspiration 
biopsy (FNAB). This is a valuable technique for 
evaluation of potential intrathyroidal or other 
ectopic parathyroid glands, abnormalities located 
in a previously operated neck, and recurrent 
hyperparathyroidism when imaging results give 
discordant fi ndings  [  25,   26  ] . Although reported 
by some as a routine procedure for patients with 
initial primary hyperparathyroidism  [  27,   28  ] , 
parathyroid FNAB is usually reserved for chal-
lenging scenarios and is not the preferred or pre-
vailing approach with initial localization, as it 
can affect tissue integrity for subsequent surgery 
 [  29  ] . The FNAB aspirate is examined both cyto-
logically and for PTH measurement  [  25  ] . It is 
important to alert the pathologist that the source 

of the FNAB was a potentially abnormal parathy-
roid, as the cytologic appearance can mimic a 
thyroid follicular neoplasm  [  30  ] . It is also impor-
tant to alert the laboratory that the PTH sample is 
a nonserum sample. A number of methods for 
PTH measurement have been described  [  25,   31  ] ; 
simply drawing up 5 ml of sterile saline into the 
syringe used for the biopsy, then submitting this 
aliquot for testing usually yields enormously ele-
vated PTH values that leave no diagnostic uncer-
tainty; one study suggested that a PTH aspirate 
value of 42 or higher gave no false-negative fi nd-
ings  [  25  ] . The typical fi nding of a parathyroid 
cyst is the aspiration of a perfectly clear, color-
less fl uid, described by some to appear as water 
or ethyl alcohol  [  32,   33  ] . 

 To achieve mastery of the parathyroid ultra-
sound technique, a number of resources exist as 
publications and educational venues. Several 
professional societies offer annual certifi cation 
courses (American College of Surgeons, 
American Association of Clinical Endocrinology, 
Societies for Head and Neck Surgery) and a col-
laborative program has been established between 
radiologists and endocrinologists (Endocrine 
Certifi cation in Neck Ultrasound, ECNU) to 
enhance expertise in clinician-performed ultra-
sound. Although many publications deservedly 
highlight the virtues of surgeon-performed ultra-
sound, it should be emphasized that the ability to 
perform highly accurate parathyroid ultrasound 
rests with any clinician who invests dedicated 
focus and practice to this application.  

  Fig. 18.2    Ultrasound examination is oriented in trans-
verse ( a ) and longitudinal ( b ) planes in the area immedi-
ately adjacent to the thyroid. To detect abnormal 
parathyroid glands in ectopic cervical regions, the lateral 

aspects of the neck ( c ) along the carotid and jugular 
 vasculature ( line ) and submandibular glands ( smg ) should 
also sonographically imaged, and the probe directed 
toward the upper mediastinum ( med ) as well       
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   Survey of Normal and Abnormal 
Parathyroid Anatomy 
with Ultrasound 

   Parathyroid Anatomy 

 Ultrasonographic examination relies on knowl-
edge of the anatomy and embryology of parathy-
roid glands to detect expected locations of 
abnormal glands. Most individuals have four 
parathyroid glands situated on the capsule of the 
thyroid, but 10% can have supranumerary glands 
and 5% can be ectopic (Fig.  18.3 )  [  34  ] . Normal 
parathyroid glands are typically not seen by ultra-
sound. They are too tiny (6 × 3 × 2 mm oval shape 
or smaller). They also have a somewhat fatty con-
sistency, may be encased in a purely fatty halo of 

tissue and kept fl attened close to the thyroid 
 surface under a thin adventitial veil. Thus, as 
ultrasound waves penetrate this region, normal 
parathyroid glands may not refl ect waves suffi -
ciently differently from either adjacent fat or thy-
roid tissue to appear as discreet entities.  

 Superior parathyroids are located on the pos-
terior thyroid surface, generally on the medial 
aspect close to the tracheoesophageal groove 
(Fig.  18.4a ). Most are within a 2 cm diameter 
region centered around the intersection between 
the recurrent laryngeal nerve (usually not seen on 
ultrasound) and the inferior thyroid artery and its 
most distal branches (typically seen clearly on 
ultrasound in both transverse and longitudinal 
views). The inferior thyroid artery usually enters 
the midportion of the thyroid and gives an arterial 
branch to the superior and inferior parathyroids. 
When imaged longitudinally, an enlarged para-
thyroid centered on the posterior midportion of 
the thyroid gland, or higher toward the upper pole 
of the thyroid, is typically an abnormal superior 
parathyroid. Because the normal superior para-
thyroid glands favor a posteromedial position, 
when they become enlarged, they track down-
ward along the tracheoesophageal groove, to 
become situated even more posteriorly or inferi-
orly. In these deep positions, which can extend 
even to the upper mediastinum, enlarged superior 
parathyroids may not be discernible on ultra-
sound. It is here that the technical maneuvers 
described above (neck extension, transducer pres-
sure, or balloting) may become helpful. Superior 
parathyroid glands also have ectopic locations 
and knowledge of these is useful for sonographic 
examination. Most enlarged superior parathyroid 
in these ectopic regions are detectable by ultra-
sound, particularly those where the gland is situ-
ated higher than the superior pole of the thyroid 
gland, among the superior thyroid vessels, or 
higher in the carotid sheath.  

 Inferior parathyroid glands are located typi-
cally on the lateral tip of the lower thyroid pole 
and are much more anterior in location, with 
respect to virtually all reference points, such as 
the superior parathyroid glands, the course of the 
recurrent laryngeal nerve and inferior thyroid 
artery (Fig.  18.4b ). They can also be distributed 

  Fig. 18.3    Ectopic distribution of abnormal parathyroid 
glands in patients with primary hyperparathyroidism. 
Reprinted with permission, Cleveland Clinic Center for 
Medical Art & Photography © 2008–2011. All Rights 
Reserved       
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more widely than superior parathyroid glands 
and have broader extent of ectopic locations 
(mediastinum, carotid sheath, and intrathyroidal). 
They are often within the thyrothymic tract just 
inferior to the tip of the thyroid gland or within 
the cervical portion of the thymus. When imaged 
longitudinally, an enlarged parathyroid just 
below the strap muscles is typically an inferior 
parathyroid. 

 Ectopic parathyroids that can be evaluated 
with ultrasound include those that are intrathy-
roidal (3%, typically considered to be inferior 
parathyroids), intrathymic, located along the 
carotid sheath or adjacent to the submandibular 
gland. They tend to have similar features to 
abnormal parathyroid glands located in typical 
distributions, and lack the distinctive sono-
graphic architecture of the central vascular 
hilum of lymph nodes, which may also be found 
in these regions. Ectopic parathyroids that are 
diffi cult to detect with ultrasound include those 
that are retrotracheal and/or anterior to the cer-
vical spine, and those deep in the mediastinum. 
Ultrasound is technically limited to identify 
substernal ectopic parathyroid disease because 
the acoustic shadows cast by both air-fi lled 
 (trachea and esophagus) and bony structures 

obscure surrounding soft-tissue anatomy. However, 
innovative applications of transesophageal ultra-
sound demonstrate that even these challenging 
locations may be amenable to sonographic visu-
alization using an endoscope  [  35  ] .  

   Abnormal Parathyroid Sonographic 
Features 

 The classical appearance of an abnormal parathy-
roid can be described as a hypoechoic, teardrop-
shaped structure with a hyperechoic line of 
adventitia on its anterior and posterior surfaces 
(Figs.  18.4c ,  18.5 , and  18.6 ). The average longi-
tudinal size of a parathyroid adenoma is 15 mm, 
although the teardrop shape can be appreciated 
with parathyroid abnormalities as small as 8 mm. 
The hypoechoic texture of the enlarged parathy-
roid is uniform, rarely heterogeneous, and rarely 
with hyperechoic or more knobby confi gurations. 
Although these variations can be seen (Fig.  18.7 ), 
they occur more often with the sclerotic changes 
and calcifi cations within parathyroid tissue of 
patients with secondary and tertiary hyperpara-
thyroidism. The vascular pedicle, a branch of the 
inferior thyroid artery, can usually be identifi ed 

  Fig. 18.4    Normal distribution of superior ( a ) and inferior 
( b ) parathyroid glands. The drawing in ( b ) demonstrates 
the entry of the inferior thyroid artery on the posterior 
midportion of the thyroid gland. Enlarged inferior and 

superior parathyroids are illustrated in ( c ). Reprinted with 
permission, Cleveland Clinic Center for Medical Art & 
Photography © 2008–2011. All Rights Reserved       
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to enter the parathyroid at the narrow beginning 
of the teardrop shape of the abnormal parathy-
roid. This vascular pedicle may have a tortuous 
confi guration outside of the parathyroid, may in 
some patients have multiple branching patterns 
within the parathyroid or just prominent Doppler 
signal on the parathyroid capsule. A parathyroid 
vascular pedicle may be diffi cult to image in 
some patients, but it rarely, if ever, has the single, 
clean central hilar vascular stripe that is charac-
teristic of cervical lymph nodes (Fig.  18.8 ).     

 In addition to the clues based on anatomic 
 distribution, there are two visual patterns that 
are distinctive for parathyroid sonography. The 
 “triple circle sign,” a term designated by the 
authors, refers to the presence of three hypoechoic 
circular entities lateral to the thyroid on trans-
verse imaging: the most lateral circle is the cross 
section of the jugular vein, the middle circle is 
the cross section of the common carotid artery, 
and the medial circle is that of an abnormally 
large parathyroid (Fig.  18.9 ). Doppler fl ow exam-
ination demonstrates the distinction between the 

vascular and parathyroid structures clearly 
(Fig.  18.10 ). This pattern on transverse sono-
graphic view is unique for parathyroid disease, 
and images with this spatial relationship are 
uncommon with thyroid nodules, abnormal 
lymph nodes, or other tissues representing the 
medial circle.   

 The other visual pattern of identifi cation is the 
triangularization of the central neck, where the 
strap muscles (specifi cally sternothyroid) can be 
seen as the roof of the central neck space and rep-
resents one side of the triangle on a longitudinal 
section obtained with ultrasound transducer rest-
ing just to the side of the trachea (Fig.  18.11 ). 
Parathyroids located within this triangle are infe-
rior parathyroid glands. Delineating this triangle 
helps in the methodical search for parathyroid 
abnormalities. The differential diagnosis of other 
sonographic entities in this triangular space is 
very limited—the only tissues that reside here are 
normal fi brofatty lobules, normal or abnormal 
lymph nodes, thymus, and occasionally acces-
sory nodules of thyroid tissue.   

  Fig. 18.5    Typical appearance of an abnormally large 
parathyroid gland. This example demonstrates an enlarged 
left inferior parathyroid gland adjacent to the lower pole 

of the thyroid gland (THY) and below the border of the 
sternothyroid muscle that appears as a hypoechoic dark 
stripe (below  white arrows )       
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   Sonographic Illustrations of Abnormal 
Parathyroid Disease Entities 

 The spectrum of parathyroid abnormalities that 
can be identifi ed with ultrasound is demonstrated 
in Figs.  18.5 – 18.15 . Represented in this sequence 
are variations within the major disease manifes-
tations of primary hyperparathyroidism. Thus, 
for example, a classical parathyroid adenoma is 
illustrated in Figs.  18.5  and  18.6 , with less typi-
cal versions seen in Fig.  18.7 . The multigland 
hyperplasia example (Fig.  18.12 ) is from a 

patient with primary hyperparathyroidism; 
although at surgery this patient had four-gland 
hyperplasia, a double adenoma might have 
imaged similarly on ultrasound. More subtle 
abnormalities suggesting parathyroid cancer are 
seen in Fig.  18.13 . Illustrated also are more inter-
esting examples of abnormal parathyroids in 
ectopic locations, such as in the carotid sheath 
and as implants in the sternocleidomastoid 
 muscle (Fig.  18.14 ). Finally, an example of co-
existing thyroid and parathyroid pathology is 
provided to emphasize the utility of parathyroid 

  Fig. 18.6    Another illustration of a typical appearance of 
an abnormally large parathyroid gland, this time a right 
superior parathyroid in longitudinal view ( a ). The tip of 
its “teardrop” shape begins at the posterior midportion of 
the thyroid gland ( arrow ). The extent of the parathyroid is 

marked at four points ( asterisks ). The transverse image 
( b ) measures the abnormal parathyroid as 1.4 cm, compat-
ible with average lengths of a single adenoma. The carotid 
artery (CA) and right thyroid lobe (THY) are marked       
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ultrasound in detecting adjacent pathology that 
might require treatment (Fig.  18.15 ).       

   The Use of Ultrasound 
in the Clinical Management 
of Hyperparathyroidism 

 Parathyroid ultrasound is intended principally as 
a localizing rather than diagnostic tool. Thus, the 
main indications for its use are (1) to identify the 

site or sites of abnormal parathyroid glands in 
patients with initial diagnosis of hyperparathy-
roidism following biochemical confi rmation of 
primary, secondary, or tertiary forms of this dis-
ease and (2) to aid localization of persistent or 
recurrent parathyroid disease. For the fi rst indica-
tion, ultrasound can be used as the sole localizing 
modality or in combination with other radiologic 
methods, such as Mibi scans and/or computed 
tomography scans (CT)  [  16,   36–  43  ] . For the 
 second indication, ultrasound is typically always 

  Fig. 18.7    Variations of the sonographic appearance of 
abnormal parathyroid glands. ( a ) Enlarged parathyroid 
( asterisks ) with knobby shape, texture isoechoic with the 
adjacent thyroid and cystic degeneration within the para-
thyroid tissue ( black areas ). This was imaged with a linear 
transducer probe. ( b ) Left upper parathyroid imaged lon-
gitudinally to measure nearly 6 cm and be larger than the 
thyroid ( left panel ) and imaged transversely ( right panel ) 
using a “fi ngertip” curvilinear probe. ( c ) Right superior 
parathyroid ( asterisks ) is shown, imaged longitudinally 

and located deep to the superior pole of the thyroid gland 
( lines ) and adjacent to the spine. Subtle hypoechoic 
 densities such as this one are nevertheless indicative of 
abnormal parathyroid glands. ( d ) The right superior 
 parathyroid ( asterisks ) located deep in the neck anterior 
to the spine does not have the typical hypoechoic 
 sonographic texture. The protrusion of the tubercle of 
Zuckerkandl (tz) provides a valuable preview of an ana-
tomic detail to expect during surgery         
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part of a sequence of several localizing modalities, 
usually within an algorithm meant to enhance 
the accuracy of potential re-operative surgery 
 [  44–  47  ] . A negative ultrasound—one that does 
not reveal any potential sites of parathyroid 
 disease—should not be viewed as excluding the 
diagnosis of hyperparathyroidism, especially if a 
complete biochemical work-up has not been per-
formed. A negative ultrasound with confi rmed 
diagnosis of hyperparathyroidism usually raises 
the likelihood of the presence of multigland 

hyperplasia (rather than a single adenoma) or the 
presence of ectopic disease  [  37,   38,   40,   48  ] . 

 While principally used for these indications, 
ultrasound naturally confers some broader func-
tionality and benefi ts. It can facilitate focal para-
thyroid exploration or “minimally invasive 
parathyroid surgery,” particularly when a Mibi 
scan is unrevealing  [  29,   42  ] . Ultrasound identi-
fi es co-existing thyroid disease and thyroid can-
cer, thus refi ning the surgical management plan 
so that the patient and surgeon have clearer 

Fig. 18.7 (continued)
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expectations of the necessary extent of treatment 
before    surgery  [  49–  51  ] . One study suggested that 
the rate of concomitant thyroid surgery during 
parathyroidectomy was reduced from 30 to 6% 

by being able to diagnose benign thyroid disease 
preoperatively  [  51  ] . The rate of thyroid cancer 
diagnosed concurrently with hyperparathyroid-
ism when evaluations involved ultrasound has 

  Fig. 18.8    The vascular pedicle of an abnormal parathy-
roid caps the superior tip of the parathyroid. Unlike the 
vascular hilar stripe of a lymph node which appears 

 centrally within the lymph node, there is no central, linear 
vascular signal in this parathyroid, which remains uni-
formly hypoechoic       

  Fig. 18.9    The “triple circle sign” refers to the three dark 
circles imaged on transverse view during parathyroid 
ultrasound. These are purposefully unlabeled to be seen in 
contrast to the esophagus and underlying muscle. The 

dark circle belonging to the left superior parathyroid ade-
noma is in the center, the carotid artery cross section is 
next, and the jugular vein cross section is at far right       
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been reported as 5–15%  [  49–  51  ] . Among other 
benefi ts, the awareness of additional concerns 
improves the informed consent process between 
patient and surgeon, and reduces the anxiety to 
the patient and their family of unanticipated fi nd-
ings and duration of surgery. Ultrasound poses no 
radiation risks and is therefore the main imaging 
modality in the rare event hyperparathyroidism is 
diagnosed in pregnant women or in patients with 
other contraindications for usage of radioisotopes 

or radiologic dyes. For recurrent hyperparathy-
roidism, and for unusual and ectopic lesions even 
with initially diagnosed hyperparathyroidism, 
ultrasound can help confi rm the parathyroid ori-
gin of a suspected abnormality by guiding FNAB 
for cytologic and PTH evaluation. Some authors 
have even used it to guide aspiration of bilateral 
jugular vein blood samples for PTH measure-
ment during an offi ce-based visit, helping lateral-
ize the abnormality to the right or left side of the 

  Fig. 18.10    Illustrated is the “triple circle sign” of a right-
sided parathyroid adenoma, with marked cross sections of 
the jugular vein (JV), carotid artery (CA), and enlarged 

parathyroid gland in the sonographic image ( top ). The spec-
imen photo ( bottom ) orients the large 3-cm right parathy-
roid adenoma in the anatomical context of these structures       
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neck  [  52  ] . In rare cases, ultrasound can also guide 
nontraditional therapy for hyperparathyroidism, 
such as ethanol injection of parathyroid glands, a 
procedure that may have limited role in patients 
with recurrent, inoperable, or challenging para-
thyroid disease scenarios  [  53–  56  ] . For an experi-
enced sonographer, ultrasound can function also 

to preview the anatomy expected at surgery, with 
nuances that alert to more complex or simple 
technical details about how to surgically approach 
the parathyroid. As mentioned previously as well, 
ultrasound can be performed within the operating 
room as a procedure prior to start of surgery; if 
needed, the transducer can also be placed in a 

  Fig. 18.11    The “triangularization” of the central neck is 
a view in the longitudinal ultrasound plane that helps 
defi ne a space where abnormal inferior parathyroids 
reside. The outlines of the triangle are the sternothyroid 
muscle, a line paralleling the spine to reach the lower pole 
of the thyroid gland, and a line across the sternal notch, or 
in example A, the cross section of the common carotid 
artery (CCA). The hypoechoic density contained within 
this triangle is an inferior parathyroid adenoma. Note also 

that the orientation icon, which requires manual change 
by the operator, has remained incorrectly designated in a 
transverse orientation—a reminder that these icons are 
often not as reliable as what the ultrasound image itself 
conveys. The anatomy of the sternothyroid muscle clearly 
establishes a longitudinal view. In example B, the lower 
parathyroid has classical sonographic features and the 
icon also indicates a longitudinal view       
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sterile sheath and used to search for parathyroid 
densities within the surgically exposed neck 
space after the incision has been made. These 
benefi ts are highlighted in Table  18.1 .  

 An evidence-based review of the literature 
shows that accuracy of ultrasound varies with the 
manner used for localization of abnormal para-
thyroid glands  [  16,   19–  24,   36–  38,   42  ] . It appears 
from these studies that, on average, 75–80% of 
abnormal parathyroid glands are correctly detected 
by ultrasound. However, this performance varies 

depending on clinical circumstances, type of 
underlying parathyroid disease, the defi nition 
used for successful localization and accuracy, and 
the specialist conducting the ultrasound exam. 
When performed by experienced surgeon—
sonographers, parathyroid ultrasound was found 
to be superior to Mibi in all clinical subgroups: 
single adenomas, double adenomas, hyperplasia, 
familial hyperparathyroidism, and secondary/ 
tertiary forms of hyperparathyroidism  [  57  ] . 
Ultrasound sensitivity was greater for single 

  Fig. 18.13    Parathyroid cancer (PC) suspected from a 
large 3-cm parathyroid with irregular border ( arrows ) 
adjacent to the thyroid gland, in a patient with primary 

hyperparathyroidism and preoperative calcium values of 
14 mg/dL and PTH 1,200 pg/ml       

  Fig. 18.12    Multigland parathyroid hyperplasia in hyper-
parathyroidism is more likely to be the underlying etiol-
ogy when small (0.7–1.0 cm) hypoechoic densities are 
imaged bilaterally ( asterisks ). In the  left panel , the left 

inferior parathyroid was found at surgery to be lobulated, 
as suggested in the ultrasound image. Similar bilateral 
distribution but usually with much greater parathyroid 
enlargement occurs in secondary hyperparathyroidism       
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 adenomas than for multigland disease, whereas 
these rates were more comparable for Mibi scans 
 [  57  ] . When surgeon-performed ultrasound was 
used as the fi rst localizing test and intended poten-
tially as the only test, it was found to have equal 
accuracy as Mibi, but was easier to perform, iden-
tifi ed concomitant thyroid disease, and was more 
cost-effective  [  37  ] . These authors suggested an 
algorithm that uses ultrasound as the principal 
localizing modality for hyperparathyroidism, 
with application of other interventions only in the 

setting of equivocal or negative ultrasound  [  37  ] . 
In these circumstances of surgeon-performed 
ultrasound, especially with stringent and selective 
criteria applied to operate on patients with clear 
sonographic fi ndings, a true positive rate as high 
as 89% was achieved  [  14,   16,   37  ] . Taking into 
considerations that study design and defi nitions 
were not necessarily comparable, others have 
reported higher positive predictive values, such as 
99% in a study where ultrasound was performed 
by interventional radiologists  [  23  ] . 

  Fig. 18.14    Images of ectopically located abnormal para-
thyroids in the neck. A hyperechoic and vague density 
( arrows ) in the left sternocleidomastoid muscle repre-
sents an adenoma that developed at the site of a parathy-
roid autotransplant performed 20 years previously during 

thyroid surgery ( left panel ). An ectopic parathyroid ade-
noma measuring 1.2 cm is situated adjacent to the jugular 
vein and carotid artery ( right panel ). In both instances, 
ultrasound-guided FNA was used to confi rm parathyroid 
tissue       

  Fig. 18.15    Co-existing thyroid disease with primary 
hyperparathyroidism. The sonographic image depicts 
two intrathyroidal cysts and an enlarged right inferior 

parathyroid gland ( asterisks ). A small papillary thyroid 
cancer (PTC) was diagnosed in the contralateral thyroid 
lobe       
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 Ultrasound appears to be particularly helpful 
following negative Mibi scans, as ultrasound was 
able to localize an abnormal parathyroid sugges-
tively or conclusively in 56% of patients and sur-
gery confi rmed this prediction was correct in 
84% of patients  [  58  ] . Another study found that 
ultrasound detected abnormal parathyroid glands 
in 83% of patients with negative Mibi scans  [  36  ] . 
In this same study, when Mibi scans were found 
to perform slightly better than ultrasound, this 
was attributed to Mibi’s advantage in detecting 
mediastinal and multigland disease  [  36  ] . 

 The performance of US in re-operative para-
thyroid surgery has been examined by a number 
of investigators  [  25,   26,   36,   44–  47  ] . In this set-
ting, US and Mibi should be viewed as comple-
mentary studies and both ideally need to be 
performed. As alluded to already, ultrasound pro-
vides the ability to have tissue or hormonal con-
fi rmation of parathyroid disease by guiding FNA 
of suspected lesions. In the re-operative setting, 
the sensitivity of ultrasound was 56% and a 
 combined multimodality algorithm allowed a 
successful focal approach in 60%  [  44  ] . 

 The use of parathyroid ultrasound in the eval-
uation of patients with secondary and tertiary 
hyperparathyroidism has likewise been described 
 [  59,   60  ] . As with hyperplasia in general, neither 
ultrasound nor Mibi scans reliably detect para-
thyroid hyperplasia or visualize all of the involved 
glands in hyperplasia, an observation consistently 
reported by several investigators both in the 
1990s  [  12,   48  ]  and more recently  [  36,   38,   40  ] . 
The rate of accurate diagnosis with secondary 
hyperparathyroidism has been reported as 64%, 
certainly more modest than seen with primary 
hyperparathyroidism  [  59  ] . In the secondary/ter-
tiary hyperparathyroidism scenario, given that 
the underlying biology affects all parathyroid 
glands, bilateral neck exploration is essential; 
hence, high ultrasound accuracy does not have 
the same purpose of allowing focal (limited or 
unilateral) exploration. 

 A number of factors have been identifi ed to 
impact detection of abnormal parathyroid glands 
by ultrasound. These include younger patients 
 [  37  ] , body mass index (BMI)  [  57  ] , parathyroid 
gland size and gland volume  [  57  ] , and the skill 
and experience of the examiner  [  21,   22,   36  ] . 
What determines whether ultrasound should be 
chosen for initial or exclusive preoperative 
localization depends on the availability of 
skilled and experienced examiners perhaps 
more so than any set of benefi ts posed by each 
imaging modality. As summarized by Inabnet 
et al. and others  [  36,   37,   61  ] , ultrasound is 
favored by low cost, convenience, lack of radia-
tion exposure, precise anatomical detail, and 
detection of concomitant thyroid nodules and 
thyroid cancer. By contrast, Mibi scans seem to 
be favored for imaging of ectopic, especially 
mediastinal disease, and thus may be preferred 
as the initial test for patients with failed prior 
parathyroid surgery and suspected ectopic dis-
ease. Other imaging modalities, such as com-
puted tomography, pose signifi cantly higher 
radiation exposures to weigh against unique 
benefi ts. The data from the studies presented 
above seems to point out clearly that, if at all 
possible, ultrasound should be part of the clini-
cal management of hyperparathyroidism.  

   Table 18.1    The spectrum of advantages seen with the 
use of parathyroid ultrasound for evaluation of patients 
with hyperparathyroidism   

 • Localization of parathyroid disease prior to initial 
surgery for hyperparathyroidism 

 • Localization of persistent and recurrent parathyroid 
disease 

 • Ability to direct focal or limited parathyroid surgery 
 • Guidance of diagnostic parathyroid interventions 

(FNAB, jugular vein PTH sampling) 
 • Guidance of therapeutic parathyroid interventions 

(alcohol ablation) 
 • Identifi cation of concomitant thyroid disease 

and thyroid cancer 
 • Reduction in concomitant thyroid surgery during 

operation for hyperparathyroidism 
 • Facilitation of surgical planning for patient and surgeon 
 • Preview of precise anatomical details valuable for 

surgery 
 • Convenience of use in offi ce-based practice 
 • Use in the operating room 
 • Lack of radiation exposure 
 • Cost-effectiveness 
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   Conclusion 

 Ultrasound is a readily applicable, noninvasive 
and versatile tool for the evaluation of patients 
with parathyroid diseases. It aids in the localiza-
tion of parathyroid abnormalities to direct appro-
priate parathyroid surgery. It also offers the 
opportunity to identify and address co-existing 
thyroid disease, including thyroid cancer. Whether 
used as the only technique by experienced sonog-
raphers for initial localization in fi rst-time hyper-
parathyroid patients, or as part of a multi-imaging 
algorithm, ultrasound provides valuable clinical 
information. Recognizable sonographic features 
allow identifi cation of abnormal parathyroid 
glands, can be readily learned, and make ultra-
sound a powerful tool especially when performed 
by clinicians with access to comprehensive infor-
mation about the patient’s parathyroid disease. 
Ultrasound can guide appropriate interventions to 
clarify challenging diagnostic scenarios, although 
ultimately it should not be viewed as a diagnostic 
test for hyperparathyroidism. It has a demon-
strated history of valuable clinical use  [  3,   13,   15, 
  62  ] . As it has in the past, ultrasound will continue 
to have an important role in the management of 
patients with parathyroid disease.      
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  Abstract 

 Preoperative imaging studies play an important role in providing success-
ful localization of parathyroid lesions and their use has increased and 
 parallels the recent growth of minimally invasive parathyroidectomy. 
The development of simple, noninvasive imaging studies and the increas-
ingly popular surgical technique known as minimally invasive parathyroi-
dectomy have greatly expanded the role of preoperative localization 
procedures. A variety of anatomic and functional imaging techniques can 
be used to localize parathyroid lesions, including ultrasound, MRI 
 (magnetic resonance imaging), CT, and scintigraphy. The diagnostic imag-
ing algorithms vary between institutions based on local availability and 
clinical expertise. Initial imaging usually includes ultrasonography and 
parathyroid scintigraphy. In the evaluation of hyperparathyroidism, tomo-
graphic SPECT imaging has been shown to have incremental value over 
planar scintigraphy for parathyroid lesion localization. MRI and contrast-
enhanced CT are usually reserved for problem-solving when initial 
 imaging studies are negative, equivocal or contradictory.  

  Keywords 

 Parathyroidectomy  •  Ultrasonography  •  Computed tomography  •  Magnetic 
resonance imaging  •  Doppler ultrasonography  •  Hypoechoic  •  Selenium  
•  Thallium  •  SPECT (single photon emission computed tomography)  
•  Parathyroid  •  Hyperparathyroidism  •  Imaging    

   Introduction 

 Hyperparathyroidism is an endocrine disorder 
resulting from the overproduction of parathyroid 
hormone. This excess production of parathormone 
(PTH) results in hypercalcemia. The most com-
mon cause of hyperparathyroidism is a solitary 
parathyroid adenoma in approximately 85% of 
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cases. Less commonly, hyperplasia of all 
 parathyroid glands (13–15%) or double parathy-
roid adenomas (1–4%) are responsible. Parathyroid 
carcinoma is a rare cause, typically found in less 
than 1% in many series  [  1–  4  ] . 

 Primary hyperparathyroidism is a common 
endocrinopathy, reported to affect approximately 
1 in 1,000 older adults in the general population. 
Since the advent of preoperative image-based 
techniques for the localization of pathologic 
parathyroid glands, the management of primary 
hyperparathyroidism has changed signifi cantly. 

 Secondary hyperparathyroidism occurs in 
response to insuffi cient levels of calcium, vitamin 
D, or both. It is usually due to multiglandular para-
thyroid hyperplasia, although parathyroid ade-
nomas may develop in rare instances. Patients have 
elevated serum PTH levels and low to normal serum 
calcium concentrations. The most common under-
lying cause is end-stage renal failure, with vitamin 
D defi ciency and malabsorption syndromes being 
less common causes. Medical management is the 
mainstay of treatment, but surgery may be indi-
cated in severe cases. Prolonged hypocalcemia and 
hyperphosphatemia, which can occur in end-stage 
renal disease, may result in the autonomous PTH 
secretion and subsequent development of hypercal-
cemia, known as tertiary hyperparathyroidism. 

 Although hyperparathyroidism can be man-
aged conservatively if the patient’s condition is 
stable, parathyroidectomy is the treatment of 
choice for patients with primary hyperparathy-
roidism and may be indicated for patients with 
secondary or tertiary hyperparathyroidism if they 
do not respond to medical therapy  [  5  ] . Preoperative 
imaging studies play an important role in provid-
ing successful localization of parathyroid lesions, 
and their use has increased and parallels the 
recent growth of minimally invasive parathyroi-
dectomy. The development of simple, noninva-
sive imaging studies and the increasingly popular 
surgical technique known as minimally invasive 
parathyroidectomy have greatly expanded the 
role of preoperative localization procedures  [  6  ] . 
A variety of anatomic and functional imaging 
techniques can be used to localize parathyroid 
lesions, including ultrasound, MRI (magnetic 
resonance imaging), CT, and scintigraphy.  

   Minimally Invasive Parathyroid 
Surgery (   Please Refer to Chapter on 
Surgical Management of Parathyroid 
Diseases for Further Discussion) 

 Until the mid 1990s, the standard surgical proce-
dure for patients undergoing an initial operation 
for primary hyperparathyroidism was a bilateral 
neck dissection and four-gland exploration to 
identify the pathologic parathyroid gland(s) 
under general anesthesia. Over the past several 
years, however, parathyroid surgery has changed 
dramatically. With the evolution of accurate 
localization imaging studies and the introduction 
of intraoperative parathyroid monitoring tech-
niques, limited parathyroid explorations are 
now far more common. Currently, minimally 
invasive surgical approach is becoming more 
common than the more traditional bilateral neck 
exploration. This minimally invasive approach 
can be done as outpatient surgery, and often with 
the use of either local anesthesia or cervical block 
anesthesia. This shift in surgical treatment is in 
part due to the improvement of preoperative 
imaging studies and the development of rapid 
intraoperative parathyroid hormone (ioPTH) level 
assay  [  7,   8  ] . 

 Typically, the minimally invasive approach 
involves a unilateral neck exploration and identi-
fi cation of both ipsilateral superior and inferior 
parathyroid glands  [  9  ] . The ability to perform 
minimally invasive parathyroidectomy has, in 
part, resulted from the development of more 
sophisticated imaging modalities. An essential 
component of this focused surgical approach is 
the accurate and reliable preoperative localiza-
tion of parathyroid pathology. Successful preop-
erative localization permits such a focused 
surgical approach, thereby decreasing morbidity 
by avoiding injury to the recurrent laryngeal 
nerve and normal parathyroid glands  [  10  ] . 
Measurement of ioPTH levels helps determine 
when hyperfunctioning parathyroid glands have 
been removed, decreasing failure in patients with 
multiglandular disease. 

 Minimally invasive surgical procedures have 
decreased cost, lower associated rates of morbidity 
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and mortality, and reduced operation time, 
 recovery time, and hospital stay compared to rou-
tine bilateral neck explorations  [  11,   12  ] .  

   Parathyroid Anatomy, Embryology, 
and Histology 

 Knowledge of parathyroid anatomy and embry-
ology is essential for accurate interpretation of 
various parathyroid imaging modalities. The 
parathyroid glands are small ellipsoid structures 
that are generally located immediately dorsal to 
both thyroid lobes. The normal parathyroid gland 
measures approximately 5–7 mm in length and 
3–4 mm in breadth, weighing approximately 
40–60 mg  [  13  ] . The parathyroid glands are typi-
cally four in number, and are derived from the 
third and fourth pharyngeal pouches  [  14  ] . 

 The superior glands, arising from the fourth 
pharyngeal pouch, descend from the base of the 
tongue along with the superior pole of the thyroid 
gland, eventually coming to lie midway along the 
posterior border of the thyroid lobe  [  15  ] . The 
location of the superior parathyroid glands is 
relatively constant, but may prolapse inferiorly, 
descending behind the midpole of the thyroid or 
even more inferiorly, typically along the trache-
oesophageal groove. 

 The inferior parathyroid glands, arising from 
the third pharyngeal pouch, migrate caudally 
along with the thymus. The location of the infe-
rior glands is considerably more variable than 
that of the superior glands. The inferior parathy-
roid glands can be found anywhere from above 
the carotid bifurcation to the inferior mediasti-
num. In approximately 40% of the population, 
these glands are located near the lower poles of 
the thyroid gland. In another 40%, they are 
located near the thymic tongue. In 20% of the 
population, they may be located at any of several 
sites: at the angle of the mandible, in the retroe-
sophageal and pretracheal regions, along the tra-
cheoesophageal groove, and even in the 
pericardium  [  16,   17  ] . 

 Histologically, the normal parathyroid gland 
is composed of equal amounts of parenchyma, 
which consists of interconnecting columns of 

cells and stroma. The stroma, made of adipose 
tissue having an abundant vascular supply, pro-
vides support for the parenchymal cells. Normal 
parathyroid parenchyma is composed of two cell 
types: chief cells and oxyphil cells  [  18  ] . The 
chief, or principal, cells make up the majority of 
the parenchyma and are responsible for most of 
the parathyroid hormonal secretion. Oxyphil cells 
are usually not present until 5–7 years of age and 
gradually increase in number after puberty. 
Oxyphil cells are eosinophilic and contain abun-
dant mitochondria, but do not typically possess a 
signifi cant secretory function. The number of 
oxyphil cells and amount of adipose tissue tend 
to increase with age.  

   Ultrasonography (   Please Refer to 
Chapter on Ultrasonography in 
Parathyroid Diseases for Further 
Discussion) 

 Since the late 1970s, ultrasonography has been 
used to localize abnormal parathyroid glands 
 [  19  ] . However, its full potential as a powerful 
imaging modality was recognized in the 1990s 
with advances in technology  [  20–  22  ] . Ultrasound 
as a reliable and accurate preoperative localizing 
test, in part, led to a paradigm shift in the surgical 
management of primary hyperparathyroidism, 
where the availability of localizing studies and 
intraoperative rapid parathyroid hormone assay 
allowed surgeons to move away from traditional 
bilateral parathyroid exploration and perform 
focused parathyroidectomy  [  10,   23,   24  ] . 

 Ultrasound is currently one of the most com-
monly used techniques for preoperative localiza-
tion of parathyroid adenomas. The advantages of 
this imaging modality include low cost, conve-
nience, lack of radiation exposure, precise real-
time anatomic detail for facilitation of surgical 
planning, and ability to detect concomitant thy-
roid pathology. Recent studies have reported sen-
sitivity and positive predictive value ranging as 
high as 70–96% and 90–98%, respectively, and 
have advocated the use of ultrasound as the only 
localizing study in the management of primary 
hyperparathyroidism  [  25–  28  ] . However, to achieve 
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these high success rates, it must be performed by 
skilled and experienced sonographers with exten-
sive knowledge of the cervical anatomy. 

 Parathyroid ultrasound examination is per-
formed with the patient in a supine position with 
the neck gently extended. This position aids in the 
visualization of deeply located parathyroid glands 
and allows elevation of mediastinal structures. 
The optimal ultrasound system consists of a high-
resolution, real-time ultrasound with both gray 
scale and color Doppler resolution and a high-
frequently transducer (linear or small curvilinear) 
of 7.5–15 MHz. Color Doppler sonography allows 
identifi cation of the feeding vessels supplying the 
parathyroid adenomas, which is useful in differ-
entiating parathyroid glands from other cervical 
structures  [  21  ] . Ultrasound examination should 
follow a routine and systematic fashion so that all 
regions of the neck are fully evaluated, fi rst focus-
ing on the region of the thyroid and central neck 
compartment in transverse and longitudinal 
planes. Abnormal parathyroids can be found 
along the posterior border of the thyroid gland 
(Fig.  19.1 ) and in the pretracheal, paratracheal, 
and retroesophageal spaces. The lateral cervical 
regions (carotid artery and jugular vein), as well 
as the superior (submandibular gland) and infe-
rior (innominate vessels) aspects of the neck, 
should also be examined, where ectopic adenomas 
may be located  [  29  ] . Swallowing maneuvers can 

help separate parathyroid adenomas from the 
 thyroid gland, especially those that are posteriorly 
located, and also help visualize lesions in the 
upper mediastinum or cervical thymus  [  30  ] . The 
probe can also be angled inferiorly to identify 
parathyroids below the sternal notch.  

 Most individuals have four parathyroid glands, 
but the percentage of individuals with supernu-
merary glands varies from 2.5 to 13%  [  31  ] . Normal 
parathyroid glands are typically not seen on ultra-
sound because they are small (approximately 
5 × 3 × 1 mm) and have insuffi cient acoustic differ-
ence from surrounding tissues  [  29  ] . The superior 
parathyroids are located on the posteromedial 
aspect of the thyroid gland near the tracheoesoph-
ageal groove, whereas the inferior parathyroids 
are more widely distributed. They are usually infe-
rior or just posterior to the lower pole of the thy-
roid and anterior to the superior parathyroid gland 
and recurrent laryngeal nerve. When enlarged, 
parathyroids appear typically as an oval or trian-
gular mass with a homogeneous hypoechoic tex-
ture and a hyperechoic rim of adventitia (Fig.  19.2 ). 
They usually have sharp borders; lesions with 
irregular borders are suspicious for carcinoma. 
Microcalcifi cations may be seen within parathy-
roid tissue, particularly in patients with secondary 
and tertiary hyperparathyroidism  [  29,   30  ] . Because 
parathyroid glands have a distinct blood supply 
(branch of the  inferior thyroid artery in 80% of 

  Fig. 19.1    Transverse ( a ) and longitudinal ( b ) ultrasono-
graphic views of an abnormal upper parathyroid gland, 
located on the posteromedial aspect of the thyroid. When 

enlarged, it appears as an oval mass with a homogeneous, 
hypoechoic echotexture. The carotid artery (CA), thyroid 
gland (THY), and sternothyroid muscle (STM) are marked       
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the cases), color Doppler ultrasound can help 
 differentiate parathyroids from lymph nodes. The 
parathyroid vascular pedicle, which can have a 
tortuous or arclike confi guration, can be seen 
entering the parathyroid gland, in contrast to the 
central hilar branching vascular fl ow pattern of 
lymph nodes (Fig.  19.3 )  [  21,   27,   30  ] .   

 When the normal anatomic locations for para-
thyroid glands are imaged and do not reveal an 
abnormal parathyroid adenoma, the variable and 
potential ectopic sites should be examined. The 
common ectopic locations are in the thyrothymic 

ligament, on the prevertebral fascia, in a retroe-
sophageal, paraesophageal, or paratracheal posi-
tion, in the carotid sheath, within the thyroid 
gland, and in the anterior, or less commonly, in 
the posterior mediastinum. Intrathyroidal para-
thyroid glands may be diffi cult to distinguish 
from thyroid nodules. However, ultrasound-
guided fi ne-needle aspiration biopsy for cytology 
and parathyroid hormone assay can be used for 
diagnostic purposes. 

 Although parathyroid ultrasound has many 
useful qualities as a localizing modality, it also 

  Fig. 19.2    Typical sonographic appearance of an 
enlarged lower parathyroid gland in transverse ( a ) and 
longitudinal ( b ) views. It is located inferior to the lower 

pole of the thyroid gland (THY) and deep to the ster-
nothyroid muscle (STM)       

  Fig. 19.3    Ultrasonographic demonstration of an arclike 
vascular pedicle at the superior aspect of an abnormal 
parathyroid gland. This confi guration differs from the 

central hilar vascular fl ow pattern of lymph nodes. The 
thyroid gland (THY) and sternothyroid muscle (STM) are 
marked       

 

 



348 D.R. Neumann and J.J. Shin

has limitations. The accuracy of this technique is 
highly dependent on the skill and experience of 
the sonographer. Additionally, ultrasound is lim-
ited in its ability to detect multigland parathyroid 
disease and ectopic parathyroid adenomas, par-
ticularly those located in the mediastinum 
 [  10,   24  ] . Other factors have been shown to affect 
the accuracy of parathyroid ultrasound, which 
include concomitant thyroid disease, neck thick-
ness, body mass index, gland size, and scarring 
from prior neck surgeries  [  10,   24,   27,   32  ] . Even 
with these shortcomings, ultrasonography in expe-
rienced hands can serve as an accurate, cost- 
effective tool for localizing parathyroid adenomas.  

   Parathyroid Scintigraphy 

 Parathyroid glands are able to concentrate a vari-
ety of chemical substances, including vital dyes 
and several radiopharmaceuticals, and this prop-
erty has been exploited for localization purposes. 
Selenium-75-methionine, an amino acid analog 
of methionine, and thallium-201 are of historical 
interest. Their use was abandoned because of rel-
atively poor image quality and technical limita-
tions that led to suboptimal diagnostic accuracy. 

 The fi rst radiotracer to gain widespread accep-
tance for parathyroid imaging was Tl-201 thallous 
chloride, which was introduced in the early 1980s. 
Originally employed for myocardial perfusion 
imaging, Tl-201 is an inorganic cationic analog of 
potassium. With the aid of the sodium–potassium 
ATPase pump, Tl-201 is actively transported into 
cells where it is rapidly integrated into the intrac-
ellular potassium pool. Thallium accumulates in 
parathyroid tissue and thyroid tissue as well, and 
consequently distinction from thyroid activity is 
required to identify parathyroid Tl-201 activity. 
This is usually accomplished by the administra-
tion of either Tc-99m pertechnetate or I-123 
sodium iodide, which accumulate in thyroid tis-
sue but not in the parathyroid glands. The Tl-201 
and thyroid radiotracer images can be acquired 
either sequentially or simultaneously, followed by 
subtraction of the thyroid marker from the Tl-201  
image. Postsubtraction residual activity represents 
activity in abnormal parathyroid tissue. 

 Currently, Tc-99m-sestamibi is the radiotracer 
of choice for parathyroid scintigraphy. 

 In 1989, Coakley and coworkers reported on 
the use of Tc-99m sestamibi (methoxyisobutyli-
sonitrile) for parathyroid imaging  [  33  ] . Because 
of its superior image quality, more favorable 
 radiation dosimetry, and improved accuracy, 
Tc-99m sestamibi rapidly replaced Tl-201 as the 
radiopharmaceutical of choice for parathyroid 
scintigraphy. 

 Sestamibi is a lipophilic, monovalent cationic 
isonitrile compound that diffuses passively across 
the cell membrane. Because of the large negative 
transmembrane electric potential, sestamibi is 
primarily sequestered in the mitochondria and 
trapped intracellularly  [  34–  36  ] . 

 Over the years, many different methods of 
performing parathyroid imaging with sestamibi 
have been suggested. One of the fi rst proposed 
methods was introduced by Taillefer and cowork-
ers, referred to as the “single-isotope, double-
phase technique”  [  37  ] . This technique is based on 
the observation that sestamibi tends to clear more 
rapidly from the thyroid than from abnormal 
parathyroid tissue. The retention of sestamibi in 
parathyroid lesions is presumably related to the 
presence of oxyphil cells in these lesions  [  38  ] . 
Oxyphil cells are rich in mitochondria, which are 
the site of sestamibi sequestration. 

 This single-isotope double-phase technique is 
relatively easy to perform, requiring only a single 
injection of Tc-99m sestamibi followed by imag-
ing approximately 15 min and 1.5–3 h later. A per-
sistent focus of activity on the delayed images, 
relative to the thyroid activity, is indicative of a 
parathyroid lesion (Fig.  19.4 ). The sensitivity of 
double-phase sestamibi imaging typically ranges 
from 62 to 90% for solitary parathyroid adenomas 
and 15 to 50% for multigland disease  [  39  ] .  

 There are several limitations to sestamibi scin-
tigraphy, however. For example, images that are 
limited to the lower neck may overlook ectopic 
parathyroid lesions. Therefore, scintigraphic 
images typically extend from the base of the jaw 
to the apex of the heart. 

 There are additional limitations of sestamibi 
imaging. Some parathyroid lesions do not retain 
sestamibi (Fig.  19.5 ), whereas some thyroid 
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  Fig. 19.4    True-positive double-phase sestamibi scan. 
Focal radiotracer activity in the right superior mediasti-
num on the early phase ( arrow ,  left image ) shows 
 preferential retention on delayed imaging compared to 

washout of activity from the thyroid ( arrow ,  right image ). 
At surgery, a parathyroid adenoma was resected from the 
right anterior mediastinum       

  Fig. 19.5    False-negative dual-phase sestamibi scan. 
( a ) Focal activity in the right superior mediastinum 
( arrow ) is demonstrated on the early postinjection 
image ( left image ). Delayed imaging at 2 h after 
radiotracer injection ( right image ) demonstrates clear-
ance of this activity, at a rate similar to that of the 

nearby thyroid. ( b ) Coronal contrast-enhanced CT 
tomogram demonstrates an enhancing nodule ( red 
arrow ) immediately inferior to the lower pole of the 
right thyroid lobe. Later, at surgery, a parathyroid ade-
noma was successfully resected from the right superior 
mediastinum       
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lesions, such as solid thyroid nodules and 
 thyroiditis, and cervical lymph nodes may accu-
mulate and retain sestamibi, resulting in both 
false-negative and false-positive studies. Several 
suggestions have been made to explain false- 
negative double-phase sestamibi results. Among 
these, it has been speculated that smaller sizes of 
parathyroid lesions tend to decrease the sensitiv-
ity of nuclear imaging  [  11,   40  ] . In addition, para-
thyroid oxyphil cells have a higher mitochondrial 
content than either thyroid or other adjacent tis-
sue. A parathyroid lesion with an oxyphil cell 
predominance is expected to exhibit a higher 
degree of sestamibi uptake, while a lesion with a 
chief cell predominance may exhibit less sesta-
mibi accumulation.  

 It is also speculated that false-negative sesta-
mibi studies might be associated with the pres-
ence of an intracellular protein, P-glycoprotein. 
This lipoprotein increases the effl ux of chemo-
therapeutic drugs from cancer cells. Several stud-
ies have suggested that P-glycoprotein may be 
involved in parathyroid cell effl ux of sestamibi, 
ultimately resulting in premature washout of 
the radiotracer  [  41–  43  ] . In one study, strong 
P-glycoprotein membrane positivity was 
observed in 10 of 14 parathyroid adenomas with 
negative sestamibi studies, while 45 of 64 para-
thyroid lesions with a positive sestamibi scan 
demonstrated no P-glycoprotein membrane 
expression  [  44  ] . 

 Subtraction imaging is often helpful, espe-
cially in patients with coexisting thyroid abnor-
malities. The subtraction method requires the 
administration of I-123 or Tc-99m pertechnetate 
to acquire a digital thyroid image. The thyroid 
images and sestamibi images are normalized 
prior to digitally subtracting the thyroid images 
from the sestamibi images. Focal residual activ-
ity on the subtraction images indicates the loca-
tion of the parathyroid lesion. A major limitation 
of subtraction techniques is the potential artifacts 
generated due to patient motion during image 
acquisition  [  45  ] . This type of motion artifact may 
potentially be avoided by simultaneous, dual-
isotope imaging of two different radionuclides, 
such as the combination of technetium-99m and 
iodine-123 (Fig.  19.6 )  [  46  ] .  

 Single photon emission computed tomogra-
phy (SPECT) is a useful complement to planar 
scintigraphy. Although SPECT provides only a 
modest improvement in sensitivity compared to 
planar imaging  [  47–  49  ] , it provides information 
not readily available on planar imaging about the 
location of a particular abnormality  [  50,   51  ] . This 
tomographic information is useful not only for 
localizing a parathyroid lesion but also for dif-
ferentiating a thyroid from a parathyroid lesion. 

 SPECT is also useful for detecting and local-
izing ectopic parathyroid lesions. For example, 
although mediastinal parathyroid lesions may be 
detected on planar scintigrams, tomography pro-
vides more detailed topographic information about 
the lesion, including its relation to various ana-
tomic structures such as the major salivary glands, 
sternum, spine, and myocardium. The false- 
negative rate has also been reported to be lower 
for SPECT compared to planar imaging  [  49,   50  ] . 

 The most frequent cause of false-positive 
results in sestamibi parathyroid imaging is the 
solid thyroid nodule, either solitary or in a multi-
nodular thyroid  [  52  ] . Other causes of false-positive 
results include sestamibi accumulation in thyroid 

  Fig. 19.6    Multiglandular parathyroid hyperplasia. 
Simultaneous, dual-isotope (I-123/Tc-99m-sestamibi) 
subtraction imaging. Following the digital subtraction of 
I-123 activity, the planar image demonstrates the presence 
of four discrete sites of residual Tc-99m activity: one on 
the right side of the neck, two in the left side of the neck, 
and one in the anterior mediastinum. Later, at surgery, 
four hyperplastic parathyroid glands were resected from 
these sites, and a parathyroid autotransplant to a left fore-
arm muscle was performed       
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carcinoma, thyroiditis, lymphoma, and causes 
of lymphadenopathy, including metastatic dis-
ease, infl ammation, and sarcoidosis  [  46,   53  ] . 
Accumulation of sestamibi by brown tumors of 
hyperparathyroidism has also been observed  [  54  ] . 

 Several factors are associated with the failure 
of sestamibi imaging to identify some parathyroid 
lesions. Lesion size is certainly important, related 
to both the spatial resolution of the imaging sys-
tem and to the total amount of radiotracer uptake 
by the lesion  [  55  ] . Sestamibi tends to be less sen-
sitive for detecting hyperplastic parathyroid 
glands than for detecting adenomatous lesions. 

 The presence of mitochondria-rich oxyphil 
cells presumably accounts for a signifi cant 
amount of sestamibi uptake in parathyroid 
lesions. Parathyroid glands with lower concentra-
tions of oxyphil cells, and hence fewer mitochon-
dria, may account for both lower sestamibi uptake 
and faster washout of sestamibi activity from the 
parathyroid lesion  [  36,   38,   56,   57  ] . Although the 
mechanism of cellular uptake and retention of 
sestamibi is not fully elucidated, the lipophilic 
sestamibi molecule is thought to be concentrated 
by mitochondria. 

 In 10–15% of patients, more than one parathy-
roid lesion is the cause of primary hyperparathy-
roidism, and data suggests that sestamibi imaging 
is less sensitive for the detection of multiglandu-
lar parathyroid disease  [  58,   59  ] . 

 For ectopic parathyroid lesions, sestamibi 
scanning is much more successful compared to 
ultrasonography, visualizing those parathyroid 
lesions in the cervical as well as the mediastinal 
region with relatively high sensitivity  [  60  ] . When 
ultrasound and sestamibi are positive and both 
suggest the same site, the accuracy of these com-
bined tests is approximately 90%  [  61,   62  ] .  

   SPECT/CT 

 SPECT/CT is a recently developed hybrid imag-
ing modality that combines nuclear medicine and 
CT technology into a single physically integrated 
instrument. Both the CT and the SPECT acquisi-
tion can be performed in a single imaging session 
without moving the patient from the imaging bed, 

providing for near-perfect registration of the 
SPECT and the CT images (Fig.  19.7 ). The CT 
portion provides the structural map to accurately 
localize the radiotracer uptake demonstrated on 
the SPECT images. CT provides the added ben-
efi t of providing the information needed to cor-
rect the effects of tissue attenuation of the single 
photon emissions. Attenuation correction, in turn, 
improves the sensitivity for the detection of 
deeper lesions and also providing the potential to 
quantitate local radiotracer concentration.  

 Tc-99m sestamibi scanning with SPECT/CT 
has been the recent focus of investigation and 
studies have demonstrated an increase in the 

  Fig. 19.7    Eutopic parathyroid adenoma. Sestamibi 
SPECT/CT demonstrates a sestamibi-avid soft tissue nod-
ule ( arrow ) immediately posterior to the superior aspect 
of the left thyroid lobe. Transverse ( a ) and sagittal ( b ) 
coregistered SPECT/CT tomograms. Later, a parathyroid 
adenoma was surgically resected from this site       
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detection rate of parathyroid lesions compared 
to SPECT. SPECT/CT allows visualization of 
corresponding anatomy, improving the differ-
entiation of abnormal from physiologic sesta-
mibi accumulation (Fig.  19.8 ). The CT 
component of SPECT/CT aids in demonstrat-
ing the relationship of sestamibi-avid lesions 
to adjacent anatomic structures (Fig.  19.9 ). 
Also important, SPECT/CT improves localization 

of parathyroid lesions detected in more diffi cult 
sites for surgical access, such as retroesopha-
geal adenomas (Fig.  19.10 )  [  63,   64  ]  and 
mediastinal locations (Figs.  19.11 – 19.14 ). In 
addition, several reports indicate a signifi cant 
reduction in false-positive fi ndings with SPECT/
CT compared to sestamibi SPECT due to 
the information provided by the CT images 
 [  17,   46  ] .         

  Fig. 19.8    Undescended parathyroid adenoma. ( a ) Planar 
sestamibi scan appears relatively unremarkable. Sestamibi 
SPECT/CT demonstrates a sestamibi-avid soft tissue  nodule 

( arrow ) posterior to the left submandibular gland in the 
transverse ( b ), sagittal ( c ), and coronal ( d ) planes. A para-
thyroid adenoma was later surgically resected from this site       
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   Computed Tomography 

 Computed tomography (CT) is not commonly 
used exclusively for preoperative parathyroid 
imaging. However, it is occasionally used in con-
junction with other imaging modalities to iden-
tify enlarged parathyroid glands. In contrast to 
ultrasonography, CT can examine both the neck 
and mediastinum. Conventional multirow detec-
tor spiral CT imaging for parathyroid localization 
consists of thin-slice contrast-enhanced imaging 
from the base of the skull through the superior 

mediastinum. CT images can be displayed in the 
transaxial plane, or, by means of multiplanar 
reconstruction, also be displayed in the sagittal 
and/or coronal planes, facilitating precise local-
ization of parathyroid lesions and act as a guide 
for surgical planning (Fig.  19.15 ).  

 CT provides contiguous thin-section images, 
or slices, by obtaining a series of radiographic 
projections from various angles and reconstruct-
ing them in a two-dimensional tomographic fash-
ion. For parathyroid imaging, craniocaudal 
coverage is obtained from the orbital meatus to 
2 cm below the carina. 

 On conventional single-phase contrast-
enhanced CT imaging, density measurements 
and anatomic location can assist in differentiat-
ing parathyroid lesions from lymph nodes and 
normal thyroid tissue. Parathyroid adenomas are 
typically seen as well-defi ned structures having 
attenuation measurements lower than 80 
Hounsfi eld units (HU), whereas the density of 
normal thyroid tissue due to its physiologically 
high iodine content is typically greater than 
   80 HU  [  65  ] . Following the intravenous adminis-
tration of iodinated radiographic contrast, para-
thyroid lesions demonstrate intense enhancement 
greater than 130 HU. This enhancement pattern 
aids in differentiating parathyroid adenomas from 
lymph nodes since lymph nodes tend to enhance 
to a lesser degree, often demonstrating isoen-
hancement relative to nearby skeletal muscle  [  66  ]  
(Fig.  19.16 ).  

  Fig. 19.9    Ectopic parathyroid adenoma ( arrow ) in the 
right tracheoesophageal groove demonstrated on coregis-
tered sestamibi SPECT/CT tomograms in the transverse 
( a ) and sagittal ( b ) planes       

  Fig. 19.10    Ectopic retroesophageal parathyroid ade-
noma ( arrow ) demonstrated on the coregistered transverse 
sestamibi SPECT/CT tomogram       
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 In its earlier years, using single-slice instru-
mentation with relatively thick slice thicknesses, 
CT had a very low sensitivity for the detection of 
parathyroid lesions. Recent developments of 
instrumentation, including multirow detector spi-
ral CT technology with thinner slice collimation 

and multiplanar reconstruction capability, and 
improvements in imaging algorithms and scan 
protocols have increased its sensitivity, reported 
to range from 46 to 87%. In spite of these improve-
ments, however, the sensitivity of CT still remains 
lower than both sestamibi and ultrasound  [  67  ] . 

  Fig. 19.11    Ectopic parathyroid adenoma ( arrow ) in the anterior superior mediastinum, posterior to the upper  sternal 
body, demonstrated on coregistered sestamibi SPECT/CT tomograms in the transverse ( a ) and sagittal ( b ) planes       

 



  Fig. 19.12    Ectopic parathyroid adenoma ( arrow ) in the 
posterior mediastinum demonstrated on the transverse 
sestamibi SPECT/CT. This sestamibi-avid lesion is 

located anterior to the vertebral body and posterior to 
the esophagus which shows a small pocket of intralumi-
nal air       

  Fig. 19.13    Ectopic parathyroid adenoma ( arrow ) in the aortopulmonary window. Coregistered sestamibi SPECT/CT 
tomograms in the transverse ( a ), coronal ( b ), and sagittal ( c ) planes       
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 There are several identifi ed limitations of CT 
for the detection of parathyroid lesions. Among 
them, CT has been found to have diffi culty in 
identifying parathyroid lesions that are immedi-
ately adjacent to the thyroid due to similar 
enhancement patterns and occasional lack of tis-
sue planes separating the two tissues (Fig.  19.17 ). 
In the reoperative patients, surgical clips from 
previous neck surgery may result in CT streak 
artifacts that can potentially obscure visualiza-
tion of parathyroid lesions  [  68  ] . In addition, 
false-positive CT fi ndings may result from 
contrast- enhancing vessels, lymph nodes, and 
thyroid nodules.  

 An emerging method in the evaluation of 
hyperparathyroidism is “four-dimensional” com-
puted tomography (4D-CT), which provides both 

functional and detailed anatomic information 
about parathyroid lesions. In this technique, an 
initial unenhanced CT scan is obtained. This is 
followed by an IV contrast injection of 100 mL of 
nonionic iodinated radiographic contrast mate-
rial. CT scanning is then repeated at 30, 60, and 
90 s after the initiation of IV contrast administra-
tion. This results in a total of four 3-dimensional 
CT data sets. Parathyroid adenomas have been 
reported to show a characteristic pattern of early 
enhancement, allowing distinction from normal 
lymph nodes which show a slower, more progres-
sive rate of enhancement  [  69  ] . The sensitivity of 
4D-CT for parathyroid lesion localization has 
been reported as high as 88% in the reoperative 
setting  [  70,   71  ] . Although 4D-CT may be compa-
rable to sestamibi imaging techniques for the 

  Fig. 19.14    Ectopic pericardial parathyroid adenoma. 
( a ) Planar sestamibi scan shows a small focal site of 
radiotracer activity ( arrow ) just superior to the myocar-
dium ( b ). Transverse sestamibi SPECT/CT shows focal 
sestamibi activity ( arrow ) associated with the pericardium 

anteriorly ( c ). Transverse contrast-enhanced CT shows a 
small enhancing lesion ( arrow ) in the anterior pericar-
dium. A parathyroid adenoma was later resected from this 
site by minimally invasive robotic surgery       
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detection of abnormal parathyroid tissue, further 
cost analyses, studies with larger sample sizes, 
and the resolution of radiation dosimetry  concerns 
are needed before recommending 4D-CT as the 
imaging modality of choice in the setting of 
hyperparathyroidism.  

   Magnetic Resonance Imaging 

 The role of MRI is limited to parathyroid local-
ization in the setting of persistent or recurrent 
postoperative hyperparathyroidism. MRI is not 

associated with ionizing radiation to the patient 
and can be used to examine both the neck and 
mediastinum. Multiplanar images are typically 
obtained from the hyoid bone to the thoracic 
inlet. In cases of suspected ectopic parathyroid 
disease, however, MR imaging can be extended 
further into the superior mediastinum. If needed, 
MR imaging of the inferior mediastinum can also 
be performed  [  72  ]  . 

 Although normal parathyroid glands are not 
usually visualized on MRI, in general, parathy-
roid adenomas exhibit intermediate signal inten-
sity on T1-weighted MR pulse sequences and 

  Fig. 19.15    Parathyroid autotransplant in the left sterno-
cleidomastoid muscle. Planar sestamibi scan ( a ) shows 
focal radiotracer activity in the left neck laterally ( arrow ). 
Contrast-enhanced CT in the transverse ( b ), sagittal 

( c ), and coronal ( d ) planes demonstrates an enhancing 
lesion ( arrow ) within the inferior portion of the left ster-
nocleidomastoid muscle       
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high signal intensity on T2-weighted images 
 [  73  ] . Superior and inferior presaturation pulses 
are also employed to suppress blood-fl ow artifact 
 [  74  ] . Following intravenous gadolinium-DTPA, 
parathyroid adenomas tend to demonstrate 
intense enhancement on the T1-weighted images 
compared with the adjacent thyroid gland and 
skeletal muscle  [  75  ]  (Fig.  19.18 ).  

 Faster MR imaging can be performed using 
fast spin-echo techniques, which help reduce 
motion artifact that results from respiration and 
patient motion. The use of fat suppression pulse 
sequences has also been suggested as an aid to 
gadolinium-DTPA enhancement. CT and MRI in 
the neck show similar accuracy to ultrasonogra-
phy, all three being modestly less accurate than 
Tc-99m-sestamibi scanning  [  73,   76,   77  ] . 

 In most studies, MRI has not been as successful 
for parathyroid imaging compared to other imag-
ing modalities. MRI suffers from a relatively high 
number of false-positive results, including coexis-
tent thyroid pathology, particularly exophytic thy-
roid nodules, sarcoid nodules, neurofi bromas, 
normal lymph nodes, follicular lymphadenitis, and 

other lymph node pathologies  [  78  ] . Approximately 
30% of abnormal parathyroid glands have atypical 
MRI signal intensity characteristics, resulting in 
false-negative studies. These atypical MRI signal 
intensity characteristics have been correlated with 
histopathologic fi ndings  [  79  ] . Low signal intensity 
on both T1- and T2-weighted images refl ects cel-
lular degenerative changes, old hemorrhage with 
hemosiderin-laden macrophages, and fi brosis in 
the abnormal parathyroid gland. High signal inten-
sity on both T1-and T2-weighted images indicates 
acute hemorrhage without signifi cant degenerative 
or fi brotic changes. 

 MRI is also limited by artifacts induced by the 
presence of metallic clips from previous surgery 
and patient motion, including physiologic motion 
from respiration and cardiac motion. In addition, 
MR imaging may be contraindicated in some 
patients, including those with cardiac pacemaker 
devices and those with paramagnetic cerebral 
aneurysm clips. 

 Also, gadolinium-DTPA has been linked to 
the development of nephrogenic systemic fi bro-
sis (NSF). This disease has occurred in patients 
with moderate to end-stage renal disease (thus of 
particular concern in patients with either second-
ary or tertiary hyperpararthyroidism) after being 
given a gadolinium-based contrast agent to 
enhance MRI or MRA scans. NSF is a debilitat-
ing and sometimes fatal disease. Characteristics 
include red or dark patches on the skin; burning, 
itching, swelling, hardening, and tightening of 
the skin; yellow spots on the conjunctiva; joint 
stiffness; and muscle weakness  [  80  ] .  

   Conclusion 

 A variety of imaging modalities and techniques 
are available for guiding accurate preoperative 
localization of parathyroid pathology in patients 
with hyperparathyroidism. The diagnostic imaging 
algorithms vary between institutions based on local 
availability and clinical expertise. Initial imaging 
usually includes ultrasonography and parathyroid 
scintigraphy. In the evaluation of hyperparathy-
roidism, tomographic SPECT  imaging has been 

  Fig. 19.16    Transverse contrast-enhanced CT image 
demonstrating the typical difference in contrast enhance-
ment between a parathyroid adenoma ( solid arrow ) and a 
lymph node ( dashed arrow ), both in the right paratracheal 
region. Parathyroid adenomas typically enhance earlier 
and more intensely than lymph nodes       
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shown to have incremental value over planar 
scintigraphy for parathyroid lesion localization. 
Moreover, SPECT/CT has incremental value 
over SPECT for multiglandular parathyroid dis-
ease, detection of ectopic parathyroid lesions, 

and in those patients who have had previous neck 
surgery. MRI and contrast-enhanced CT are usu-
ally reserved for problem-solving when initial 
imaging studies are negative, equivocal or 
contradictory.      

  Fig. 19.17    Parathyroid adenoma in the right tracheoe-
sophageal groove. ( a ) Transverse nonenhanced CT tomo-
gram shows a soft tissue lesion ( arrow ) posterior to the 
right thyroid lobe. The thyroid is associated with higher 
CT attenuation characteristics due to its physiologic 

iodine concentration. ( b ) Contrast-enhanced CT shows 
enhancement of this nodule ( arrow ) similar to that of the 
adjacent thyroid lobe. Later, at surgery, a parathyroid ade-
noma was resected from this site       
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  Abstract 

 Parathyroid surgery for hyperparathyroidism is a safe and effective strat-
egy for durably reducing PTH hypersecretion and improving and/or revers-
ing systemic consequences such as bone density loss and nephrocalcinosis. 
This overview provides a summary of currently available operative 
approaches for primary, secondary, and tertiary forms of hyperparathyroid-
ism. Multidisciplinary communication is valuable at all phases of manage-
ment. Surgeons should clearly communicate key details such as the method 
of parathyroid surgery and the extent of exploration (how many parathy-
roid glands were examined). The expertise of a surgeon, or  specialized 
care for patients with parathyroid disease, is associated with improved out-
comes. Parathyroid surgery remains the most effective method of treating 
hyperparathyroidism and can be accomplished with minimal morbidity. 
Long-term follow-up of patients who have been treated with parathyroi-
dectomy is important to monitor for successful maintenance of normal 
calcium balance and resolution of sequelae of hyperparathyroidism.  

  Keywords 

 Parathyroidectomy  •  Cryopreservation  •  Autotransplantation  •  Intra-
operative measurement of parathyroid hormone  •  Neck exploration    

   The Evolution of Parathyroid Surgery 

 Surgical management of parathyroid disease has 
evolved in response to several fundamentally new 
and important developments. Instead of being a 
rare endocrine disorder, primary hyperparathy-
roidism (PHPT) now accounts for the most com-
mon cause of hypercalcemia in the outpatient 
population, with estimated prevalence of 1 in 500 
women and 1 in 2,000 men  [  1  ] . More patients are 
being diagnosed in earlier phases of PHPT in part 
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incidentally because calcium has become a 
 routine component of automated chemistry pan-
els, and in part because practitioners are also rec-
ognizing the need to screen patients with 
osteoporosis, osteopenia, and kidney stones more 
comprehensively for underlying PHPT with pan-
els that include calcium, intact parathyroid hor-
mone (PHPT), and 25-hydroxyvitamin D levels. 
Technological innovations have also expanded 
the options available for parathyroid surgery. 
Once conducted predominantly via bilateral 
neck exploration, parathyroidectomy is now 
approached via a focused exploration to a radio-
logically identifi ed abnormality  [  2  ] . Multiple 
methods of performing parathyroidectomy are 
available, and expertise in this surgery requires 
not only knowledge in evaluating parathyroid 
glands but also selection of operation appropriate 
for a specifi c patient’s parathyroid diagnosis 
  [  3–  5  ] . Several multidisciplinary publications 
have offered guidelines for the indications and 
timing of parathyroid surgery, in response to these 
epidemiologic and technologic shifts and to the 
challenge of what constitutes best treatment for 
apparently asymptomatic PHPT  [  6–  8  ] . Despite 
these guidelines, patients with PHPT remain, as a 
group, under-referred and under-treated surgi-
cally  [  9  ] . This chapter catalogues the parathyroid 
operations in current surgical practice, while 
emphasizing those constant principles of man-
agement which are essential to surgical success.  

   The Goals of Parathyroid Surgery 

 The operative goals for the treatment of proven 
PHPT include achievement of a durable normo-
calcemic state and normal PTH, avoidance of 
injury to the laryngeal nerves, completion of sur-
gery with minimal postoperative morbidity and 
negligible mortality, and consideration of cos-
metic scar appearance that is acceptable to the 
patient. The operative goals for the treatment 
of secondary or tertiary hyperparathyroidism 
(SHPT/THPT) are identical, although the long-
term durability of normal PTH levels can be more 
challenging to achieve. Operating on a patient 
without a clear diagnosis of PHPT undermines 

the ability to achieve these goals, thus proper 
patient selection and confi rmation of the diagno-
sis before surgery cannot be overemphasized.  

   Indications for Parathyroid Surgery 

 In 2005, national professional associations of 
endocrine surgeons and endocrinologists jointly 
issued guidelines that operative management is 
clearly indicated for all patients with classic 
symptoms or complications of PHPT  [  7  ] . Less 
widespread has been the recognition that para-
thyroidectomy offers signifi cant benefi ts to those 
with SHPT and THPT  [  10,   11  ] . Another chal-
lenge has been decision-making for those with 
apparently asymptomatic PHPT, not only in 
defi ning the timing of surgery (when to refer) but 
also, with some controversy, whether these 
patients require surgery. Experts organized by the 
National Institutes of Health in 2002 proposed 
parathyroidectomy for the following patients 
with PHPT: (1) those <50 years of age, (2) who 
cannot participate in appropriate follow-up, (3) 
with a serum calcium level >1.0 mg/dl above 
the normal range, (4) with urinary calcium 
>400 mg/24 h, (5) with a 30% decrease in renal 
function, or (6) with systemic complications of 
PHPT including nephrocalcinosis, osteoporosis 
( T -score lower than −2.5 SD at the lumbar spine, 
hip, or wrist), or a severe psychoneurologic dis-
order  [  12  ] . The development, timing, and pro-
gression of disease in patients with asymptomatic 
PHPT are diffi cult to predict. Long-term nonop-
erative management can be costly  [  13  ] . For these 
reasons, other experts have advised a more lib-
eral approach to recommendations of parathyroi-
dectomy beyond the NIH criteria, provided that 
surgery can be performed safely and with mini-
mal risks for a disease that, in some patients, may 
be minimally problematic at the time of presenta-
tion  [  6,   8  ] . Thus, for example, parathyroidectomy 
may be appropriate to consider for patients with 
osteopenia ( T -scores −1 to −2.5 SD) and mild 
neurocognitive symptoms. A recent multidisci-
plinary review advised, indeed, that surgery 
offers the best option for preventing or reversing 
complications of hyperparathyroidism and should 



36520 Parathyroid Surgery

be considered in discussions about management 
options upon diagnosis  [  6  ] . 

 Some patients with indications for parathyroi-
dectomy may not be medically fi t for surgery or 
have other reasons to forego parathyroidectomy. 
Percutaneous ethanol ablation, bisphosphonates, 
and calcimimetic agents are available nonopera-
tive treatment options. The calcimimetic agents 
reduce calcium and PTH levels while adminis-
tered, are more frequently administered to patients 
with SHPT, but their long-term impact on improv-
ing systemic consequences of hyperparathy-
roidism is unclear  [  14  ] . Frequently monitoring 
laboratory values, avoiding dehydration and 
excess calcium intake, and periodic re-assessment 
for surgery are important components of nonop-
erative management.  

   Fundamental Concepts of Parathyroid 
Exploration 

 Parathyroid surgery relies on the knowledge of 
normal anatomical distribution of parathyroid 
glands, supranumerary and ectopic variations, 
and embryologic details that might affect the 
interpretation of parathyroid fi ndings. It is also 
important to recognize variations of normal 
 morphology and the spectrum of diseased para-
thyroid morphology. Profi ciency with delicate 
surgery around the head and neck, upper medi-
astinum, and occasionally deeper intrathoracic 
mediastinal territory is necessary  [  15  ] . 

 Although most patients receive some kind of 
parathyroid imaging studies, these are principally 
meant for localization of suspected site or sites of 
parathyroid disease, and not for diagnosis. 
A “positive” imaging study does not confi rm the 
diagnosis of hyperparathyroidism (thyroid nod-
ules can be a source of false positives, for exam-
ple). A “negative” imaging study does not exclude 
the diagnosis of hyperparathyroidism. Because 
the risk of ectopic mediastinal or ectopic cervical 
parathyroid abnormalities is quite rare, conduct-
ing comprehensive bilateral neck exploration is 
possible without imaging studies and is advis-
able when imaging studies are negative. Indeed, 
this strategy has had a decades-long successful 

track-record  [  15–  19  ] . Preoperative imaging is 
valuable, however, as it facilitates focal explora-
tions and expedient surgery, and can alert to more 
challenging scenarios of ectopic or multigland 
disease. 

 Treatment of single adenomas is simple exci-
sion of the abnormal gland. Multigland hyper-
plasia is ideally treated with subtotal 
parathyroidectomy and parathyroid cryopreser-
vation. While abnormal parathyroid glands need 
to be removed to ensure cure of hyperparathy-
roidism, it is likewise important to safeguard the 
viability of normal parathyroids and avoid 
hypoparathyroidism. Normal parathyroid glands 
are approximately 5–6 mm in greatest dimension, 
weigh 15–35 mg, and can be inconspicuous with 
their orange-tan color embedded or fl attened 
within a surrounding yellow fatty tissue envelope 
(Fig.  20.1 ). The appearance of parathyroids can 
be variable even when they are biochemically 
functioning normally. When diseased, parathy-
roid glands may display variable morphological 
changes in size, shape, texture, and fi rmness 
(Fig.  20.2 ). For example, the median size (and 
range) of an individual abnormal parathyroid 
gland size varies with disease type: 700 mg 
 (200–10,000 mg) for single adenomas, 150 mg 
(75–200 mg) in primary hyperplasia, and 
1,000 mg (200–10,000 mg) for secondary hyper-
plasia  [  15  ] . Abnormal parathyroids are generally 
fuller in all dimensions, have a darker brown or 
reddish-brown color, and do not compress easily 
or are signifi cantly fi rm when gently probed. 
They may have an irregular and knobby shape, 
more prominent vascular pedicles, or a plexus of 
vasculature. Glands of patients with secondary 
and THPT may be sclerotic and light in color 
from this fi brosis. There is ongoing interest and 
some controversy in defi ning what truly consti-
tutes an abnormal parathyroid, and whether this 
is a matter of purely morphological form, bio-
chemical function, or a combination of both.   

 In general, the search for parathyroid glands 
along the usual anatomical distribution of supe-
rior (“upper”) and inferior (“lower”) parathyroids 
can be viewed as a “primary parathyroid survey” 
 [  15  ] . It takes into consideration exploring all the 
regions shown in Fig.  20.3  until the remaining 
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three parathyroids have been identifi ed. It is use-
ful to develop a systematic order of exploration 
and practice it routinely. A convenient strategy is 
to target exposure of the most abnormal parathy-
roid fi rst, then the ipsilateral parathyroid, and 
fi nally explore the contralateral side. When all 
parathyroids have been identifi ed, assessment 
about the disease process (single adenoma, dou-
ble adenoma, or hyperplasia) can be made and a 

decision about which parathyroids to remove and 
in what order can be determined. A “secondary 
parathyroid survey” refers to exploration of cer-
vical regions when parathyroid position is more 
unusual or ectopic, and when the above primary 
survey has not led to conclusive fi ndings 
(Fig.  20.4 )  [  15  ] . Important areas to examine are 
retroesophageal spaces, where parathyroid glands 
are most commonly missed because they have 

  Fig. 20.1    Examples of normal parathyroid glands ( arrows )       
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  Fig. 20.2    Variable morphology of normal parathyroid 
glands ( a ), abnormal parathyroid glands ( b ), and parathy-
roid hyperplasia by illustrations ( c ) and in a surgical 
examples ( d ) of multigland disease ( left ) and single 

 adenoma (SA) ( right ). ( a – c ) Reprinted with permission, 
Cleveland Clinic Center for Medical Art & Photography 
© 2008–2011. All Rights Reserved         
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sunken into the deep posterior space behind the 
tracheoesophageal groove, often lying on the 
anterior surface of the spine and below the main 
trunk of the inferior thyroid artery (Fig.  20.5 ) 
 [  20  ] . Other regions include the thymus, carotid 
and jugular sheath, and consideration of intrathy-
roidal parathyroid glands (which can be suspected 
from preoperative ultrasound). The secondary 
survey should  not  be performed just to locate a 
normal parathyroid, but a missing pathologic 
gland. In these cases, the thymus should be 
retracted out of the mediastinum as far as possible 

without avulsion, carefully examined,  palpated, 
and removed (Fig.  20.6 ). For clearly mediastinal 
parathyroid glands, surgery often entails collabo-
ration with thoracic surgeons, as operative 
approaches are tailored to the anatomical location 
within the chest and can include thoracotomy, 
median sternotomy, and various thoracoscopic 
surgeries  [  21  ] .     

 The detailed description of operative fi ndings 
is more important than the actual technology 
or method involved with parathyroid surgery. 
Thus, the operative report should specify what 

  Fig. 20.3    Expected distribution of superior ( upper ) and 
inferior ( lower ) parathyroid glands where abnormalities 
develop. Reprinted with permission, Cleveland Clinic 

Center for Medical Art & Photography © 2008–2011. All 
Rights Reserved       
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parathyroid site or sites were explored (the intent 
and the extent of surgery), whether any ectopic 
regions needed evaluation, and the diagnosis 
based on the fi ndings. The incisional length, the 
anesthetic or perioperative care, or the use of 
qualifi ers such as “minimally invasive surgery” 
do not suffi ciently describe what pathology was 
investigated and ultimately found. Instructive, 
for example, would be procedure titles such as 
“one-gland parathyroid exploration endoscopi-
cally via midline incision,” “two-gland parathy-
roid exploration via robotic trans-axillary 
approach,” “four-gland parathyroid exploration 
via 3 cm midline incision,” “one-gland parathy-
roid exploration via 5 cm lateral neck approach,” 
and “with or without radioguidance or IOPTH” 
added as qualifi ers.  

   Surgical Options in Performing 
Parathyroidectomy 

   Bilateral Exploration 

 This approach involves directed and systematic 
examination of all four parathyroid glands in 
their expected anatomical distributions. It can be 
considered comprehensive parathyroid examina-
tion, in contrast to the majority of other opera-
tions which are focused on identifying just one 
suspected abnormality  [  17–  19  ] . Bilateral explo-
ration can be performed in a minimally invasive 
way, with small incisions and gentle dissection. 
The relevance of bilateral or comprehensive 
parathyroid exploration is that some patients have 

  Fig. 20.4    Distribution of parathyroid glands found at re-
exploration for persistent and recurrent disease, providing 
the basis for a “secondary survey” at the time of parathy-
roidectomy. Reprinted with permission, Cleveland Clinic 
Center for Medical Art & Photography © 2008–2011. All 
Rights Reserved       

  Fig. 20.5    The retroesophageal area is the most common 
source of missed parathyroid abnormalities. Reprinted 
with permission, Cleveland Clinic Center for Medical Art 
& Photography © 2008–2011. All Rights Reserved       
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signifi cantly higher risk for multigland parathy-
roid disease (Table  20.1 ) and achieving normo-
calcemia is contingent on the evaluation of all 
parathyroid glands and the appropriate resection 
of those that are functionally and/or morphologi-
cally abnormal. Awareness of patterns of multig-
land disease, such as the asymmetric distribution 
of double adenomas to favor superior parathyroid 

glands is helpful. A recent survey of parathyroid 
surgeons, as well as published reports on large 
patient case series, have indicated that bilateral 
parathyroid exploration may be required in up to 
30% of patients who are referred for surgery, and 
that a decision to convert from focal to bilateral 
exploration occurs intraoperatively in an addi-
tional 10% of patients  [  2  ] .   

  Fig. 20.6    Cervical thymectomy ( a ) removes abnormal 
ectopic parathyroid glands, as shown in operative speci-
men of single adenoma ( b ) with typical brown appearance 

surrounded by yellow thymic fat. ( a ) Reprinted with 
 permission, Cleveland Clinic Center for Medical Art & 
Photography © 2008–2011. All Rights Reserved       
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   Focal Exploration 

 Focal exploration of one parathyroid site, guided 
by radiologic identifi cation of suspected disease at 
that location, is the prevailing approach to modern 
parathyroid surgery  [  2,   22–  25  ] . It is most often 
accompanied by intraoperative measurement of 
parathyroid hormone (IOPTH), although more 
recent reports are raising the possibility of conduct-
ing focal exploration without IOPTH  [  26  ] . The 
radiologic modalities useful for localization include 
Tc99-sestamibi scan, neck ultrasonography, four-
dimensional computed tomography, and magnetic 
resonance imaging, while other types are reserved 
for use in challenging or re-operative parathyroid 
cases  [  27–  32  ] . There are numerous methods of 
Tc99-sestamibi imaging and some can be more 
effective at localization of parathyroid disease  [  30  ] . 
It is important for a surgeon especially, and even 
nonsurgical specialists caring for patients with 
hyperparathyroidism, to know which method is 
used in their patients and become familiar with 
viewing and critically scrutinizing the images. 

 The sequence of operation is simple: a small 
incision is placed for optimal exposure of the 
underlying parathyroid gland, the abnormal gland 
is identifi ed, IOPTH is measured before remov-
ing the gland and also 10 min afterwards, expect-
ing that a drop of at least 50% in IOPTH value 
becomes the metric of disease cure and signals 
end of the operation.  

   Limited 

 Limited parathyroid exploration refers to the 
examination of both parathyroids on one side of 
the neck, or some contralateral combination that 
evaluates more than one, but less than the full 
complement of glands. It is often an incidental 
rather than planned approach, although some 
 surgeons prefer to assess both unilateral parathy-
roid glands, even when only one is expected to be 
 diseased  [  2  ] .  

   Radioguided 

 The concept of radioguidance during surgery 
has been applied in two ways: the use of Tc-99 
sestamibi injected before surgery to aid detec-
tion of an abnormal parathyroid in situ and the 
use, after similar injection, to judge the nature 
of parathyroid disease ex vivo after excising 
abnormal and biopsying normal parathyroid 
glands  [  33–  38  ] . The radioactivity counts are 
obtained with a small hand-held, pencil-like 
probe and quantitatively displayed on a moni-
tor. This approach has probably had most suc-
cess in the latter, ex vivo application. The 
radioguided approach can also be helpful dur-
ing surgery for ectopic mediastinal disease that 
requires sternotomy, here again performing bet-
ter to confi rm an abnormal parathyroid con-
tained within the excised tissue. The strong 
background signals from adjacent thyroid tissue 
in the neck, or large vasculature and cardiac 
structures in the mediastinum, which both take 
up the radioisotope, limit its usefulness to pin-
point small areas of signal unique to the para-
thyroid in vivo.  

   Table 20.1    Indications for bilateral exploration of para-
thyroid glands as the initial surgery for primary 
hyperparathyroidism   

 Absolute indications 
 Known or suspected multiple endocrine neoplasia 
syndromes 
 Intraoperative PTH fails to drop after resection of 
suspected single adenoma 
 Failure to fi nd diseased gland at location indicated by 
imaging studies 
 Finding more than one abnormal parathyroid during 
intended focal or unilateral neck exploration 
 Negative imaging studies 
 Imaging studies suggesting multiple sites of disease 
 Co-existing thyroid cancer or bilateral goiter requiring 
total thyroidectomy 
 Advisable indications 
 Discordant parathyroid imaging studies 
 Unavailability of intraoperative PTH measurement 
 Inability to obtain preoperative imaging 
 Lithium-induced PHPT 
 Non-MEN familial hyperparathyroidism 
 Co-existing thyroid pathology that may require operative 
intervention 
 Surgeon preference or experience 
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   Technical Innovations in Surgical 
Approach 

 A number of surgical approaches have been 
developed that can accomplish bilateral, focal, or 
limited parathyroid operations with innovative 
means, whether technical or cosmetic in nature. 
These include operating via smaller neck inci-
sions (2–3 cm) using endoscopic tools and high-
defi nition monitors that provide excellent visual 
display while allowing minimal dissection  [  23, 
  24  ] . The endoscopic and videoscopic equipment 
can function via incisions that are placed outside 
the neck region, such as in axillary folds and peri-
areolar breast lines. Recently, robotic technology 
has emerged via a transaxillary approach, dem-
onstrating feasibility but cautioning that its ulti-
mate benefi ts and indications require further 
study  [  39  ] .   

   Special Circumstances in Parathyroid 
Surgery 

 The descriptions of the basic surgical techniques 
above are most applicable to fi rst-time parathy-
roid operations, where the epidemiology of PHPT 
particularly is expected to reveal a single ade-
noma. Nuances in surgical care are present for 
patients who undergo re-operative parathyroid 
surgery or have confi rmed multigland disease 
from a number of etiologies—sporadic PHPT, 
hereditary syndromes such as the multiple endo-
crine neoplasias (MEN) and familial hyperpara-
thyroidism, and SHPT or THPT. An individualized 
treatment plan is critical for these patients, taking 
into account all of the relevant details of their 
medical histories, including prior operations, 
imaging fi ndings, and possible risks of higher 
long-term recurrence rates, such as seen with 
MEN patients and SHPT. 

   Subtotal Parathyroid Resections 

 When multiple abnormal parathyroid glands 
exist, surgical treatment has to balance the need 
to excise abnormal tissue with the need to have an 

adequate residual amount that maintains normal 
calcium and PTH balance. When two or three 
parathyroid glands are abnormal, the residual one 
or two normal glands are more than suffi cient for 
this task. However, when all four parathyroid 
glands are abnormal, then the residual portion has 
to be crafted from one of the abnormal glands. 
This can be accomplished by leaving a small 
quantity of one parathyroid in situ, supplied by its 
own vascular pedicle, or by removing the entirety 
of parathyroids from their deep cervical location 
and autografting a small portion into another 
superfi cial site, where new vascular supply must 
be recruited  [  15  ] . A number of superfi cial loca-
tions have been used for this purpose, including 
the sternocleidomastoid muscle, the brachioradi-
alis muscle of the nondominant forearm, and sub-
cutaneous tissue pockets of the anterior chest 
wall. The defi nition of “small” is best judged by 
the operating surgeon. If there is availability to 
cryopreserve parathyroid tissue, more generous 
resection can be undertaken, leaving remnants 
that may be only 5 × 3 × 2 mm or about 25 mg in 
aggregate. If there is concern about viability or 
adequacy of parathyroid volume, or lack of cryo-
preservation, then the surgeon must estimate what 
“subtotal” degree of resection is best. In general, 
the aim is to leave remnants that might be equiva-
lent to one normal parathyroid gland, signifi cantly 
reducing the volume of abnormal glands which 
can be three- to tenfold hypertrophied. 

 The need for subtotal resections affects those 
patients with sporadic HPT, familial hyperpara-
thyroidism and MEN, SHPT, and most patients 
with THPT. Cervical thymectomy is recom-
mended for these patient groups, in order to 
remove small foci of ectopic parathyroid tissue in 
the thymus which are expected to be hyperplastic 
as well. The preferred surgery for those patients 
with primary sporadic hyperplasia or familial 
disease is subtotal parathyroidectomy that leaves 
a neck remnant in situ  [  40  ] . By contrast, patients 
with SHPT have benefi ted from total parathyroi-
dectomy, leaving no residual parathyroid tissue, 
and near-total parathyroidectomy with extremely 
minimal amounts of tissue left in the neck or 
autotransplant sites  [  10,   11  ] . When there is con-
cern to avoid any future re-operations in the neck, 
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then autotransplantation into the brachioradialis 
muscle, especially in SHPT patients still under-
going dialysis, is convenient. Ideally, any of these 
operative interventions are accompanied by para-
thyroid cryopreservation.  

   Parathyroid Autotransplantation 

 This process of autotransplantation or autograft-
ing involves mincing parathyroid tissue into 
2–3 mm fragments that are then inserted between 
muscle fi bers or subcutaneous tissue pockets. 
They eventually become vascularized and func-
tion equally well to sense and regulate calcium 
balance from these new locations. This process is 
feasible using normal parathyroid tissue or benign 
hyperplastic tissue derived from multigland dis-
ease or single adenomas. Obviously, autografting 
too much tissue derived from a hyperplastic 
source is prone to regrowth and recurrent hyper-

parathyroidism that may require re-excision. 
Parathyroid autotransplantation is also the pro-
cess by which patients who become severely 
hypocalcemic after parathyroid surgery can be 
rescued, provided they had autologous parathy-
roid tissue cryostored from the original surgery.  

   Parathyroid Cryopreservation 

 This process involves mincing excess parathy-
roid tissue obtained at the time of parathyroidec-
tomy (Fig.  20.7 ) into 2–3 mm fragments which 
are then processed with serum and other protec-
tive substances for long-term storage at −80°F 
 [  15,   41  ] . They can be unthawed, prepared in a 
sterile fashion, and re-implanted into muscle or 
subcutaneous tissue. Viability tapers off with lon-
ger time in cryostorage, with decreasing chance 
of succesful grafting when using tissue stored for 
more than 2–3 years  [  42  ] .   

  Fig. 20.7    Patients undergoing subtotal parathyroidec-
tomy ( a ) benefi t from parathyroid cryopreservation prepa-
ration ( b ) which may be needed for concomitant or later 

autotranplantation ( c ). ( a ) Reprinted with permission, 
Cleveland Clinic Center for Medical Art & Photography 
© 2008–2011. All Rights Reserved         
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   Parathyroid Re-operation 

 Because of scarring from prior operations that 
increases surgical risks and the potential to cause 
hypocalcemia from repeat surgery, parathyroid re-
operations aim to explore only the focus of recur-
rent or missed parathyroid disease, rather than 
comprehensive bilateral dissection. Re-operations 
should not be embarked on without radiologic 
localization, and even the criteria for relying on 

imaging are stricter than at initial surgery: at least 
two imaging studies have to agree on the same site 
when a single parathyroid abnormality is antici-
pated or the same pattern of expected disease, if it is 
multigland in nature. The potential for parathyroid 
autotranplantation and need for parathyroid cryo-
preservation is higher with re-operative surgery. 
A thoughtful, methodical, and detailed strategy is 
essential for treatment of patients with recurrent or 
persistent hyperparathyroidism  [  43–  45  ] .  

Fig. 20.7 (continued)
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   Parathyroid Carcinoma 

 This has an incidence of less than 1% of all 
 parathyroid operations and is not a multigland 
phenomenon. The surgery requires not just 
 excision of the malignant parathyroid but also 
ipsilateral thyroid lobectomy and central neck 
dissection. It is not unusual for parathyroid can-
cer to invade the recurrent laryngeal nerve and 
have higher potential for postoperative hoarse-
ness. In these cases, the decision to explore the 
contralateral parathyroids may be tempered by 
the need to avoid additional complications.  

   Concomitant Thyroid Surgery 
for Thyroid Disease 

 As many as 40% of patients with hyperparathy-
roidism may have co-existing thyroid disease, 
ranging from nonoperative conditions such as 
hypothyroidism and thyroiditis to nodular goiters 
(Fig.  20.8 ). This may become apparent preopera-
tively during examination or imaging, or intra-
operatively. Use of neck ultrasound during 
parathyroid diagnostic evaluation allows identifi -
cation of thyroid disease ahead of surgery and 
can identify more precisely those patients who 
may require partial or total thyroidectomy during 
the course of parathyroid surgery. A 4% incidence 
of previously undiagnosed thyroid cancer can be 
expected among patients undergoing parathyroid 
surgery  [  46–  48  ] .    

   Perioperative Care 

 A thorough discussion of realistic benefi ts from 
parathyroid surgery and potential risks should 
precede any parathyroid operation. The overall 
risks associated with parathyroid surgery are 
small, and the aggregate of transient and perma-
nent complications ought to be less than 5% 
 [  49,   50  ] . Infections occur exceptionally rarely 
with parathyroidectomy. Neck hematomas requir-
ing operative evacuation and permanent hoarse-
ness from recurrent laryngeal nerve injury should 
likewise be minimal (0.5–1%). There must be 

delicate tissue handling to avoid damage to nor-
mal parathyroids or disruption of abnormal 
glands. The actual tissue of these structures 
should never be grasped itself; rather, forceps and 
instruments should handle the surrounding fatty 
tissue, fi lmy adventitia, or vessels. Transient 
hypocalcemia can readily be treated with calcium 
and vitamin D supplements when there is a 
known suffi cient quantity of residual parathyroid 
tissue. Long-term hypocalcemia becomes a 
greater risk (thought still rare at <1%) with 

  Fig. 20.8    Example of concomitant thyroid pathology in 
the form of a hyperplastic nodule (Thy) requiring thyroid 
lobectomy at the time of excision of large single parathy-
roid adenoma (SA). Both were evident on thyroid 
ultrasound       
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 subtotal or near-total excision of multigland para-
thyroid hyperplasia. The need to re-implant cryo-
preserved parathyroid tissue usually becomes 
evident within 6 months of surgery if the cervical 
remnants become nonfunctional. The potential 
for missed ectopic or supranumerary parathy-
roids and persistent or recurrent hyperparathy-
roidism (1–2%) should be discussed with patients 
before surgery to properly inform expectations 
of surgery. 

 Parathyroid surgery can be performed with 
local/regional anesthesia or a general anesthetic 
 [  2,   51  ] . Postoperative management as an inpa-
tient hospitalization, outpatient visit or overnight 
observation is contingent on many factors, includ-
ing the patient’s type of parathyroid disease and 
overall health, the operation that was performed 
and surgeon’s preference in management, and 
regional hospital and insurance requirements  [  2  ] . 
The incisional discomfort from parathyroid sur-
gery is usually minimal and treated by over-the-
counter analgesics. Recuperation with full return 
to normal activities and work occurs typically in 
a week. Long-term management relies on dili-
gent monitoring of calcium and PTH levels to 
observe durable cure of hyperparathyroidism. 
A full biochemical panel that includes calcium, 
PTH, and vitamin D levels should be checked at 
2 weeks after surgery during the fi rst postopera-
tive visit, then at 6 months and then annually for 
the remainder of the patient’s lifetime. Transient 
SHPT from vitamin D defi ciency in an otherwise 
cured patient can be seen in up to 20–30% of 
patients in the fi rst year after surgery and requires 
reassurance (of both patient and referring physi-
cians), treatment, and monitoring  [  52  ] . It is 
important to ensure that the patient receives ade-
quate calcium and vitamin D supplementation 
after surgery. Minimal daily calcium carbonate or 
citrate supplementation is 500–600 mg taken 2–3 
times daily. Depending on the degree of vitamin 
D defi ciency, some patients may require over-
the- counter supplements of 800–2,000 IU daily 
of vitamin D3 cholecalciferol, while others need 
a prescription-level strength such as 50,000 IU 
ergocalciferol weekly (for 25-hydroxyvitamin 
D <20 ng/ ml) and very rarely 0.25 or 0.5  m g 
daily of calcitriol (for 1,25- dihydroxyvitamin D 

 defi ciency or  signifi cant hypocalcemic symp-
toms). These patients should be re-evaluated 
with blood tests at 3 months after surgery to 
determine the need for ongoing vitamin D sup-
plementation. Durable cure after comprehensive 
parathyroidectomy means 95–98% success rate, 
with 2–5% of patients at risk to develop recurrent 
hyperparathyroidism.  

   Conclusion 

 Parathyroid surgery for hyperparathyroidism is a 
safe and effective strategy for durably reducing 
PTH hypersecretion and improving and/or 
reversing systemic consequences such as bone 
density loss and nephrocalcinosis. This over-
view provided a summary of currently available 
 operative approaches for primary, secondary, 
and  tertiary forms of hyperparathyroidism. 
Multidisciplinary communication is important at 
all phases of management, and is valuable post-
operatively to know what type and extent of 
parathyroid surgery was performed. The exper-
tise of a surgeon or specialized care for patients 
with parathyroid disease is associated with 
improved outcomes  [  50  ] . Parathyroid surgery 
remains the most effective method of treating 
hyperparathyroidism and can be accomplished 
with minimal morbidity. Long-term follow-up of 
patients who have been treated with parathyroi-
dectomy is essential to monitor for successful 
maintenance of normal calcium balance and res-
olution of sequelae of hyperparathyroidism.      
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