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Chapter 1
Osteoporosis

E. Michael Lewiecki

Case Presentation and Discussion

A 58-year-old woman has a screening bone density test with dual-energy X-ray absorp-
tiometry (DXA) that shows a T-score of —2.9 at the left femoral neck. She is generally
healthy except for episodic diarrhea and constipation, which has been attributed to irri-
table bowel syndrome and treated with a high-fiber diet. She has a family history osteo-
porosis (mother with hip fracture at age 82 years). She has no known fracture and has
never received pharmacological therapy to reduce fracture risk. A diagnosis of osteopo-
rosis is made, and she is started on treatment with a generic oral bisphosphonate.
Eighteen months later she has a repeat bone density test at the same facility using the
same instrument. She is reported to have a decrease in bone mineral density (BMD)
compared with the baseline study. Detailed discussion suggests she is taking medication
regularly and correctly with no recognizable adverse effects. What should be done now?

Before starting treatment for osteoporosis, every patient should have a laboratory
evaluation for factors contributing to skeletal fragility, to guide the management plan,
and assure the safety of proceeding with treatment. As examples, a finding of severe
chronic kidney disease would lead to avoidance of bisphosphonates for treatment, and
a finding of a monoclonal antibody might necessitate referral to an oncologist. In this
patient, a thorough baseline evaluation was not done. Laboratory studies now revealed
several abnormalities of importance. A 24-h urine collection showed low calcium of
35 mg while having an adequate calcium intake and normal renal function. Subsequently
testing show high levels of celiac antibodies. A diagnosis of celiac disease was con-
firmed by small bowel biopsy. She was placed on a gluten-free diet and maintained on
the same oral bisphosphonate. A follow-up bone density test 1 year later showed sub-
stantial improvement in BMD consistent with a beneficial effect of therapy.

The original version of this chapter was revised. A correction to this chapter can be found at
https://doi.org/10.1007/978-3-030-03694-2_16

E. M. Lewiecki ()
New Mexico Clinical Research & Osteoporosis Center, Albuquerque, NM, USA

© Springer Nature Switzerland AG 2019 1
P. M. Camacho (ed.), Metabolic Bone Diseases,
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2 E. M. Lewiecki
Introduction

Osteoporosis is a systemic skeletal disease characterized by low bone strength lead-
ing to an increased risk of fracture. Bone strength is determined by BMD and other
skeletal properties that include bone architecture, remodeling, mineralization, and
damage accumulation. A 2004 report of the US Surgeon General on bone health in
America identified osteoporosis as a major public health problem that affected
about 10 million Americans over the age of 50 years [1]. Worldwide, about 200 mil-
lion individuals are afflicted with osteoporosis, with 1 in 3 women and 1 in 5 men
over the age of 50 years expected to experience an osteoporotic fracture in their
remaining lifetimes [2]. The consequences of osteoporotic fractures are serious,
including disability, loss of independence, and death. After a hip fracture, 40% of
patients cannot walk independently, and 10-20% require permanent nursing home
care [2]. The economic burden is high, with healthcare costs of about €37 billion per
year in the EU and $19 billion USD per year in the USA [2].

Excellent clinical tools are now available to diagnose osteoporosis and assess
fracture risk. A wide range of pharmacological agents have been tested and approved
for treatment of to reduce fracture risk. Clinical practice guidelines to assist clini-
cians in managing osteoporosis patients have been developed. And yet, osteoporosis
remains a disease that is underdiagnosed and undertreated. The osteoporosis treat-
ment gap, the difference between those who could benefit from treatment but do not
receive it, has reached crisis proportions [3]. This is an update of our current under-
standing of osteoporosis, opportunities to reduce fracture risk, and challenges in
managing patients with this disease.

Diagnosis

BMD is classified as osteoporosis, osteopenia (low bone mass), or normal accord-
ing to criteria established by the World Health Organization (WHO) [4] and refined
for use in clinical practice by the International Society for Clinical Densitometry
(ISCD) [5]. A DXA T-score of —2.5 or below (i.e., BMD at least 2.5 standard devia-
tions (SD) less than the mean BMD of a young-adult reference population) is con-
sistent with a diagnosis of osteoporosis (Table 1.1). However, the finding of a
T-score <—2.5 can also be due to other disorders, such as osteomalacia. It is the
responsibility of the clinician to evaluate the patient for all factors that might be
responsible for the low T-score and address those that are relevant. Recent guidance
from the ISCD states that femoral neck and total hip T-scores calculated from two-
dimensional (2-D) projections of quantitative computed tomography (QCT) data
are equivalent to the corresponding DXA T-scores for diagnosis of osteoporosis
using the WHO criteria [5].

A diagnosis of osteoporosis may also be made in the presence of a fragility frac-
ture, independently of BMD. The US National Bone Health Alliance (NBHA) has
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Table 1.1 The World Health Organization classification of bone mineral density measured by
dual-energy X-ray absorptiometry [4]

Classification T-score

Normal —1.0 and above

Osteopenia (low bone mass) Between —1.0 and —2.5
Osteoporosis —2.5 and below

Severe osteoporosis —2.5 and below and fragility fracture

Table 1.2 Criteria for the diagnosis of osteoporosis from NBHA and AACE/ACE [6, 7]

Method of

diagnosis Criteria Applicability

Bone density | T-score <—2.5 at lumbar spine, total hip, femoral neck, or 33% | Worldwide
radius

Fracture Low trauma hip fracture regardless of BMD; low trauma USA

vertebral, proximal humerus, pelvis, or some distal forearm
fractures with T-score between —1.0 and —2.5

Fracture risk | FRAX 10-year probability of major osteoporotic fracture >20% | USA
or hip fracture >3% (corresponds to thresholds for treatment
with the guidelines of the National Osteoporosis Foundation)

identified types of fractures leading to a diagnosis of osteoporosis and also recom-
mended that a high fracture probability by the WHO fracture risk algorithm (FRAX)
is sufficient for a diagnosis of osteoporosis [6]. Table 1.2 summarizes the recom-
mendations of the NBHA for a clinical diagnosis of osteoporosis, which are sup-
ported by the American Association of Clinical Endocrinologists (AACE)/American
College of Endocrinology (ACE) and other professional societies.

BMD Measurement

DXA measurements of BMD are used to diagnose osteoporosis, monitor changes in
BMD, and estimate fracture risk. DXA utilizes ionizing radiation with photon
beams of two different energy levels, resulting in a 2-D projection of the bone and
soft tissue that is visualized on a computer monitor. The difference in attenuation of
the photon beams passing through body tissues with variable composition provides
a quantitative measurement of areal BMD in grams per square centimeter (g/cm?).
A “central” DXA system consists of a table supporting the patient, a radiation
source below the table, a radiation detector above the table, and a computer to
acquire and analyze the data (Fig. 1.1). DXA is the standard technology for measur-
ing BMD in clinical practice because of BMD by DXA is strongly correlated with
bone strength in biomechanical studies, epidemiological studies show a strong rela-
tionship with fracture risk, WHO classification of BMD is based primarily on
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Components of Central DXA Scanners
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Fig. 1.1 Components of central DXA scanners. (Image courtesy of S. Bobo Tanner, MD. Used
with permission)

reference data obtained by DXA, and enrollment of subjects in registration clinical
trials is based entirely or partly on DXA measurements. In addition, precision and
accuracy of DXA is excellent and the radiation dose is low. DXA measurements
have non-BMD applications, including vertebral fracture assessment (VFA), analy-
sis of body composition, hip structural analysis (HSA), and trabecular bone score
(TBS) determination. Quantitative ultrasound (QUS) can be used to measure prop-
erties of bone that correlate well with fracture risk, although QUS cannot be used to
diagnose osteoporosis and parameters measured by QUS respond poorly and/or
slowly to treatment [8].

The clinical utility of BMD testing is highly dependent on the quality of the
measurement, especially for serial BMD measurements with quantitative compari-
sons. When BMD measurements are correct and interpretation is consistent with
well-established standards, clinicians are best equipped to make proper clinical
decision. Poor quality acquisition, analysis, or interpretation of DXA data can mis-
lead healthcare providers. This may be followed by unnecessary tests, failure to do
needed tests, inappropriate treatment, or failure to treat. Best use of limited health-
care resources and appropriate patient management is optimized when DXA facili-
ties follow recommended procedures for instrument calibration, acquisition,
analysis, interpretation, and reporting of results. For these reasons, the ISCD has
developed Official Positions [5] and DXA best practices [9]. Strict adherence to
these standards assures referring clinicians that the DXA results are a reliable source
of information to aid in making treatment decisions. Indications for BMD testing
from the US National Osteoporosis Foundation (NOF) are provided in Table 1.3.
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Table 1.3 Indications for bone density testing from the US National Osteoporosis Foundation [10]

Women age 65 and older and men age 70 and older

Postmenopausal women and men above age 50-69, based on risk factor profile

Postmenopausal women and men age 50 and older who have had an adult age fracture, to
diagnose and determine degree of osteoporosis

Fracture Risk Assessment

Measurement of BMD is a powerful tool for estimating fracture risk. The lower the
BMD, the greater is the risk of fracture. For every SD decrease in BMD at the hip
measured by DXA, there is about a 2.6-fold increase in hip fracture risk and a 1.6-
fold increase in the risk of any fracture [11]. However, BMD combined with clini-
cal risk factors (CRFs) predicts fracture risk better than BMD or CRFs alone [12].
FRAX is a computer-based algorithm that estimates 10-year fracture probability in
untreated men and women from age 40 to 90 years by combining CRFs and femo-
ral neck BMD, when available. CRFs included in the FRAX algorithm are previ-
ous fracture, parent with hip fracture, current smoking, glucocorticoid therapy,
rheumatoid arthritis, secondary osteoporosis, and alcohol intake of three or more
units per day. A “yes” or “no” response is allowed for each of these CRFs, not
allowing for gradation of risk according to dose, severity, or duration of the risk.
Secondary osteoporosis is a “dummy” risk factor that does not change the risk
estimation unless femoral neck BMD is not entered. A FRAX calculator is included
in current DXA software, available online at http://www.shef.uk/FRAX, and can
be purchased for use with handheld electronic devices. FRAX provides a quantita-
tive estimate of the 10-year probability of major osteoporotic fracture (clinical
spine, forearm, hip, shoulder fracture) and the 10-year probability of hip fracture.
When BMD is not available, FRAX can be used without BMD, and in some coun-
tries, it is used to determine which patients qualify for DXA. Since many or most
patients with a hip fracture do not have T-scores in the osteoporosis range [13], the
use of T-scores alone will lead to missed opportunities for interventions to reduce
fracture risk.

Evaluation

Osteoporosis is often classified as primary (i.e., due to postmenopausal estrogen
deficiency or aging in women and men), secondary (i.e., due to factors such nutri-
tional deficiencies and medications with harmful skeletal effects), or idiopathic
(osteoporosis in children or young adults without identifiable cause). A patient may
have both primary and secondary osteoporosis. It is essential for all patients at risk
for fracture to be evaluated for secondary osteoporosis prior to starting treatment.
Previously unrecognized causes of osteoporosis are common. The prevalence of
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Table 1.4 Laboratory tests to consider in the evaluation for secondary causes of osteoporosis

For all patients
Complete blood count (CBC)

Chemistry levels (including calcium, phosphorus, renal function, liver function, alkaline
phosphatase)

25-OH-vitamin D
24-h urine for calcium

For selected patients
Thyroid test for patients on thyroid medication or with symptoms or signs of thyroid disease

Parathyroid hormone (PTH) when abnormalities are suspected

Total testosterone and gonadotropin in younger men

Bone turnover markers

Serum protein electrophoresis (SPEP) or serum immunofixation electrophoresis

Serum kappa/lambda free light chains

Celiac antibodies

Homocysteine

Prolactin

Tryptase
Urinary free cortisol level

Urinary histamine

Adapted from Cosman et al. [10]

secondary osteoporosis also varies according to the extent of evaluation and the
cutoffs for distinguishing normal from abnormal. Evaluation of a patient with osteo-
porosis includes a thorough bone-related medical history, physical exam with accu-
rate height measurement and falls assessment, laboratory tests (Table 1.4), and
sometimes imaging studies [14]. The benefits of such an evaluation include the
identification of previously unrecognized conditions affecting skeletal health that
may require different or additional therapy and assessment of factors that could
influence treatment decisions. The case presented at the opening of this chapter is an
example of a disease (celiac disease) that requires additional treatment with a gluten-
free diet. A history of esophageal stricture should lead to avoidance of oral bisphos-
phonates, and a history of a clotting disorder suggests that raloxifene and estrogen
should not be prescribed. Historical loss of height (height measured with a wall-
mounted stadiometer >1.5 in. less than historical maximum height) suggests possi-
ble vertebral fracture and usually warrants spine imaging for further evaluation.

The finding of a previously unrecognized vertebral fracture could lead to a change
in diagnostic classification, enhance fracture risk stratification, and possibly lead to
a change in treatment decisions [15]. The ISCD has developed recommendations for
vertebral imaging with VFA by DXA or conventional radiography (Table 1.5). VFA
is lateral spine imaging by DXA that offers an opportunity for point-of-service care
done at the same visit as for BMD testing by DXA, with lower cost and less radia-
tion than spine X-rays. Image resolution is not as good as with X-ray, but some
vertebral fractures are more easily identified due to less parallax effect.
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Table 1.5 Indications for spine imaging to identify vertebral fractures from the International
Society for Clinical Densitometry [5]

Lateral spine imaging with standard radiography or densitometric VFA is indicated when
T-score is <—1.0 and one or more of the following is present:

Women age >70 years or men > age 80 years,
Historical height loss >4 cm (>1.5 in.),

Self-reported but undocumented prior vertebral fracture,

Glucocorticoid therapy equivalent to >5 mg of prednisone or equivalent per day for
>3 months

Table 1.6 Indications (US-specific) for pharmacological therapy to reduce fracture risk from the
US National Osteoporosis Foundation [10]

Treatment recommendation may vary by country depending on healthcare priorities, cost, and
availability of healthcare resources

In those with hip or vertebral (clinical or asymptomatic) fractures

In those with T-scores <—2.5 at the femoral neck, total hip, or lumbar spine by DXA

In postmenopausal women and men age 50 and older with low bone mass (T-score between
—1.0 and —2.5) at the femoral neck, total hip, or lumbar spine by DXA and a 10-year hip
fracture probability >3% or a 10-year major osteoporosis-related fracture probability >20%
based on the USA-adapted WHO absolute fracture risk model (FRAX)

Treatment

Advances in understanding the pathophysiology of osteoporosis have led to the
development of a broad range of medications (e.g., bisphosphonates [alendronate,
risedronate, ibandronate, zoledronic acid], raloxifene, denosumab, salmon calcito-
nin, teriparatide and abaloparatide) that strengthen bone and reduce fracture risk
[16]. The cost of some of these, especially the oral bisphosphonates, is very low.
Clinical trials have shown that the balance of benefits and risks is highly favorable
in appropriately selected patients. Abaloparatide [17], a synthetic analog of para-
thyroid hormone related peptide (PTHrP[1-34]) with skeletal anabolic effects,
received regulatory approval in 2017 for the treatment of postmenopausal women
with osteoporosis at high risk of fracture. Romosozumab [18] is a humanized
monoclonal protein that blocks the action of sclerostin, a naturally occurring inhib-
itor of osteoblastic bone formation. Phase 3 clinical trials with romosozumab have
been completed. It appears to be a promising agent for the treatment of women with
postmenopausal osteoporosis, but it has not received regulatory approval at the
time of this writing.

Table 1.6 shows indications for pharmacological therapy in the USA. Treatment
decisions must be individualized considering all available clinical information,
including patient preference. AACE/ACE has recommendations for choosing initial
medication (Table 1.7). After any treatment is started, patients should be monitored
to assess tolerance and adherence to therapy. Patients who are suboptimal respond-
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Table 1.7 Recommendations for initial treatment of osteoporosis from AACE/ACE [7]

Approved agents with efficacy to reduce hip, nonvertebral, and spine fractures including
alendronate, risedronate, zoledronic acid, and denosumab are appropriate as initial therapy for
most patients at high risk of fracture

Teriparatide, denosumab, or zoledronic acid should be considered for patients unable to use oral
therapy and as initial therapy for patients at especially high fracture risk

Raloxifene or ibandronate may be appropriate initial therapy in some cases where patients
requiring drugs with spine-specific efficacy

ers to therapy, by virtue of having a decline in BMD, failure of bone turnover mark-
ers to respond as expected, or multiple fractures on therapy, should be reevaluated
to identify contributing factors. Suboptimal response to therapy could be due to
circumstances such as poor absorption of an oral bisphosphonate, even when taken
regularly and correctly, or development of a new disease or condition, such as mul-
tiple myeloma or vitamin D deficiency.

Osteoporosis Treatment Gap

Despite the availability of medications to reduce fracture risk, most patients who
could benefit from these medications are not taking them [19]. Of those who are
prescribed a medication, some do not fill the prescription, do not take medication
regularly or correctly (proper administration is especially important with oral
bisphosphonates), or do not take it long enough to achieve the desired reduction of
fracture risk [20]. The net result is a large osteoporosis treatment gap, resulting in a
high personal and economic burden from fractures that might have been prevented
by treatment. Many factors contribute to the osteoporosis treatment gap. For some,
it is the misperception that osteoporosis is a normal part of aging and not a treatable
disease. Others may believe that osteoporosis only affects women. BMD testing is
not universally available or affordable. Clinical practice guidelines for osteoporosis
treatment are sometimes confusing or conflicting. Physicians and their patients
sometimes have a poor understanding of the balance of benefits and risks with
osteoporosis treatment. There is often limited time during encounters with patients
to address osteoporosis issues. Patients who have had a fracture may not appreciate
the high risk of future fractures. There are few osteoporosis specialists with advanced
levels of expertise in managing patients with osteoporosis.

Many patients are afraid to take drugs that might help them. Fear of osteoporosis
drugs was assessed in a recent study conducted by the NOF with their “online com-
munity” of about 28,000 individuals, with 853 (3%) responding [21]. Thirty-eight
percent of responders had been prescribed a medication they did not take, with 79% of
these stating that fear of side effects was the reason for not taking it. Forty-three per-
cent felt that the risk of side effects with osteoporosis treatment was greater than the
benefit. The findings of the NOF survey are consistent with the clinical experience that
many patients who might benefit from an osteoporosis medication are afraid to take it.



1 Osteoporosis 9

The osteoporosis treatment gap appears to be worsening, with concern that
more hip fractures than expected have been occurring in the USA in recent years
[22]. The gap has been termed as crisis by the American Society for Bone and
Mineral Research (ASBMR) [3], with a call to action to find ways to reduce the
treatment gap.

New Concepts in Osteoporosis Care

How Long to Treat Long-term bisphosphonate therapy has been associated with
rare adverse effects such as osteonecrosis of the jaw [23] and atypical femur frac-
tures [24]. Discontinuing treatment appears to reduce the risk of these very unlikely
events. Since bisphosphonates have a long skeletal retention time with persistence
of antiresorptive effects and perhaps anti-fracture effects when long-term therapy is
stopped, the concept of a bisphosphonate “holiday” has emerged. The rationale is
that for patients no longer at high risk of fracture who have taken a bisphosphonate
for 3-5 years, temporarily withholding treatment will allow continuing benefit
while reducing the risk of adverse events. Although there is little evidence to guide
clinical decisions, the evidence that is available has been carefully reviewed by an
ASBMR task force that recently reported their findings (Table 1.8), which are simi-
lar to recommendations from AACE/ACE. Drug holidays apply only to bisphospho-
nates, as other osteoporosis medications, such as denosumab, rapidly lose their
beneficial effects with discontinuation [26]. Patients who are started on a drug holi-
day should be monitored periodically with the thought of resuming treatment when
fracture risk is once again high.

Table 1.8 Managing patients on long-term bisphosphonate therapy from an ASBMR task force
[25]. AACE/ACE guidelines are similar with a slightly different terminology: consider a
“bisphosphonate holiday” after 5 years of stability with oral bisphosphonate therapy in moderate-
risk patients and after 6-10 years of stability in higher-risk patients; for intravenous (IV) zoledronic
acid, consider a drug holiday after three annual doses in moderate-risk patients and after six annual
doses in higher-risk patients [7]

For postmenopausal women treated with an oral bisphosphonate for >5 years or an intravenous
bisphosphonate for >3 years, consider treatment decisions based on fracture risk stratification,
as follows:

Low fracture risk

Definition: hip T-score >—2.5 and no hip, spine, or multiple osteoporotic fracture before or
during therapy

Suggestion: consider drug holiday of 2-3 years

High fracture risk
Definition: hip T-score <—2.5 or hip, spine, or multiple osteoporotic fracture before or during
therapy
Suggestion: consider continuing oral bisphosphonate up to 10 years and intravenous
bisphosphonate up to 6 years
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Treat-to-Target The concept of treat-to-target is based on the premise that a
response to therapy is not necessarily the same as achieving an acceptable level of
fracture risk [27, 28]. While a response to therapy is necessary in order to reduce
fracture risk, it is not always sufficient to bring fracture risk to a level that is desir-
able. Since treatment targets are common clinical practice for some other chronic
diseases, such as diabetes mellitus and hypertension, and might be useful in the
care of patients with osteoporosis, an ASBMR-NOF working group was formed
with the charge of exploring the feasibility of treat-to-target for osteoporosis. The
findings were recently reported [29]. It was suggested that baseline risk stratifica-
tion be performed and that a treatment target be identified before treatment is
started. The choice of initial treatment should be one that is likely to reach the tar-
get. When treatment is started according to a T-score <—2.5, then the target should
be at least a T-score > 2.5, above the threshold for starting treatment with the NOF
guidelines. A target T-score >—2.0 allows for the variability of DXA measurements
and the LSC. These suggestions were primarily based on expert opinion, recogniz-
ing the need for more data to confirm or reject the clinical utility of osteoporosis
treatment targets.

Fracture Liaison Service Secondary fracture prevention by coordinator-based
systematic identification and management of patients with fractures may help to
close the osteoporosis treatment gap [30-32]. The concept of a fracture liaison ser-
vice (FLS) has been emerging worldwide. Uptake of FLS seems to be best in coun-
tries with a national healthcare system and in the USA for large integrated health
systems that have financial incentives to reduce healthcare costs. With fee-for-service
medical care, the adoption of FLS has been slower. A study with a Markov state-
transition computer simulation model nevertheless found potential economic benefit
with FLS in the USA [33]. This may encourage further use of FLS in the USA.

Education by Teleconferencing The idea that every primary care provider would
be willing and able to manage the vast majority of patients with osteoporosis has not
been successful, thereby contributing to the osteoporosis treatment gap. An
alternative strategy is to find a single healthcare provider or a small group in each
community with a special interest in osteoporosis and then elevate their level of
knowledge to near-expert level through the use of teleconferencing technology.
Project ECHO (Extension for Community Healthcare Outcomes), developed at the
University of New Mexico in Albuquerque, New Mexico, USA, has been shown to
improve the care of chronic hepatitis C in rural New Mexico [34]. The same concept
has been applied to Bone Health TeleECHO to improve the care of osteoporosis in
underserved communities [35, 36]. Weekly videoconferences are held to link fac-
ulty and learners anywhere that an electronic link is available. Learning is primarily
through case-based discussions with brief weekly didactic presentations. Preliminary
results have been favorable, with a very large effect size for self-confidence in
osteoporosis patient care responsibilities.
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Summary

Osteoporosis is a common disease that weakens bones and increases the risk of
fractures. The consequences of osteoporotic fractures include disability, loss of
independence, and death. Effective and safe medications have been proven effective
at reducing fracture risk, but are currently underutilized, resulting in a large osteo-
porosis treatment gap. New strategies with the potential of reducing the treatment
gap are being developed.

Disclosure In the past year, E. Michael Lewiecki has received institutional grant/research support
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Chapter 2
Primary Hyperparathyroidism

Clare O’Connor, Joshua A. Levine, and Allison Hahr

Case

A 22-year-old man presented to the endocrine clinic for evaluation of presumed poly-
ostotic fibrous dysplasia that had been previously diagnosed at a different hospital.
He had a history of a motor vehicle accident at age 15 that led to discovery of a lesion
on his left humerus. This lesion was subsequently removed with diagnosis of fibrous
dysplasia as per histopathology report. He then had femoral epiphysis slipping
requiring bilateral stabilization with screws as well as multiple fractures of his left
clavicle, ribs, and right wrist over several years. Imaging had shown multiple scle-
rotic lesions in his calvarium. He reported chronic polydipsia/polyuria and fluctuat-
ing mood due to his chronic bone pain. Review of systems was otherwise negative for
headache, weight loss/gain, abdominal pain, nausea, constipation/diarrhea, edema, or
skin lesions. There was no reported family history of endocrine disorders.

Workup at his initial visit showed a serum calcium of 13 mg/dL (8.3-10.5 mg/
dL), parathyroid hormone (PTH) 583 pg/mL (12-88 pg/mL), albumin 4.7 g/dL,
25 hydroxy vitamin D < 13 ng/mL (30-100 ng/mL), phosphorus 1.7 mg/dL
(2.5-5.0 mg/dL), and alkaline phosphatase 184 unit/L. (34—104). Twenty-four-
hour urine calcium was elevated at 475 mg in 2950 mL (100-300 mg). Initially,
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a CT chest was ordered to evaluate for extent of disease of his polyostotic fibrous
dysplasia. The CT showed multiple bone lesions and ectopic tissue in the left
paratracheal space. Multiple expansile bone lesions and sclerotic foci were
noted in the ribs as well as bilateral humeral neck and heads (Fig. 2.1). Based on
this workup, a diagnosis of primary hyperparathyroidism (PHPT) was made.
Subsequent parathyroid ultrasound showed a 3.2x 1.7x 1.5 cm soft tissue nod-
ule inferior to the left thyroid lobe compatible with a parathyroid adenoma
(Fig. 2.2).

The patient’s skeletal disease was due to osteitis fibrosa cystica from PHPT and
not fibrous dysplasia as previously diagnosed; fibrous dysplasia does not present

Fig. 2.1 Sclerotic
expansile bone lesion
of the left humerus
seen on CT

Fig. 2.2 Parathyroid
ultrasound showing
3.2x1.7x1.5 cm soft
tissue nodule in the left
paratracheal region
compatible with a
parathyroid adenoma

INF TO

Left Thyroid Long
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Fig. 2.3 Parathyroid
adenoma weighing 4.3 g

with an elevated PTH and hypercalcemia. The patient underwent a parathyroidec-
tomy with a 4.3 g adenoma removed and pathology showing hypercellular parathy-
roid tissue (Fig. 2.3). Intraoperatively, his highest baseline PTH level was 1686
which fell to 149 at 5 min, 90 at 10 min, and 56 at 20 min after resection.
Postoperatively, the PTH levels were in the normal range, and his calcium has
remained within normal limits. His bone pain completely resolved. He did not have
any hypocalcemia postoperatively.

Introduction

This case illustrates an uncommon presentation of primary hyperparathyroidism,
a common endocrine disorder, and the most common cause of hypercalcemia.
Incidence of PHPT has been reported as an average of 21.6 per 100,000 person-
years [1] (from Rochester MN predominantly Caucasian population). There is
higher incidence in women (average incidence 65.5 per 100,000 person-years for
women vs. 24.7 per 100,000 person-years for men) [2], those over 50 years old,
and certain races (black women found to have highest incidence of PHPT followed
by white women) [2]. Hypercalcemia is due to autonomous release of parathyroid
hormone (PTH) from one or more parathyroid glands. The source of elevated PTH
is most often a solitary parathyroid adenoma (80%) and less often four-gland
hyperplasia (10-15%). It is important to think of genetic causes in patients with a
strong family history of PHPT and in young patients, such as the patient profiled
in our case, especially if four-gland hyperplasia is present.
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Clinical Manifestations

Most cases of PHPT today are asymptomatic at the time of diagnosis and are diag-
nosed incidentally based on lab findings revealing an elevated serum calcium level.
However, most patients are not truly asymptomatic on close evaluation. In the past,
PHPT often presented as a symptomatic disease due to the prolonged effect of ele-
vated PTH at various sites and symptoms of hypercalcemia (“bones, stones, abdom-
inal groans, and psychiatric overtones”). Although overtly symptomatic disease
may be less common, it is important for the clinician to be aware of these
manifestations.

Skeletal Manifestations

Skeletal effects from PHPT most often present asymptomatically with reduced bone
mineral density (BMD) at cortical-rich sites (such as forearm) and relatively pre-
served BMD at cancellous bone sites (spine and femoral neck). Therefore, guide-
lines suggest assessing BMD with dual-energy X-ray absorptiometry (DXA) using
three sites (lumbar spine, hip, and distal 1/3 radius) for initial evaluation and moni-
toring [3]. In fact, the forearm was the only osteoporotic site involved in 11.2% of
patients in a PHPT cohort study. Including the forearm BMD measurement increased
the number of patients with asymptomatic PHPT meeting surgical criteria [4].
Interestingly, despite mostly preserved BMD at cancellous bone sites (such as
lumbar spine and femoral neck), there is evidence of globally increased fracture risk
at both non-vertebral (cortical) and vertebral (cancellous/trabecular) sites in post-
menopausal women with PHPT compared to controls [5]. This suggests there is
more than BMD involved in determining fracture risk in patients with PHPT, espe-
cially in the postmenopausal state. Further studies have looked at bone microarchi-
tecture and bone quality with trabecular bone score as described in a review by
Walker and Silverberg [6]. Several studies outlined in this review have shown that
PHPT leads to deteriorated microarchitecture at the spine, radius, and tibia which
may help explain the globally increased fracture risk in PHPT despite fairly pre-
served BMD at spine and femoral neck [6]. Parathyroidectomy has been shown to
lead to improved BMD at the lumbar spine and total hip at 6 months and at the femo-
ral neck at 12 months; however there were no changes noted at the distal 1/3 radius,
and no significant changes in trabecular bone score following parathyroidectomy [7].
The case presented above highlights that the initial presenting feature can be
symptomatic skeletal abnormalities such as osteitis fibrosa cystica. This is the initial
presentation in <5% of cases in the United States, but is still a common presentation
in other parts of the world [6, 8]. When a patient presents with a lytic bone lesion
and hypercalcemia as the patient above did, it is important to consider PHPT in the
differential diagnosis. Osteitis fibrosa cystica is often associated with bone pain (as
described with the patient in this case), subperiosteal bone resorption, osteolysis of
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distal clavicles, “salt and pepper” appearance of the skull, bone cysts, and brown
tumors of bones (due to hemosiderin deposition) [8, 9].

Of note, skeletal manifestations of PHPT are often significantly worse if there is
concomitant vitamin D deficiency as in this case. Vitamin D deficiency is very com-
mon in PHPT and often leads to higher PTH levels compared to PHPT patients
without vitamin D deficiency [10]. It is thought that these higher PTH levels lead to
increased catabolic effect in cortical bone (cortical thinning) and increased anabolic
effects in trabecular bone (higher cancellous bone volume), although more studies
are needed to better understand this mechanism [10].

Renal Manifestations

Renal complications related to PHPT have been decreasing over the past years.
Common renal manifestations related to PHPT include nephrolithiasis (15-20%)
[9] and nephrocalcinosis (calcium phosphate deposits in the parenchyma) [3, 11].
The 2014 guidelines for the management of asymptomatic primary hyperparathy-
roidism from the Fourth International Workshop now suggest a more extensive renal
evaluation as part of initial workup to screen for these renal manifestations (see
below) [3]. Hypercalciuria is also a common finding in PHPT that correlates with
plasma calcium levels. While hypercalciuria is thought to be a risk factor for devel-
opment of nephrolithiasis in general, the relationship of hypercalciuria and the risk
of developing nephrolithiasis in PHPT are not fully understood. In a review by
Rejnmark on this subject, they report studies show mixed findings, with only some
studies showing an association between increased urinary calcium levels in PHPT
patients with nephrolithiasis, whereas other studies have not found that association
[11]. The same review did find that male gender and young age at diagnosis of
PHPT did increase risk of nephrolithiasis [11].

Neuropsychiatric Manifestations

Several vague neuropsychiatric symptoms have been described in the literature
(fatigue, weakness, depression, cognitive dysfunction, decreased quality of life) that
have been associated with PHPT. Studies evaluating whether parathyroidectomy
reverses these symptoms have been inconsistent [6]. For example, one prospective
case-control study did find that parathyroidectomy improved depressive symptoms
(compared to patients that had thyroidectomy) [12]. However, there have been sev-
eral other small case-control studies evaluating depression that have been inconsis-
tent [13]. Due to the inconsistent results, the 2014 guidelines do not recommend
parathyroidectomy in patients with neuropsychiatric complaints if they do not oth-
erwise meet criteria for surgical intervention [3].
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Gastrointestinal Manifestations

High plasma calcium levels are associated with constipation; however constipation
is not usually seen today as a symptom of PHPT due to early detection and mild
hypercalcemia on initial presentation. Past literature has identified higher incidences
of peptic ulcer disease and pancreatitis in PHPT; however these associations are
difficult to assess due to high use of proton pump inhibitors and early detection of
PHPT [14]. The pathophysiology link between peptic ulcer disease and PHPT is
also unclear, except in the rare cases of multiple endocrine neoplasia type 1 (MEN1)
which can present with both features [9].

Cardiovascular Manifestations

There are possible cardiovascular manifestations associated with PHPT reported
that include hypertension, endothelial dysfunction (early atherosclerosis marker),
arrhythmias, and glucose metabolism impairment [15]. Cardiac mortality does
appear to be increased in severe disease, but not in mild disease [13]. Hypertension
is often seen even in asymptomatic sporadic PHPT (not part of MEN syndrome)
[13]. However, a randomized controlled trial of parathyroidectomy versus observa-
tion did not find a between-group difference in blood pressure [16]. Overall, there
have been inconsistent results on cardiovascular outcomes after parathyroidectomy
[15]. Therefore, the 2014 guidelines do not recommend assessing for cardiovascular
dysfunction as part of PHPT evaluation and do not recommend parathyroidectomy
as a way to improve cardiovascular outcomes if abnormalities are seen [3].

Clinical Evaluation and Diagnosis

Most often PHPT is diagnosed by incidentally discovered mild hypercalcemia
(adjusted if there is any abnormality in albumin levels), with coinciding elevated
PTH or inappropriately normal PTH (PTH in mid-upper normal range in setting of
hypercalcemia). Most other causes of hypercalcemia will have suppressed PTH
(PTH-independent processes). Other PTH-dependent processes to consider and rule
out before diagnosing PHPT include tertiary hyperparathyroidism (autonomous
parathyroid gland due to prolonged ESRD/secondary hyperparathyroidism).
Concomitant secondary hyperparathyroidism (elevated PTH with normal calcium
value or hypocalcemia) should also be considered and further evaluated as indicated
below. Additionally, it is important to consider familial hypocalciuric hypercalce-
mia (FHH) in the differential.

PHPT can also occur with normal calcium values. This can be found during the
initial laboratory evaluation for secondary causes of osteoporosis where hyper-
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parathyroidism is assessed as a cause of osteoporosis. Normocalcemic PHPT by
definition occurs in the setting of normal vitamin D levels, normal urinary cal-
cium excretion (not low), and normal renal function, with exclusion of all second-
ary causes of hyperparathyroidism. Medications that can cause arise in parathyroid
hormone levels such as bisphosphonates, denosumab, thiazides, and lithium
should be taken into consideration. Management of normocalcemic PHPT is not
quite clear due to lack of data and guidelines, but many physicians tend to use the
same guidelines as for patients with asymptomatic hypercalcemic PHPT where
applicable [17].

It is important to obtain a 24-h urine calcium and creatinine collection when
indicated to distinguish familial hypocalciuric hypercalcemia (FHH) from PHPT,
as the management is different. To help distinguish between the two, calculating
the ratio of calcium clearance to creatinine clearance can be helpful. A value less
than 0.01 in a patient with hypercalcemia who is vitamin D replete with normal
renal function suggests FHH as the cause [18]. Typically values in PHPT are
much higher. The ratio can be calculated using serum calcium (Ca;), serum cre-
atinine (Cry), urine calcium (Ca,), and urine creatinine (Cr,): Cac/Crq= (Ca, x
Cr,)/(Ca, x Cr,). A ratio of 0.01-0.02 warrants consideration of genetic testing for
FHH [19].

PHPT must be distinguished from secondary and tertiary hyperparathyroidism.
Secondary hyperparathyroidism is associated with normal (or low) calcium values
in the setting of an appropriate parathyroid stimulus such as low vitamin D or
chronic kidney disease. Tertiary hyperparathyroidism results from autonomous
parathyroid overproduction, from long-standing stimulation similar to secondary
hyperparathyroidism, most often seen in the setting of long-standing chronic kid-
ney/end-stage renal disease. In contrast to secondary hyperparathyroidism, tertiary
hyperparathyroidism is associated with hypercalcemia.

Once the diagnosis of PHPT is made, the 2014 PHPT guidelines suggest further
laboratory and imaging evaluation in asymptomatic patients with PHPT to help
identify patients that meet criteria for parathyroidectomy. They recommend a bio-
chemistry panel (calcium, phosphate, alkaline phosphatase, BUN, creatinine),
25(OH)D, and PTH [3]. Phosphorus is often either low or in the low-normal range
in PHPT. Vitamin D deficiency is common in PHPT and can exacerbate symptoms/
disease and lead to increased PTH levels.

It is recommended to obtain a DXA to evaluate BMD that includes lumbar spine,
hip, and distal 1/3 radius measurements as well as a vertebral spine assessment due
to the abovementioned globally increased fracture risk for both vertebral and periph-
eral fractures in patients with PHPT. Additionally, it is recommended to obtain
abdominal imaging (X-ray, ultrasound, or CT scan) to assess for asymptomatic
nephrolithiasis or nephrocalcinosis [3].

Parathyroid imaging has no role in diagnosing primary hyperparathyroidism as
the diagnosis must be made biochemically, but imaging can be obtained after deci-
sion is made to proceed with parathyroidectomy to help guide operative planning.
Options for imaging include cervical ultrasound and/or sestamibi or four-
dimensional CT [20].
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Etiologies of Primary Hyperparathyroidism

The vast majority of cases of PHPT are idiopathic in nature. Sporadic parathyroid
adenomas do not appear to have many somatic variants, with the most common
being MEN1 and cyclin D1 (genes regulating the cell cycle) [6, 21, 22]. Iatrogenic
causes of PHPT include chronic lithium use and external radiation to the neck.
Lithium has been associated with hyperparathyroidism and is not an uncommon
side effect for patients on long-standing lithium. It can cause both single parathy-
roid disease and multiple-gland parathyroid disease [23].

Familial forms of PHPT also occur, are much less common than idiopathic or
iatrogenic cases, and represent about 5-10% of cases of PHPT [6]. These inherited
forms should be suspected if patients present at a young age or have a strong family
history of PHPT or other endocrine disorders. Multiple endocrine neoplasia type 1
(MENT1) is an autosomal dominant genetic disorder associated with genetic muta-
tions in MEN, the gene encoding for menin. Parathyroid tumors are one of the most
common features, present in >90% of individuals with MEN1 between ages 20 and
25 and developing hypercalcemia by age 50 (high penetrance) [24]. These patients
can also present with pituitary adenomas and pancreatic neuroendocrine tumors.
Another familial cause of PHPT, multiple endocrine neoplasia type 2A (MEN2A),
is another autosomal dominant genetic disorder. These patients, who have muta-
tions in RET, can also have PHPT, although at a much lower rate of occurrence
(20-30%) [25]. MEN2A patients are at high risk for medullary thyroid cancer and
pheochromocytoma. Hyperparathyroid-jaw tumor syndrome is an autosomal domi-
nant disorder associated with mutations in CDC73. Germline variants in CDC73
typically present with single-gland parathyroid adenomas (70%), ossifying maxil-
lary/mandibular fibromas (25-50%), or parathyroid carcinoma (15%) [25]. These
patients can also have uterine tumors and renal anomalies [25].

Clinical Management of Hyperparathyroidism

Parathyroidectomy remains the only method of cure for PHPT. In patients with mild
PHPT that were followed for 15 years without surgery, PHPT progressed in one
third of individuals over 15 years (met one or more new guidelines for surgery),
suggesting that PHPT can often remain fairly stable over a long time period [26].
In the short term, severe hypercalcemia can warrant medical therapy, including
intravenous fluids, diuretics, calcitonin, bisphosphonates, and dialysis. Calcitonin
should not be used for more than 48 hours as there is a risk for tachyphylaxis. If able
to use (no significant heart failure or renal insufficiency), intravenous fluids are the
first-line treatment. In general, diuretics should be avoided. Bisphosphonates should
not be used if a parathyroidectomy is anticipated in the near future as patients will
be at increased risk for hungry bone disease and associated hypocalcemia postop-
eratively. While these therapies can provide short-term relief for symptomatic
hypercalcemia, parathyroidectomy should be performed in all surgical candidates.
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All patients with symptomatic hypercalcemia from PHPT should be offered a
parathyroidectomy. In contrast, surgery is not recommended for all asymptomatic
patients with PHPT. In 2014, the Endocrine Society published updated guidelines
for the management of asymptomatic PHPT. The goal of a parathyroidectomy is
either to reverse or prevent the secondary effects of elevated PTH and hypercalce-
mia. Patients under the age of 50 should undergo surgery as hypercalcemia over
decades can lead to nephrolithiasis, renal dysfunction, and osteoporosis. Patients
with serum calcium levels >1 mg/dL above the upper limit of normal should also
undergo parathyroidectomy. Osteoporosis is a known outcome of PHPT, and thus,
patients with osteoporosis (defined as T-score < —2.5 at the lumbar spine, total hip,
femoral neck, or distal 1/3 of the radius, or the presence of a vertebral fracture on
imaging, or a Z-score < —2.5 in premenopausal women or men <50 years old)
should undergo surgery to prevent progression and improve bone mineral density.
As mentioned above, there are data on improved BMD after parathyroidectomy.
However, despite this improvement in bone mineral density, there is a paucity of
data supporting a decreased risk of fragility fractures after surgery. Hypercalcemia
is known to worsen renal function, and thus, a creatinine clearance <60 cc/min is a
surgical indication. Lastly, hypercalciuria from PHPT leads to nephrolithiasis and
nephrocalcinosis, so those with evidence of either of these entities should undergo
parathyroidectomy. Furthermore, patients who present for workup of PHPT should
undergo imaging to evaluate for nephrocalcinosis to determine if they should pro-
ceed with surgery. Parathyroidectomy is associated with a reduction in the develop-
ment of nephrolithiasis and nephrocalcinosis [27].

While many patients with asymptomatic PHPT meet surgical criteria, many do
not and these patients require monitoring to determine if they become surgical can-
didates. Per current guidelines, patients should have annual serum calcium levels,
DXA should be performed every 1-2 years, X-ray or VFA of the spine should be
ordered if height loss or back pain occurs, and renal function by eGFR and serum
creatinine should be measured annually [3]. If nephrolithiasis is suspected, a 24-h
urine stone profile in addition to renal imaging (X-ray, ultrasound, or CT) should be
done [3]. The purpose of this laboratory and imaging testing is to find patients who
become surgical candidates and to offer them a parathyroidectomy.

Despite meeting surgical criteria for a parathyroidectomy, some patients with
PHPT are either not able to or do not wish to undergo surgery. These patients are
therefore managed medically. Current guidelines recommend vitamin D repletion to
above 20 ng/dL as hypovitaminosis D can lead to even higher PTH levels and more
pronounced effects as described above. A goal vitamin D level >30 ng/dL is also
reasonable as there are data to suggest that raising vitamin D levels to above 30 ng/
dL can reduce PTH levels even further without an increase in hypercalcemia or
hypercalciuria [19, 28]. Furthermore, increased lumbar spine bone mineral density
was seen if a higher vitamin D goal was used.

Medications to consider for the treatment of PHPT include bisphosphonates and
cinacalcet. The most studied bisphosphonate to date for the management of PHPT
is alendronate. There is some evidence that alendronate can increase lumbar spine
and hip BMD in nonsurgical patients with PHPT; however it is not clear there is an
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associated fracture risk reduction [29]. There is limited data examining zoledronic
acid, pamidronate, or ibandronate therapy for nonsurgical PHPT treatment of low
bone density. Women with PHPT who received 2 years of denosumab showed
improvements in BMD compared to placebo [30].

The use of teriparatide and abaloparatide should be avoided in those with pri-
mary hyperparathyroidism. Based on the 2014 International Workshop guidelines
for medical management of PHPT, bisphosphonate therapy is recommended if there
is concern for low BMD [29]. The same guidelines suggest using cinacalcet (calci-
mimetic) if control of hypercalcemia is needed. Cinacalcet was approved by the
FDA for the treatment of severe hypercalcemia in patients with PHPT who are not
surgical candidates. Despite lowering of the serum calcium levels, it only has mod-
est reduction on PTH and no effect on bone mineral density or urinary calcium
excretion. Therefore, it is best used to treat symptoms of hypercalcemia in patients
that are not surgical candidates for PHPT [29].

Conclusion

Our case demonstrates a particularly severe course of primary hyperparathyroidism
presenting at a young age. Primary hyperparathyroidism is a common disorder that
is diagnosed in primary care and endocrinology practices around the world. It is
important to recognize the many clinical manifestations of this disorder, both com-
mon and rare, as well as establish how to make the diagnosis. Once the diagnosis is
established, it is also important to be aware which individuals warrant consideration
for genetic testing.
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Case Presentation

A 55-year-old male smoker is brought to the emergency room by his wife for new-
onset fatigue and weakness for the past 1-2 weeks. The wife states her husband has
been very busy with work and rarely sees the doctor. He does not have time to eat
and has lost nearly 30 Ibs. in 6 months; however he has replaced meals with flavored
Gatorade. Physical exam is notable for a cachectic male with sunken eyes and tent-
ing of the skin. A left 2 cm hard, fixed neck mass along with left cervical lymphade-
nopathy is appreciated. Patient states he noticed the mass 2 months ago however
was not concerned. Admission labs reveal a calcium level of 14.2 mg/dL, albumin
2.4 g/dL, undetectable PTH, and creatinine 2.5 mg/dl. CT neck confirms a left
2.5 cm infiltrating mass.

Introduction

Hypercalcemia is a heterogeneous group of disorders with nonspecific signs and
symptoms related to the level of serum calcium, the rate of rise of calcium, and the
underlying condition causing hypercalcemia. It can be due to increased influx of
calcium into the circulation from the intestine, kidneys, or bones and the failure of
renal excretion to compensate for it. Causes of hypercalcemia can be categorized
into parathyroid-dependent (PTH-mediated) and parathyroid-independent (non-
PTH-mediated) disorders as outlined in Fig. 3.1. Parathyroid-dependent causes
include primary and tertiary hyperparathyroidism (HPT), familial hypocalciuric
hypercalcemia, and lithium-induced hypercalcemia. Primary hyperparathyroidism
and hypercalcemia of malignancy account for ~90% of hypercalcemia. The finding
of high serum calcium with suppressed or low-normal PTH values should suggest
the less common PTH-independent hypercalcemias. Parathyroid-independent
hypercalcemia encompasses hypercalcemia of malignancy, granulomatous disor-
ders, endocrinopathies, medications, and a few other disorders. In this chapter, we
will focus on parathyroid-independent hypercalcemia.

Hypercalcemia of Malignancy

Nearly 80% of hypercalcemia of malignancy is mediated via production of parathy-
roid hormone-related protein (PTHrp) [1]. Fuller Albright initially discovered
PTHrp in 1941 when he suspected that tumors might produce a PTH-like humor
when trying to understand the pathophysiology behind hypercalcemia observed in
malignancy. In the 1980-1990s, the syndrome of humoral hypercalcemia of malig-
nancy (HHM) was identified. It was associated with the understanding that PTHrp
and PTH were related molecules and both could stimulate the same type I PTH/
PTHrp receptor (PTHR1) [2].
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The human PTHrp gene is found on chromosome 12. PTHrp is found in many
cell types and organs. It acts on the skeleton, mammary gland, placenta, smooth
muscle, cardiovascular system, teeth, and pancreatic islets. At the level of the skel-
eton, PTHrp is involved with regulation of chondrocyte proliferation and differen-
tiation. PTHrp leads to increased synthesis of receptor activator of nuclear
factor-kappa B ligand (RANKL), leading to activation of osteoclasts and bone
resorption, causing an elevation in plasma calcium. Additionally, PTHrp increases
renal calcium reabsorption and renal phosphate excretion, similar to PTH. The
malignancies most commonly associated with PTHrp-related hypercalcemia include
squamous cell carcinomas (head and neck, esophageal, cervical, lung, and colon
cancer) [3], urinary tract cancers (bladder and renal cell carcinoma), breast cancer,
and ovarian cancer [4]. Hematologic malignancies associated with PTHrp-mediated
hypercalcemia include multiple myeloma, lymphoma, and leukemia. Animal stud-
ies have shown that antibodies to PTHrp reverse hypercalcemia seen in allografts of
human tumors [5].

Approximately 20% of malignancy-associated hypercalcemia arises from osteo-
lytic metastases, with breast carcinoma and multiple myeloma being the two most
common malignancies, causing excessive calcium release from the bone [1, 4]. In
breast carcinoma, PTHrp has been shown to induce local osteolysis around bony
metastases and contribute to its progression [5]. Transforming growth factor beta is
a local growth factor, which produces PTHrp from metastatic breast cancer cells.
The elevation in calcium further stimulates increased PTHrp release [4]. In multiple
myeloma, bone remodeling leads to hypercalcemia after the local release of various
cytokines, such as RANKL, interleukin-3, and interleukin-6, which lead to osteo-
clast activation [6]. Other humoral factors associated with increased remodeling and
therefore hypercalcemia include tumor necrosis factor alpha, transforming growth
factor alpha, interleukin-1, lymphotoxin, E-series prostaglandins, and macrophage
inflammatory protein 1-alpha [3].

Vitamin D plays a major role in calcium homeostasis as seen in Fig. 3.2. With the
help of sunlight, 7-dehydroxycholesterol is converted to D3 (cholecalciferol) in the
skin; it is further hydroxylated to 250HD in the liver by hepatic 25-hydroxylase.
Vitamin D can also be obtained from diet through fatty fish (D3) or by UVB irradia-
tion of the ergosterol in plants and fungi (D2, ergocalciferol). Subsequently, 250HD
is transported to the proximal tubules of the kidneys and is converted to the active
form of vitamin D, 1-25D, by 1-a hydroxylase via stimulation by PTH. Although
PTH and PTHrp act on the same receptors, PTHrp does not play a role in 1-25D
production and thus does not increase intestinal absorption of calcium and
phosphorous.

PTH-mediated causes of hypercalcemia seen in malignancy can occur through
ectopic production of PTH by the tumor itself, although this is very rare, with a
prevalence of less than 1% of cases [1].

Extrarenal production of 1-25D by tumor constitutes about 1% of cases of hyper-
calcemia in malignancy. This is most commonly seen in Hodgkin and non-Hodgkin
lymphoma and ovarian dysgerminoma [3]. There have been a few reported cases of
hypercalcemia in gastrointestinal stromal tumors with mechanism of overproduc-
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Fig. 3.2 Vitamin D Production. With the help of sunlight, 7-dehydroxycholesterol is converted to
D3 (cholecalciferol) in the skin; it is further hydroxylated to 250HD (calcidiol) in the liver by
hepatic 25-hydroxylase. Vitamin D can also be obtained from diet through fatty fish (D3) or by
UVB irradiation of the ergosterol in plants and fungi (D2, ergocalciferol). Subsequently, 2SOHD
is transported to the proximal tubules of the kidneys and is converted to the active form of vitamin
D, 1-25D (calcitriol), by 1-a hydroxylase via stimulation by PTH. 1-25D acts that colon to increase
intestinal calcium absorption, acts on the kidney to decrease renal calcium excretion, and acts on
bone to increase bone resorption. 250HD is also converted to 24,25D, an inactive form of vitamin
D, by the enzyme 24-hydroxylase (CYP24A1)
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tion of 1-25D, which was corrected with chemotherapy treatment [7]. It has been
well described in the literature that nonmalignant granulomatous diseases such as
sarcoidosis manifest with hypercalcemia secondary to extrarenal production of
1-25D via autonomous 1-athydroxylase activity in macrophages [3]. Patients with
HHM usually have clinically obvious malignant disease and have a poor prognosis.

Chronic Granulomatous Disorders

Granulomatous infections, including tuberculosis, leprosy, histoplasmosis,
Pneumocystis jiroveci pneumonia, and many other fungal infections, have been
associated with non-PTH-mediated hypercalcemia. These conditions, and other
noninfectious granulomatous diseases including sarcoidosis, granulomatosis with
polyangiitis (Wegener’s granulomatosis) [8], Crohn’s disease [9], infantile fat
necrosis [10], and granulomas induced by silicone, methyl methacrylate, paraffin,
and talc [11] have been associated with excessive production of 1-25D.

In sarcoidosis, sarcoid lymph node homogenates [12] and pulmonary alveolar
macrophages [13] have been shown to convert 250HD to 1-25D via the enzyme
la-hydroxylase. These patients are characterized by normal levels of 250HD, low
PTH levels, and elevated 1-25D. In the alveolar macrophages, the la-hydroxylase
is stimulated by y-interferon and not by PTH [13]. This hypercalcemia is seen in
approximately 10% of patients with sarcoidosis and responds to treatment with glu-
cocorticoids and ketoconazole.

Hypercalcemia in tuberculosis can be seen in as many as 48% of patients [14].
la-hydroxylase activity has been found in lymphocytes, pulmonary alveolar macro-
phages, and pleural fluid macrophages. y-interferon in pleural fluid also increases
activity of la-hydroxylase. The prevalence and magnitude of hypercalcemia in
tuberculosis may be modulated by rifampin and isoniazid. Rifampin increases
breakdown of 250HD by inducing CYP 384, CYP 24A1, and uridine 5" diphospho-
glucuronyltransferases [15, 16].

Endocrinopathies

In patients with hyperthyroidism caused by toxic nodular goiter or Graves’ disease,
20% present with mild-moderate hypercalcemia [17]. PTH and 1-25D levels some-
times range from undetectable to low; however normal levels have also been
reported [18, 19]. Phosphorus levels are typically normal which may be attributed
to hypercalcemia in the setting of a low PTH. Alkaline phosphatase (ALP) levels
may be elevated in up to 50% of individuals, and low bone mass can be attributed to
thyrotoxicosis [17, 20]. The proposed mechanism is thyroid hormone stimulation of
inflammatory mediators and markers of bone resorption. Patients with hyperthy-
roidism manifest higher levels of the inflammatory marker interleukin-6 (IL-6) [21].
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IL-6 may encourage monocytic precursors to differentiate into osteoclasts [22, 23].
Increased osteoclast activity leads to hypercalcemia. The hypercalcemia typically
resolves as hyperthyroidism is appropriately managed.

Pheochromocytomas are catecholamine-secreting tumors arising from the adre-
nal medulla that may occur sporadically or as part of the Multiple Endocrine
Neoplasia 2 (MEN2) syndrome. Hypercalcemia can result from catecholamine
stimulation of bone resorption or parathyroid gland PTH secretion [24, 25]. The
tumor itself can produce ectopic PTH or PTHrp leading to hypercalcemia [24, 25].
Pheochromocytoma is most commonly treated with surgical resection.

Adrenal insufficiency is a clinical syndrome resulting from decreased adrenal glu-
cocorticoid production of either a primary or secondary etiology. The most commonly
proposed mechanism of hypercalcemia is volume depletion resulting in a reduced
GFR leading to increased renal proximal tubule calcium reabsorption [26, 27].

VIPoma is a vasoactive intestinal peptide (VIP)-secreting neuroendocrine tumor
characterized by watery diarrhea, hypokalemia, and achlorhydria. Hypercalcemia
can result by VIP-mediated stimulation of parathyroid gland PTH secretion [28].
Similar to adrenal insufficiency, dehydration may also lead to a reduced GFR lead-
ing to increased renal proximal tubule calcium reabsorption.

Acromegaly is a clinical syndrome resulting from elevated growth hormone lev-
els. Acromegaly can rarely be the etiology of 1-25D-mediated hypercalcemia of
which the mechanism is unclear [29, 30].

PTHrp is produced in a variety of tissues including placenta. Hypercalcemia of
pregnancy is mediated by placental production of PTHrp and typically resolves
after delivery [31].

Medications

Milk-Alkali Syndrome (MAS)

MAS was originally described in the 1930s in association with the ingestion of large
amounts of calcium (such as in milk), and absorbable alkali (such as sodium bicar-
bonate), known as Sippy’s regimen for the treatment of peptic ulcer disease [32, 33].
It was more prevalent in males. Symptoms developed within several days to several
weeks or months after the start of therapy and included nausea, vomiting, anorexia,
headache, dizziness, vertigo, apathy, and confusion. Later muscle aches, psychosis,
tremor, polyuria, polydipsia, pruritus, and abnormal calcifications (e.g., ocular kera-
topathy and calcium deposits in the conjunctiva, renal calcinosis, metastatic calcifi-
cation in the periarticular tissue, subcutaneous tissue, central nervous system, liver,
adrenal, bone, and lungs) were seen. Based on the chronicity of symptoms and
prognosis, MAS was divided into two forms: Cope syndrome had a more acute
presentation and an overall good prognosis [34]. The second form called Burnett
syndrome was a chronic irreversible condition with band keratopathy in ~85% cases
and nephrocalcinosis in ~ 60% cases; preexisting renal disease was seen in up to
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one-third of cases, and mortality due to chronic renal failure was common.
Laboratory tests showed hypercalcemia, hyperphosphatemia, hypermagnesemia,
azotemia, various degrees of renal failure, and metabolic alkalosis. With the intro-
duction of histamine 2 blockers and proton pump inhibitors, the occurrence of MAS
became rare in the 1970-1980s. However, a resurgence of MAS has occurred
because of the increased use of calcium carbonate, the primary source of calcium
and alkali. This is seen in postmenopausal women, patients receiving long-term
corticosteroid therapy-mostly for osteoporosis prevention, and in dialysis patients
who receive calcium carbonate as their principal phosphate binder. MAS is now
considered the third most common cause of hypercalcemia, after primary HPT and
HHM, with a prevalence of 9—12% among hospitalized patients with hypercalcemia
[35]. Labs show hypercalcemia with appropriately low PTH and 1-25D, elevated
serum bicarbonate, alkalosis, and variable degrees of renal impairment.
Hyperphosphatemia is less common now since the etiology of MAS is often not due
to consumption of large quantities of milk and dairy products, and due to the phos-
phate-binding properties of calcium carbonate. Contributing factors to the patho-
genesis of MAS include excessive calcium intake and absorption, reduced renal
calcium excretion due to increased tubular reabsorption induced by alkalosis, and
failure to fully suppress 1-25D levels, despite high calcium intake and absorption
from the gut. Treatment is supportive with hydration and withdrawal of the offend-
ing agents. Recovery from acute MAS usually occurs within 1-2 days, but in
chronic forms, serum calcium levels can be elevated up to 6 months.

Vitamin D Intoxication (VDI)

Cholecalciferol (vitamin D3) is synthesized in the skin from 7-dehydrocholesterol
by UV rays or taken as a nutrient or a supplement of vitamin D3 (cholecalciferol,
from animal foods) or vitamin D2 (ergocalciferol, from plants) as seen in Fig. 3.2.
After entering the blood, vitamins D2 and D3 from diet or the skin bind to vitamin
D-binding protein and are carried to the liver, where they are hydroxylated to cal-
cidiol [250HD] which is the main storage form of vitamin D in the body. 250HD
(calcidiol) is then activated in the kidney by PTH-mediated 1a-hydroxylase, produc-
ing calcitriol [1-25D], the biologically active form of vitamin D3. Both 250HD and
1-25D circulate bound to vitamin D-binding protein. Blood calcidiol levels are a
direct assessment of the nutritional intake and skin conversion of vitamin D. Some
clinical assays measure hydroxylated forms of both D2 and D3; others measure the
total level of 250HD (D2 + D3). Serum 250HD levels >150 ng/ml are considered
as VDI. Toxicity from high circulating levels of 250HD may be due to displacement
of 1-25D from vitamin D-binding protein, causing increase in free levels of 1-25D
(despite normal total levels of calcitriol) [36]. At high concentrations, vitamin D
metabolites such as 250HD may compete for binding at vitamin D receptor sites,
thereby producing effects similar to those of 1-25D by initiating translation of vita-
min D receptor-responsive genes [37]. Hypervitaminosis D was a rare cause of
hypercalcemia and renal impairment in the past. However, with increasing number
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of people using vitamin D supplements for bone health, and possibly for non-skele-
tal conditions, this may become more prevalent. High doses of vitamin D2 or vita-
min D3 are often consumed either as prescription or over the counter, but are not
common causes of hypercalcemia because 1a-hydroxylase activity is tightly regu-
lated by calcium levels. Excessive administration of calcitriol or other active vitamin
D analogs, such as paricalcitol or doxercalciferol, used as a treatment for hypopara-
thyroidism or in chronic kidney disease, bypasses the regulatory step at the level of
the kidney and is more likely to lead to hypercalcemia. Excessive use of topical
calcitriol has also been associated with hypercalcemia [38]. Laboratory tests show
hypercalcemia, high serum 250HD (usually >150 ng/mL), low serum PTH, normal
or high serum phosphorus levels, normal or low levels of alkaline phosphatase, and
high urine calcium/creatinine. Sometimes PTH may not be appropriately suppressed
in response to hypercalcemia due to severe renal impairment induced by hypervita-
minosis D [39]. Since vitamin D is lipophilic, the half-life of 250HD is ~15 days
and of 1-25D is ~15 h. Hypercalcemia due to excess 250HD is usually prolonged
and often requires therapy with corticosteroids and bisphosphonates, along with
routine nonspecific measures. Calcitriol-induced hypercalcemia is short-lived
because of its shorter half-life. Ensuring adequate hydration is usually enough.

Vitamin A Excess

Large doses of vitamins are being advocated and consumed for a multitude of health
benefits without much scientific evidence. The term retinoids refers to vitamin A
(retinol) and its metabolites and synthetic analogs (mainly retinal, retinyl esters, and
retinoic acids). They are fat-soluble micronutrients mostly present in animal-derived
diet, given as nutritional supplements containing pharmacologic doses of vitamin A
to hemodialysis patients and also given as therapy for dermatological disorders,
acute promyelocytic leukemia, and immunodeficiency treatment. Beta-carotene is
plant derived. Vitamin A toxicity due to inadvertent intake of large doses or clinical
utilization is a rare but well-documented cause of hypercalcemia, first recognized in
the 1920s [40]. Symptoms include desquamative dermatitis, skeletal pain, hair loss,
anorexia, pseudotumor cerebri, liver disease, and psychiatric complaints. The
mechanism may be direct action on the bone to stimulate osteoclastic resorption
and/or inhibit osteoblastic formation [41]. Treatment includes discontinuation of the
medication, hydration, and administration of an anti-resorptive agent for the bones.

Thiazide Diuretics

Thiazides may produce hypercalcemia in the presence of abnormal calcium homeo-
stasis. The exact mechanism is unknown, although “unmasking” of mild underlying
primary hyperparathyroidism has been suggested. Other conditions that can predis-
pose patients to thiazide-induced hypercalcemia are immobilization, Paget’s
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disease, and high-dose vitamin D therapy. Thiazides decrease renal calcium excre-
tion by inhibiting the thiazide-sensitive sodium chloride cotransporter and promote
intravascular depletion and alkalemia [42].

Lithium

Patients on chronic lithium therapy may have hypercalcemia due to a defect in the
calcium-sensing receptor, increasing the set point for inhibition of PTH release in
parathyroid cells [43]. Long-term lithium exposure and the resulting parathyroid
stimulation may trigger expression of parathyroid cell mutations and hyperplasia or
adenoma formation, possibly because of loss of tumor suppression genes. The long-
term sequela of mild lithium-induced hypercalcemia is not known. Bone density
remains normal despite slightly higher levels of PTH, probably due to reduced uri-
nary calcium excretion. After discontinuation of lithium, the hypercalcemia may not
always resolve, and parathyroidectomy may be needed in some cases. Cinacalcet, a
calcimimetic agent that lowers the threshold for activation of the calcium-sensing
receptor by extracellular calcium resulting in decreased PTH secretion, can provide
an alternative to surgery [44].

Teriparatide and Abaloparatide

Treatment of osteoporosis with teriparatide, recombinant human PTH analog (1-34),
or abaloparatide (recombinant PTHrP 1-34 analog) are associated with improve-
ment in bone density and fracture risk. Therapeutic use of these agents may lead to
hypercalcemia via activation of bone remodeling, activation of the renal
la-hydroxylase, and subsequent increase in 1-25D concentration resulting in
increased intestinal calcium absorption or by increasing renal tubular reabsorption
of filtered calcium [45]. It usually occurs within 1 month of treatment initiation but
can occur any time during therapy. People who develop hypercalcemia or hypercal-
ciuria had higher baseline calcium, 1-25D, and 24-h urinary calcium excretion [45].
Hypercalcemia is often mild and self limited.

Theophylline

Theophylline toxicity appears to cause hypercalcemia by mechanisms that are not
clearly understood. It appears reversible with cessation of therapy. An adrenergic
mechanism may be involved since calcium levels also fall after administration of a
beta-blocker [46].
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Estrogens and Antiestrogens

Hypercalcemia can be a potentially serious complication of tamoxifen therapy for
breast cancer [47]. There are also case reports of hypercalcemia associated with the
use of letrozole, an aromatase inhibitor, for breast cancer [48]. The mechanism is
thought to be increased bone resorption due to longer life span of the osteoclasts medi-
ated by estrogen deficiency. Hypercalcemia occurs within several days of starting
therapy, it is generally short-lived and can be controlled with supportive measures, and
serum calcium levels return to normal when the offending agent is withdrawn [47].

Aluminum Intoxication

In patients with ESRD, especially those on dialysis, excess aluminum accumulates
in the body due to the use of aluminum-based phosphate binders, and aluminum
found in the dialysate water [49]. This inhibits mineralization of osteoid. Available
calcium can not be taken up by the bone, thereby causing hypercalcemia. Treatment
consists of lowering calcium in the dialysis bath and stopping vitamin D. Sevelamer
and lanthanum, synthetic non-aluminum and calcium-free phosphate binders,
appear as effective as calcium-based binders in lowering phosphate but without the
tendency to promote hypercalcemia [50].

Total Parenteral Nutrition (TPN)

Parenteral nutrition is a mixture of solutions containing dextrose, amino acids, elec-
trolytes, vitamins, minerals, and trace elements tailored to the fluid and nutritional
needs of a patient. Calcium gluconate is traditionally used since it is less likely to
precipitate with the phosphorus. Modest intermittent hypercalcemia, hypercalci-
uria, low PTH, low 1-25D level, and osteomalacia have been reported [51]. Although
the etiology and prevalence are unclear, the concentrations of calcium, phospho-
rous, and vitamin D in the TPN fluid may all play a role [52]. Hence early monitor-
ing and treatment should be considered in all patients receiving TPN.

Other Diseases

Hypercalcemia of immobilization may be seen from a few days to several months
after immobilization. It is mainly seen in people with rapid bone turnover such as
children and adolescents. Immobilization can be associated with hypercalcemia in
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adults with underlying diseases associated with high bone turnover, such as Paget’s
disease and spinal cord injury, or in patients with end-stage renal disease. It occurs
due to a relative change in bone turnover rate favoring resorption over bone forma-
tion. Lab findings include hypercalcemia with low PTH, low 1,25(OH)2 D level,
normal serum 25(OH) D level, hypercalciuria, increased urinary hydroxyproline
excretion, and marked osteopenia. Intravenous bisphosphonates [53] and deno-
sumab [54] have been used successfully for treatment.

Hypercalcemia of dehydration/volume depletion: Since 50% of calcium is protein
bound, dehydration may rarely result in pseudo-hypercalcemia due to hyperalbu-
minemia. Pseudo-hypercalcemia can also be seen with essential thrombocythemia
and paraproteinemias [55]. To correct for an abnormal protein, the following for-
mula can be used: corrected calcium (mg/dL) = measured total serum calcium (mg/
dL) + [4.0- serum albumin (g/dL) X 0.8]; ionized calcium is normal in these patients.

Genetic disorders associated with short stature and hypercalcemia include
Jansen’s disease and Williams-Beuren syndrome. Jansen’s metaphyseal chondro-
dysplasia is a rare form of dwarfism associated with hypercalcemia and hypophos-
phatemia with low PTH levels. This condition has been associated with activating
mutations of the PTH and PTHrp receptors [56]. Williams-Beuren syndrome,
caused by a deletion on chromosome 7q.11.23, occurs in approximately 1:10,000
live births and is associated with elfin facies, supravalvular aortic stenosis, and
developmental delay with a friendly, social personality. Patients can also have struc-
tural abnormalities of the kidney and urinary tract and hypertension with an
increased risk of renal artery stenosis. Most cases of hypercalcemia are mild and do
not require specific therapy. Hypercalcemia has been attributed to several mecha-
nisms including elevated 1-25D [57] and defective calcitonin production [58].
Hypophosphatasia is characterized by low levels of tissue nonspecific alkaline
phosphatase (TNSALP) on osteoblasts and chondrocytes leading to impairment of
bone mineralization. This rare metabolic bone disease is caused by mutations in the
gene encoding TNSALP. The condition has variable degrees of severity depending
on which of 200 known mutations is present. Laboratory testing reveals low levels
of alkaline phosphatase and elevated levels of pyridoxal 5’ phosphate. Perinatal and
infantile hypophosphatasia are the most severe forms. In the perinatal form, severe
hypomineralization of bone and hypoplastic lungs cause respiratory failure and
death soon after birth. Hypercalcemia and hypercalciuria, seen in infantile hypo-
phosphatasia, may be caused by impaired mineralization with normal bone resorp-
tion [59]. The infantile form presents in the first year of life with mineralization
defects in bony structures including skull and ribs, commonly leading to rib frac-
tures and respiratory distress. The glycoprotein asfotase alfa contains the catalytic
domain of TNSALP and can be used to treat this disorder.

Adynamic bone disease, a common form of renal osteodystrophy seen in patients
on dialysis, is characterized by low bone formation and low bone turnover. This
condition is characterized by over suppression of PTH due to the use of active vita-
min D (e.g., calcitriol) and calcium-based phosphate binders to lower the hyper-
phosphatemia associated with chronic kidney disease. Hypercalcemia can occur in
adynamic bone disease due to the use of these calcium-based phosphate binders
coupled with reduced bone uptake of calcium [60]. Treatment of this form of renal
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osteodystrophy includes changing to non-calcium-based phosphate binders and
reducing active vitamin D supplements to allow the PTH to rise.
Rhabdomyolysis-associated acute renal failure can be associated with hypocalce-
mia during the oliguric phase followed by hypercalcemia in up to 30% of patients in
the diuretic phase [61]. Initial hypocalcemia reflects deposition of calcium in the
injured muscles. This calcium is then mobilized in the diuretic phase in association
with elevated levels of 250OHD and 1-25D leading to transient hypercalcemia. Patients
developing hypercalcemia have low PTH in the diuretic phase. Authors suggest pos-
sible renal and extrarenal production of 1-25D as contributors to the hypercalcemia.
Hypercalcemia with suppressed PTH and low vitamin D levels can be seen in
patients with advanced chronic liver disease in the absence of malignancy and other
known causes of hypercalcemia [62—-64]. While the etiology is not clear, increased
bone resorption possibly mediated by factors including tumor necrosis factor,
osteoclast-activating factor, interleukin- 1, prostaglandins, and transforming growth
factor may be contributing. This hypercalcemia can respond to calcitonin therapy.
Loss of function mutations in the CYP 24A1 gene causing impaired breakdown
of 1-25D has been shown to produce a syndrome of hypercalcemia, hypercalciuria,
nephrocalcinosis, and nephrolithiasis [15]. These mutations have been found in
children previously described as idiopathic infantile hypercalcemia and in adults.
Patients present with hypercalcemia, low PTH, and inappropriate 1-25D that is ele-
vated or at the upper limits of normal Hypercalcemia tends to be more severe in
children and more modest in adults. Noting that calcitriol levels are commonly
elevated in normal pregnancy, hypercalcemia during pregnancy has been seen in
patients with this CYP24A1 mutation and can be the initial manifestation of this
syndrome. Low levels of 24,25D are seen due to the decreased clearance of 1-25D.

Conclusion

Hypercalcemia is a common clinical problem. The evaluation of hypercalcemia
involves understanding the hormones regulating mineral metabolism. Apart from
PTH, various hormones and inflammatory mediators have effects on kidney, bone,
and intestine resulting in hypercalcemia. In most cases, the etiology of hypercalce-
mia can be determined from the clinical setting and results of serum calcium, PTH,
and vitamin D metabolites.

Case Management

The patient received aggressive hydration followed by one dose of denosumab.
Additional laboratory studies revealed normal 250HD; however PTHrp returned
two times the upper limit of normal. Cervical lymph node biopsy was consistent
with squamous cell carcinoma, and the patient was referred to oncology for further
therapy.
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Chapter 4
Osteomalacia and Rickets

Sumeet Jain and Pauline M. Camacho

Abbreviations

1,25(0OH),D  1,25-hydroxy vitamin D
25(OH)D 25-hydroxy vitamin D

mcg Microgram

ng Nanogram

pg Picogram

PTH Parathyroid hormone
Case

A 66-year-old woman presented to our clinic for multiple fractures and worsening
bone density on bisphosphonate treatment. She recently had a pelvic fracture fol-
lowed shortly by a Colles’ fracture of her wrist after a fall. She had been taking
risedronate 150 mg monthly for 4 years for presumed osteoporosis. She had chronic
hip and leg pain for years. She had periodontal disease requiring multiple tooth
extractions since she started bisphosphonate therapy. She had a history of uterine
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adenocarcinoma complicated by a small bowel obstruction that required a 20 cm
resection of her distal ileum 10 years earlier. Her physical exam revealed varus
deformities of her legs bilaterally. Her labs were significant for 25-hydroxy vitamin
D of 8 ng/mL, parathyroid hormone of 174 pg/mL (reference range 10-65 pg/mL),
bone alkaline phosphatase of 23.6 Ug/L (reference range in a postmenopausal
woman 7-22.4 Ug/L), and 24-h urine calcium of 44 mg/24 h (reference range
50-400 mg/24 h).

She was diagnosed with osteomalacia based on her vitamin D deficiency, hypo-
calciuria, elevated bone alkaline phosphatase, and secondary hyperparathyroidism
in the setting of bony pain and fractures. Her osteomalacia was thought to be related
to malabsorption from her previous intestinal resection. Her risedronate was discon-
tinued, and she was started on weekly ergocalciferol 50,000 IU with calcium citrate
1500 mg daily in divided dosing. Her bone alkaline phosphatase decreased to
18.8 in 5 months and decreased to 10.4 in 1 year. Her hip and leg pain dramatically
improved in the next year.

Introduction

Osteomalacia and rickets are both caused by impaired mineralization. Osteomalacia
is the softening of bone caused by impaired mineralization of the osteoid. Rickets is
the impaired mineralization of the cartilaginous epiphyseal growth plate that occurs
in children prior to growth plate closure. The osteoid is the organic matrix of col-
lagen and glycosaminoglycans that is secreted by osteoblasts to form the unmineral-
ized framework of bone. Mineralization involves incorporating calcium and
phosphate hydroxyapatite crystals into the osteoid to provide the strength of bone.
Defects or delays in mineralization result in rickets in children or osteomalacia in
children and adults. Impaired mineralization may develop with deficiencies of cal-
cium or phosphorous at the site of bone remodeling, abnormal collagen matrix,
inhibitors of mineralization, or inadequate alkaline phosphatase activity.

Causes of Osteomalacia

Vitamin D and Calcium Deficiency

Due to vitamin D’s importance in maintaining normal calcium and phosphorous
levels, deficiency or abnormal metabolism of vitamin D is one of the most common
causes of osteomalacia. Vitamin D deficiency can be caused most directly by inad-
equate dietary consumption or by lack of exposure to sunlight. Vitamin D deficiency
due to malabsorption can be related to gluten enteropathy, small intestine disease or
resection, bariatric surgery, pancreatic insufficiency, treatment with cholestyramines
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that bind dietary vitamin D, high phytic acid intake in vegetarian diets, or laxative
abuse. Abnormal metabolism of vitamin D is seen in vitamin D-dependent rickets
type I, vitamin D-resistant rickets type II, severe hepatic disease with decreased
1-hydroxylation, severe renal disease with decreased 25-hydroxylation, nephrotic
syndrome with decreased vitamin D-binding protein, and with anti-epileptic use
due to increased catabolism of vitamin D [19]. The same conditions that lead to
vitamin D deficiency can also lead to calcium deficiency which leads to osteomala-
cia. Sometimes malabsorptive disorders such as celiac disease can lead to more
pronounced deficiency in calcium than vitamin D.

Hypophosphatemia

Phosphorous deficiency results in osteomalacia due to its importance in bone min-
eralization. Hypophosphatemia may result from intracellular shifts of phosphorous,
increased urination of phosphorous, or decreased intestinal absorption. Intracellular
shifts of phosphorous are seen in refeeding syndrome, hungry bone syndrome, leu-
kemia blast crisis, sepsis, and after glucose loads that increase insulin.
Hypophosphatemia due to increased urinary excretion is caused by renal phosphate
wasting disorders including X-linked hypophosphatemia and tumor-induced osteo-
malacia. X-linked hypophosphatemia presents with onset of symptoms in childhood
with bowed legs, bony pain, pseudofractures, and elevated levels of the phosphatu-
ric protein FGF23. An autosomal dominant form of the disease may present in
adulthood with osteomalacia but without lower extremity deformities. The hyper-
phosphaturia in the autosomal dominant form may rarely self-resolve. Tumor-
induced osteomalacia is a paraneoplastic syndrome caused by a mesenchymal
tumor that secretes FGF23 or other phosphaturic agents [19].

Hyperphosphaturia is also seen in primary and secondary hyperparathyroid-
ism, in diabetic ketoacidosis, and with certain medications: calcitonin, diuretics,
glucocorticoids, and bicarbonates [19]. Other causes of hypophosphatemia are
antacid-induced osteomalacia, chronic metabolic acidosis, treatment with saccha-
rated ferric oxide, drug-induced Fanconi syndrome due to tenofovir, and cadmium
toxicity [18].

Impaired Mineralization

Etidronate, an older bisphosphonate, can inhibit mineralization and result in osteo-
malacia. This effect is not seen significantly in newer bisphosphonates at the doses
that are clinically used for osteoporosis. Fluoride, aluminum, and iron toxicity can
all inhibit the process of bone mineralization resulting in osteomalacia. Treatment
involves removing the inhibiting agent [18].
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Hypophosphatasia

Deficient alkaline phosphatase activity seen in hypophosphatasia results in osteo-
malacia. Alkaline phosphatase helps break down phosphorous compounds that are
inhibitory to mineralization and provides adequate elementary phosphorous levels
to the site of mineralization in bone. Enzymatic replacement is now available with
asfotase alfa.

Abnormal Collagen Matrix

Osteomalacia due to abnormal collagen is seen in fibrogenesis imperfecta ossium
and axial osteomalacia.

Epidemiology

Population risk factors for osteomalacia are most often related to risk factors for
vitamin D deficiency. They include advanced age, institutionalization, liver disease,
kidney disease, bariatric surgery, inflammatory bowel disease, hospitalization, anti-
epileptic use, decreased sun exposure, and alcoholism [8]. The prevalence of vita-
min D deficiency ranges from 25% to 57% in high-risk populations including
medical inpatients, the elderly, and nursing home residents. The prevalence of vita-
min D deficiency in noninstitutionalized outpatients is 9—14% depending on latitude
per the NHANES III study [20]. The histological prevalence of osteomalacia from
iliac crest biopsy in an autopsy study of 675 Northern German patients found a
prevalence of osteomalacia as high as 25% [17]. Another study of elderly Europeans
with hip fractures found an osteomalacia prevalence of only 2% on iliac crest biopsy
[22]. Part of the difference between these two studies is explained by differing his-
tologic definitions of osteomalacia.

Hypophosphatemia is observed in 5% of hospitalized patients. It is seen in
30-50% of patients with severe sepsis or alcoholism [9, 14]. X-linked hypophos-
phatemic rickets is the most common cause of hypophosphatemia-induced osteo-
malacia with incidence of 3—5 per 100,000 live births [19].

While the prevalence of rickets and osteomalacia decreased substantially in the
western world after the mid-twentieth century following vitamin D supplementation
public health campaigns, the prevalence has been increasing globally [21]. Global
prevalence remains high in Asia, the Middle East, Africa, and in immigrants from
these areas of the world. Contributing factors for increasing prevalence include tra-
ditional diets low in calcium and clothing that covers the majority of the body for
cultural, religious, or climate-related reasons. Other global factors in developing
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countries that contribute to osteomalacia include depletion of nutrients in soil
through intensive agriculture and exposure to industrial contaminants like arsenic,
lead, and organophosphates [16].

Presentation

Patients with osteomalacia are at increased risk for fractures. They commonly have
bone pain and hyperalgesia that is poorly localized. The pain is most often located
in the lower back, pelvis, and legs. The pain is worse at night, worse with weight
bearing, and worse with sudden movements. Patients develop symptoms of hypo-
calcemia like paresthesias, muscle cramps, and palpitations [6]. They develop clini-
cal complications of hypocalcemia including seizures, tetany, and dilated
cardiomyopathy. They develop symptoms of hypophosphatemia including myalgias
and proximal muscle weakness [21]. In one review of 17 patients with osteomalacia
in a GI malabsorptive disorder clinic, 16 out of 17 patients had bone pain or muscle
weakness. Thirteen out of seventeen patients had a fracture. Only 2 out of 17 patients
had cramps or muscle spasms [2].

Physical Exam

The most common physical exam sign associated with osteomalacia is bony tender-
ness to palpation. Fifteen out of 17 patients developed bony tenderness in the above
study. Less commonly, 4 out of 17 patients developed a waddling gait. Due to hypo-
calcemia, 2 out of 17 patients had a positive Chvostek’s sign [2]. Patients may
exhibit Trousseau’s sign of hypocalcemia. Proximal muscle weakness when present
is symmetrical. Shoulder and pelvic girdle muscle weakness is most common.
Patients may have difficulty standing up from a chair or climbing stairs. Muscle
fasciculation may also be observed [6].

Labs

The pattern of lab abnormalities varies with the etiology of osteomalacia. Serum
total and bone alkaline phosphatase are elevated in most causes of osteomalacia.
Alkaline phosphatase is low when osteomalacia is due to hypophosphatasia.
Parathyroid hormone may be elevated or normal when osteomalacia is related to
low vitamin D, low phosphorous, or low calcium. In patients with osteomalacia due
to vitamin D deficiency, hypocalcemia, hypophosphatemia, and elevated
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parathyroid hormone are often present. Twenty-four-hour urine calcium levels are
low due to increased renal tubular resorption of calcium in patients with secondary
hyperparathyroidism. 1,25(OH),D may be low due to severe 25(OH)D deficiency or
may be elevated from increased conversion in secondary hyperparathyroidism [19].

In a case series of 21 patients with radiographic evidence of osteomalacia, 100%
had PTH elevation, 95% had alkaline phosphatase elevation, 38% had hypophos-
phatemia, 38% had hypocalcemia, and 100% had vitamin D deficiency [3].

Following treatment of osteomalacia, alkaline phosphatase briefly increases
prior to falling to normal levels within weeks to months. Hypocalcemia and hypo-
phosphatemia normalize, PTH falls to normal levels, and urinary calcium increases
to normal levels.

Histology

The gold standard diagnostic modality for the diagnosis of osteomalacia is iliac
crest biopsy. When biopsy is required for ambiguous cases, the referring pathologist
should be one who is familiar with the processing of undecalcified bone specimens
and plastic embedding. The biopsy is analyzed with immunofluorescence images of
tetracycline double labeling. In frank osteomalacia, double tetracycline labeling is
not visible, but instead labeling may appear diffuse and of low intensity (Fig. 4.1).
Bone resorption is generally increased with several Howship’s lacunae and multi-
nucleated osteoclasts due to concomitant hyperparathyroidism [19].

The diagnosis of osteomalacia histologically requires all three of the following [13]:

1. >10% osteoid in the cancellous bone area (normal <4%)
2. Osteoid width >15 pm or 4 lamellae (normal 4—12 pm)
3. Mineralization lag time >100 days (normal 9-20 days) (Fig. 4.2)

Fig. 4.1 Double tetracycline labeling fluorescence imaging. (a) Tetracycline double labeling dis-
crete and widely spaced in normal mineralization. (b) Tetracycline labeling in osteomalacia
appears diffuse and single despite two time-spaced doses of oral tetracycline [18]
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Fig. 4.2 Undecalcified
bone biopsy shows
abundant osteoid. Blue
is normally mineralized
bone. Red is unmineral-
ized osteoid [18]

Imaging

Radiographs of bones in osteomalacia show less contrast and appear less sharp, as
if the patient moved during the x-ray. A classic radiographic sign of osteomalacia is
a pseudofracture, which is also called a Looser’s zone or a Milkman’s fracture. It is
a radiolucent line through the cortical plate that is perpendicular to the periosteal
surface. Looser’s zones often have sclerosis at the margins (Fig. 4.3). They are seen
most commonly in the ribs, pubic and ischial rami, femoral neck, metatarsals, or
below the glenoid fossa on the outer border of the scapula [18]. Alternatively, radio-
graphs in rickets show decreased mineralization around the epiphysis, less contrast,
indistinct bone margins, and a decrease in ossification centers [18].

Looser’s zones appear as hot spots on bone scintigraphy and may be confused as
metastases [18]. Detection of Looser’s zones is more sensitive with bone scintigra-
phy than on radiographs. Osteomalacia appears similar to hyperparathyroidism on
scintigraphy with generalized increased uptake throughout the axial skeleton, a
prominent calvarium and mandible, beading of costochondral junctions, and a “tie
sternum” (Fig. 4.4) [5]. Osteomalacia and osteoporosis are generally indistinguish-
able on DEXA scans since both have decreased mineralized bone [19].

Treatment

Osteomalacia is treated by treating the underlying etiology causing osteomalacia.
Treatment of osteomalacia often results in transient increases in alkaline phospha-
tase, bony pain, paresthesias, and hypocalcemia due to increased bone turnover with
the initiation of therapy, so calcium levels should be followed closely at the start of
treatment. Treatment results in rapid resolution of symptoms and normalization of
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Fig. 4.3 Osteomalacia
radiograph with
pseudofracture [15]

Fig. 4.4 Osteomalacia
bone scan with increased
uptake at areas of
pseudofracture [18]
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labwork. Healing of pseudofractures on imaging within months and increased ossi-
fication centers within weeks is seen in children. Healing of pseudofractures in
adults may take up to 1 year [19]. Significant improvements in bone mineral density
in the lumbar spine and the proximal femur occur after treatment of osteomalacia
but are not seen at the radial diaphysis where patients may have had cortical osteo-
porotic bone loss related to secondary hyperparathyroidism [18]. Incorrect diagno-
sis as osteoporosis and treatment with bisphosphonates or other anti-resorptive
agents prior to treatment of the underlying cause of osteomalacia may result in
worsening osteomalacia symptoms.

Vitamin D and Calcium Deficiency

When osteomalacia develops due to 25(OH)D deficiency, treatment involves sup-
plementation with cholecalciferol (D3) or ergocalciferol (D2). Symptoms of rickets
and osteomalacia may resolve rapidly with very small daily amounts, 800—-1200 IU,
of vitamin D3 [19]. The optimal target vitamin D is an area of controversy. The
Institute of Medicine recommends targeting 25(OH)D levels >20 ng/mL for the
general population [12]. The AACE 2013 guidelines and the Endocrine Society
2011 guidelines recommend targeting 25(OH)D levels >30 ng/mL in bone disease
[8, 11]. While the level at which low 25(OH)D results in hyperparathyroidism var-
ies, there are studies that show for at least some patients PTH levels do not start
decreasing until 25(OH)D is >31 ng/mL [4]. In a study evaluating what dose of
vitamin D supplementation is required to reach goal levels, treatment with 100 TU
vitamin D increased 25(OH)D by 0.7-1 ng/mL on average, though the dose response
was four times larger when 25(OH)D was less than 20 ng/mL. Approximately
97.5% of people reached a 25(OH)D level of 30 ng/mL with 1600 IU of cholecalcif-
erol per day over 6 months and 97.5% of people reached a 25(OH)D level of 20 ng/
mL with 600 IU of cholecalciferol per day over 6 months. Increasing BMI is related
to increasing resistance to vitamin D supplementation, and higher cholecalciferol
doses are required to reach goals with BMI >30 [7]. When vitamin D deficiency is
due to celiac disease or malabsorption, significantly higher doses of vitamin D may
be required. Patients with celiac disease are also treated with strict avoidance of
dietary gluten [19]. It is important to maintain age appropriate calcium intake in
patients who are being treated with vitamin D (i.e., premenopausal women and men,
1000 mg, and postmenopausal women, 1200 mg of elemental calcium daily).

Vitamin D-Dependent Rickets Type 1

Patients with osteomalacia due to autosomal recessive vitamin D-dependent rickets
type I do not have I-alpha-hydroxylase activity and cannot convert 25(OH)D to
1,25 (OH),D, so they are treated with lifelong calcitriol 0.5-1 mcg/day. If patients
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self-discontinue calcitriol, vitamin D deficiency redevelops within days. Calcium,
creatinine, and 24-h urine calcium should be checked every 3—6 months due to risk
of hypercalcemia with treatment [19].

Vitamin D-Resistant Rickets Type I1

Patients with osteomalacia due to autosomal recessive vitamin D-resistant rickets
type I have an abnormal vitamin D receptor and are unresponsive to 1,25(OH),D. The
only lab difference as compared to standard osteomalacia is an elevated 1,25(OH),D
level. Treatment depends on the degree of vitamin D receptor unresponsiveness. If
partially unresponsive, patients can be treated with calcitriol. If completely unre-
sponsive, symptoms of osteomalacia, hypocalcemia, and hypophosphatemia can be
prevented by I'V calcium infusion or very high oral calcium and phosphorous loads
[1]. Treatment with calcium and phosphorous has some efficacy at preventing osteo-
malacia because there is some passive intestinal absorption of calcium independent
of vitamin D [10, 16].

Phosphate Disorders

Treatment of hypophosphatemia-induced osteomalacia requires balancing the
increase of serum phosphate levels against the avoidance of secondary hyperpara-
thyroidism or nephrocalcinosis. Treatment involves 1-2 g of phosphorous in three
to four doses per day and 1-3 mcg of calcitriol to increase phosphorous absorption
and prevent increases in parathyroid hormone. Phosphorous and calcitriol are
titrated to treat symptoms and normalize alkaline phosphatase levels. To monitor
treatment safely, serum and urine calcium, creatinine, and PTH should be monitored
monthly at the beginning of treatment. If phosphorous-induced hyperparathyroid-
ism develops, treatment becomes ineffective due to decreased phosphorous absorp-
tion and due to the negative effects of secondary hyperparathyroidism on bone
health. Baseline and yearly kidney ultrasounds are required to evaluate for develop-
ing nephrocalcinosis during treatment.

A possible future treatment option for hypophosphatemia related to X-linked
hypophosphatemia and other disorders that cause elevated FGF23 is an anti-FGF23
antibody, burosumab, which is currently FDA approved. Treatment of tumor-
induced osteomalacia is with resection of the mesenchymal tumor [20].
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Chapter 5
Hypoparathyroidism

Susan Karam and Allison Hahr

Case Presentation

Our patient initially presented at the age of 20 with tetany and paresthesias. Her
past medical history is significant for hypothyroidism and psoriasis. She has not
had surgery or radiation to the head and neck. She has a sister with hyperthyroid-
ism but no known family history of calcium abnormalities. Her only medication is
levothyroxine. On the physical exam, she has positive Chvostek’s and Trousseau’s
signs. On laboratory testing, she is found to have a calcium of 6.2 mg/dL (normal
range 8.5-10.5 mg/dL) with albumin 4.0 mg/dL, magnesium 2.1 mg/dL, and
phosphorus 6.7 mg/dL. (normal range 2.5-5.0 mg/dL). Ionized calcium is
0.77 mmol/L (low) and PTH is low at 1 pg/mL. 25-hydroxyvitamin D was 24 ng/
mL with reportedly normal levels of 1,25-hydroxyvitamin D (value not available).
She was started on calcium carbonate 500 mg TID, calcitriol 0.25 mcg BID, as
well as cholecalciferol. Hypocalcemia persisted even after repletion of vitamin
D. She did not have features suggestive of the genetic syndromes which have a
known association with hypoparathyroidism; thus a presumptive diagnosis of
autoimmune hypoparathyroidism was made. She subsequently had testing of cal-
cium-sensing receptor (CaSR) antibodies; however, the results were not clearly
diagnostic of an activating mutation.
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Introduction

Hypoparathyroidism is a disease characterized by hypocalcemia and hyperphospha-
temia in the setting of absent or inappropriately low levels of parathyroid hormone
(PTH) [1]. Hypoparathyroidism is considered a rare or “orphan” disease; the preva-
lence of hypoparathyroidism in the USA is estimated to be about 115,000 affected
individuals [2]. PTH functions at the level of the bone to mobilize calcium, at the
distal nephron to promote calcium reabsorption, and at the kidney to stimulate
la-hydroxylase which converts 25-hydroxyvitamin D to 1,25-dihydroxyvitamin D
for efficient intestinal absorption of calcium. Normal calcium levels are maintained
by the interaction between PTH, vitamin D, and the calcium-sensing receptor
(CaSR); alterations in any of these can result in the disruption of calcium homeosta-
sis [3]. Hypocalcemia is identified by either low serum ionized calcium or albumin-
corrected calcium and can have systemic effects. The symptoms of
hypoparathyroidism are generally felt to be due to abnormal calcium levels; it is
unclear if the deficiency of PTH itself also causes symptoms, although it has been
proposed that it is possible as some symptoms do not resolve with normalization of
calcium levels alone [4]. The presentation of hypoparathyroidism can differ between
patients and is related to the duration, rate of development, and degree of hypocal-
cemia. Muscle symptoms are common and include tetany, paresthesias, muscle
cramping, and spasms. More severe cases can present with bronchospasm, laryngo-
spasm, seizures, heart failure, and prolonged QT interval. Persistent hypocalcemia
and hyperphosphatemia promote development of cataracts, pseudotumor cerebri,
and calcifications of intracranial structures including the basal ganglia [3, 5].

Diagnosis and Etiology

Determining the etiology of hypoparathyroidism is important as this can have impli-
cations for appropriate management. There are many possible causes of hypopara-
thyroidism including genetic and developmental defects, autoimmune processes,
destruction from surgery, or, less commonly, radiation and severe magnesium defi-
ciency or excess. Evaluation of hypocalcemia should include a thorough medical,
surgical, and family history, physical exam, and measurement of ionized serum cal-
cium, phosphorus, magnesium, PTH, and 25-hydroxyvitamin D. The need for fur-
ther evaluation with genetic testing or referral to a geneticist, measurement of
autoantibodies, and imaging should be patient-specific [1]. When evaluating hypo-
calcemia, it is essential to distinguish between hypoparathyroidism and pseudohy-
poparathyroidism, a group of conditions in which there is resistance to the action of
PTH at target tissues. PTH levels are low or absent in hypoparathyroidism in con-
trast to pseudohypoparathyroidism in which they are elevated in an effort to over-
come the target-tissue resistance [5]. Pseudohypoparathyroidism will be further
discussed elsewhere in this book.
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Destruction or Removal of Parathyroid Glands

Postsurgical hypoparathyroidism is the most common cause of hypoparathyroidism
accounting for about 75% of all cases. It occurs as a result of either removal or
devascularization causing damage to the glands during thyroid, parathyroid, or any
other anterior neck surgery. Hypoparathyroidism may be transient following sur-
gery although in some patients will become permanent [6]. Less commonly, hypo-
parathyroidism can develop because of damage from external radiation or neoplastic
infiltration of the glands. Heavy metal deposition can also occur in the setting of
hemochromatosis and Wilson’s disease and has been observed in up to 14% of those
with thalassemia and iron overload from frequent blood transfusions [5].

Genetic Disorders

After postsurgical hypoparathyroidism, autoimmune hypoparathyroidism (see
below) and autosomal dominant hypocalcemic hypercalciuria (ADHH) due to acti-
vating mutations of the CaSR are the next most common causes of hypoparathy-
roidism. The CaSR is found at multiple sites including the parathyroid glands where
it controls secretion of PTH and at the kidney where it promotes reabsorption of
calcium. Over 70 gain-of-function mutations which lower the set point of the CaSR
leading to inappropriate suppression of PTH relative to calcium levels have been
identified. The hypocalcemia associated with ADHH is often mild, and patients
may be asymptomatic; however, the hypercalciuria can be more pronounced. For
this reason, treatment, if required, should be started cautiously because raising the
serum calcium concentration can increase urinary calcium excretion leading to
nephrocalcinosis [7, 8].

Less common forms of hypoparathyroidism can be inherited, either as an iso-
lated entity or as part of a complex syndrome. Isolated hypoparathyroidism can be
inherited in an autosomal dominant, autosomal recessive, or X-linked manner.
Autosomal forms have been associated with PTH gene mutations while the X-linked
form leads to agenesis of parathyroid glands [9]. DiGeorge syndrome is the result of
developmental anomalies of the third and fourth branchial pouches leading to dys-
genesis of the parathyroid glands and thymus. It also presents with congenital heart
defects and deformities of the ear, nose, and mouth. Inheritance is usually sporadic,
but autosomal dominant inheritance has been reported. It is the most common cause
of persistent hypocalcemia in newborns but may resolve spontaneously in child-
hood. HDR presents with a phenotype similar to DiGeorge syndrome and includes
hypoparathyroidism, sensorineural deafness, and renal dysplasia and occurs due to
haploinsufficiency of the GATA3 gene. Other syndromes associated with hypopara-
thyroidism include Kenny-Caffey (dwarfism, medullary stenosis of long bones, and
eye abnormalities) and the hypoparathyroidism-retardation-dysmorphism (HRD)
syndrome, also known as Sanjad-Sakati syndrome. Mitochondrial disorders such as
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Kearns-Sayre syndrome, MELAS (mitochondrial encephalomyopathy, lactic acido-
sis, and stroke-like episodes), and mitochondrial trifunctional protein deficiency
syndrome (MTPDS) have also been associated with hypoparathyroidism [9, 10].

Autoimmune Hypoparathyroidism

Autoimmune hypoparathyroidism may be either isolated or occur as part of a syn-
drome with other endocrine disorders. Autoimmune polyglandular syndrome 1
(APS1) is a complex of hypoparathyroidism, adrenal insufficiency, and mucocuta-
neous candidiasis. Inheritance can be either sporadic or autosomal recessive, and
many different causative mutations in the AIRE-1 gene have been identified. APS1
is typically diagnosed during childhood with hypoparathyroidism and candidiasis in
the first decade of life and adrenal insufficiency developing before age 15 [S]. When
identified later in life, autoimmune hypoparathyroidism is often due to antibodies
which activate the CaSR. These antibodies have been found both in those with iso-
lated hypoparathyroidism and with APS1. Previously it was thought that autoim-
mune hypoparathyroidism resulted from destruction of parathyroid glands from
circulating antibodies; however, it is now known that antibodies to the CaSR bind to
and activate the receptor preventing PTH secretion [7].

Magnesium Deficiency or Excess

Both magnesium deficiency and excess have been demonstrated as reversible causes
of hypoparathyroidism. Hypomagnesemia leads to impaired secretion of PTH as
well as resistance to PTH action at the kidney and bone [11, 12]. Excess magnesium
can also impair PTH secretion as demonstrated with the use of magnesium to treat
preterm labor [13].

Treatment of Acute Hypocalcemia

Acute hypocalcemia may develop in the setting of neck surgery, medication non-
compliance in those on chronic calcium and vitamin D replacement, or due to acute
changes in calcium and vitamin D requirements often related to acute illness.
Postsurgical hypoparathyroidism often develops within 1 day following surgery,
and treatment is recommended if serum calcium levels fall below 7.5 mg/dL or if
patients develop symptoms of hypocalcemia. Calcium can be given either orally or
as an intravenous bolus infusion followed by continuous drip [14]. Calcium gluco-
nate is preferred to calcium chloride which can cause skin necrosis if it extravasates
from the IV and requires continuous cardiac monitoring. Vitamin D and magnesium
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are also often low in patients with postsurgical hypoparathyroidism and should be
replaced with ergocalciferol and magnesium oxide, respectively, until replete [6].

Treatment of Chronic Hypocalcemia

The goal of chronic treatment of hypoparathyroidism is to maintain calcium levels
in the low-normal range while avoiding symptoms associated with hypocalcemia
which has historically been accomplished by supplementation of calcium and vita-
min D or its analogs. Calcium supplementation is primarily limited by the degree of
urinary calcium excretion as patients with hypoparathyroidism lose the ability to
reabsorb calcium through the renal tubular system. This leads to an increased risk of
hypercalciuria and nephrolithiasis when calcium levels are in the higher end of the
normal range. Urinary calcium excretion should be monitored annually with goal of
<300 mg/24 h [6, 14]. Thiazides can be used to increase calcium retention by the
renal tubules if hypercalciuria is present. As in acute hypocalcemia, magnesium
deficiency may be present and should be corrected.

Calcium Supplements

Calcium is given as either calcium carbonate or calcium citrate at typical doses of
1-2 g per day although there are some patients who require much higher doses. Doses
should be divided throughout the day and taken with meals, particularly calcium
carbonate which requires an acidic environment for absorption [15]. Calcium carbon-
ate is the most common calcium salt used as it contains 40% elemental calcium com-
pared to 20% found in calcium citrate. There are, however, certain circumstances in
which calcium citrate is preferable to calcium carbonate. As calcium carbonate
requires an acidic environment for proper absorption, calcium citrate should be given
to those with achlorhydria [16] or those on a proton-pump inhibitor (PPI). It can also
be used for those with severe constipation from calcium carbonate [14].

Vitamin D and Its Metabolites

In the absence of PTH and in the presence of hyperphosphatemia, renal conversion
of 25-hydroxyvitamin D to its activated form 1,25-dihydroxyvitamin D by I-a
hydroxylase is impaired so treatment includes the activated form of vitamin D, cal-
citriol [5]. The required dose of active vitamin D needed to manage hypoparathy-
roidism varies between patients; however, typical doses range between 0.25 and
2.0 mcg daily. The parental forms of vitamin D, ergocalciferol (D2) and cholecal-
ciferol (D3), are also often given as well [14].
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Recombinant PTH

For many years, hypoparathyroidism was the only classic endocrine deficiency not
treated by replacement of the missing hormone. Rather, it was primarily managed
with calcium and vitamin D supplements given in multiple divided doses through-
out the day which can be cumbersome to patients and lead to greater variability in
calcium levels as well as side effects such as hypercalciuria, renal stones, impaired
kidney function, and ectopic calcifications. In 2015, the FDA approved the use of
recombinant human PTH (1-84) for the treatment of hypoparathyroidism [17].
Initial studies by Winer et al. on the use of rhPTH in the treatment of hypoparathy-
roidism used PTH (1-34) and demonstrated efficacy in maintaining calcium within
the normal range with once daily dosing [18]. Her group later demonstrated that
twice daily dosing was more effective than once daily dosing with less fluctuation
of calcium levels and reduced total daily dose requirements [19]; this was proven to
be a safe and effective strategy over a 3-year follow-up period [20].

Subsequent studies used PTH (1-84) as this is the full peptide missing in hypo-
parathyroidism. The pharmacokinetics are also such that PTH 1-84 can be admin-
istered once daily rather than twice daily or continuously in a pump as has been
shown to be more effective with PTH (1-34) [19, 21]. The use of PTH (1-84) has
been shown to be safe and effective in the management of hypoparathyroidism and
is associated with substantial reduction of calcium and vitamin D supplementation
requirements [22-24]. Treatment with PTH (1-84) has been recommended for
patients who are not adequately controlled with traditional therapy, and guidelines
outlining factors to consider when making this decision have been released [14]. Of
note, PTH (1-84) was released with a black box warning for the risk of developing
osteosarcoma as this was observed in rat models. The effect was dependent on both
dose and treatment duration [17].

Clinical Course

The clinical course for patients with hypoparathyroidism can vary but for many is
complicated by changing needs for calcium and vitamin D with subsequent hypo-
calcemia or hypercalcemia, decreased quality of life, and short- and long-term
effects of calcium and vitamin D intake including effects on bone mineral density.
A study which surveyed patients with hypoparathyroidism for varying reasons
found that 79% of patients had emergency room visits or hospitalizations related to
either symptoms or comorbidities of their condition illustrating the high burden of
illness experienced by those with this condition [25]. Factors leading to inadequate
control of calcium concentration include intercurrent illness, poor compliance,
incomplete absorption, or intrinsic changes in requirements. Known complications
of hypoparathyroidism include soft tissue calcification, renal stones, renal failure,
and, less commonly, basal ganglia and diffuse brain calcifications [14].
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Quality of Life

A common complaint among patients with hypoparathyroidism is reduced quality
of life which has been demonstrated in studies quantifying mood and well-being. In
these studies, patients have reported higher scores for depression, anxiety, and
somatization and often complain of “brain fog.” The normalization of calcium lev-
els is not associated with the resolution of symptoms suggesting that the alteration
of calcium-phosphorus homeostasis has some effect independent of absolute serum
values [4, 26]. Patients have also demonstrated that the burden of illness is high and
related to time-consuming monitoring and medication regimens; frequent and
numerous symptoms which can be physical, cognitive, and emotional; and a limited
ability to perform daily activities [25]. Fortunately, with the use of PTH (1-84),
there has been documented improvement in quality of life in both mental and physi-
cal health [27]. This effect is seen early after treatment is started and persists over
multiple years of treatment [28]. Another study did not demonstrate this benefit;
however, larger fluctuations in calcium with frequent hypercalcemia were seen in
the study indicating that maintaining more normal serum levels of calcium may play
some role in the efficacy of the drug [29].

Effect on Bone

Bone remodeling is the process through which bone resorption and formation are
balanced to maintain bone mineral density. PTH is an essential regulator of bone
metabolism, and the absence or deficiency of PTH leads to a state of low bone turn-
over with measurable reduction in biochemical markers of resorption and formation
[5]. Imaging with dual-energy x-ray absorptiometry (DXA) in patients with hypo-
parathyroidism shows an increase in bone mineral density (BMD) compared to age-
and sex-matched controls in both trabecular and cortical bone with highest BMD at
the lumbar spine [10, 30].

Further understanding of the unique properties of bone in those with hypopara-
thyroidism has been learned through advanced imaging with peripheral quantitative
computed tomography (pQCT) as well as histomorphometric analysis of iliac crest
bone biopsy. Chen et al. compared results of pQCT of the radius from 9 women with
hypoparathyroidism to 36 women with hyperparathyroidism and to 100 matched
controls. Compared to the women with hyperparathyroidism and the controls, those
with hypoparathyroidism had increased cortical volumetric BMD at the
cortical-enriched site at 20% of the midradius as well as significantly greater tra-
becular volumetric BMD in the trabecular-enriched 4% distal radius. Estimated
bone strength was not found to be significantly different between the three groups
[31]. Imaging with high-resolution pQCT has also shown increased cortical volu-
metric BMD at the radius and tibia in those with hypoparathyroidism and again did
not show a significant difference in estimated bone strength [32]. A small study of
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iliac crest bone biopsies from 12 patients with hypoparathyroidism treated with
vitamin D revealed a decreased resorption rate along with reduced bone formation
and frequency of remodeling activation [33]. A later, larger study included 33
patients with hypoparathyroidism and again demonstrated decreased bone turnover
with increase in cancellous bone volume and cortical bone width. Patients in both
studies were treated with vitamin D, but even with repletion, skeletal abnormalities
were seen [10]. Taken together, these studies indicate that PTH plays an important
role in maintaining a normal skeleton, and the lack of PTH leads to low bone turn-
over and subsequent higher bone mass.

Fracture Risk

Although a deficiency in PTH clearly has effect on the structure of the bone, the risk
of fracture in individuals with hypoparathyroidism is unclear. Two studies in
Denmark have identified patients with hypoparathyroidism through a national reg-
istry and then determined the rate of fracture in this population. One study included
180 subjects diagnosed with nonsurgical hypoparathyroidism and found that the
overall fracture risk was not different than age- and sex-matched controls but did
find a significantly increased risk of fracture of the upper extremity [34]. Conversely,
analysis of 866 subjects with postsurgical hypoparathyroidism found that the risk of
fracture of the upper extremity was decreased with an overall fracture risk again
similar to matched controls [35]. Evaluation of rates of vertebral fracture again
revealed varying results with decreased incidence of vertebral deformity on radio-
graph shown in one study [36] and increased rates of morphometric vertebral frac-
ture in another [37]. There does not appear to be a significant increase in fracture
risk in hypoparathyroidism, but the exact risk remains unclear. Overall fracture risk
is likely no different compared those with normal parathyroid function [38]

PTH (1-34)

With the increasing use of rhPTH to treat hypoparathyroidism, there has been inter-
est in its effect on bone health, and this has been examined with the use of both PTH
(1-34) and PTH (1-84). Studies using teriparatide (PTH (1-34)) compared a treat-
ment group in which calcitriol was discontinued to those on standard therapy with
calcitriol and calcium. In a 3-year study of adults aged 18-70 years treated with
either twice daily PTH or standard therapy, it was demonstrated that each group had
similar levels of serum calcium and phosphorus; however, those in the PTH treat-
ment group had a significant increase in bone turnover markers. BMD was not sig-
nificantly changed between the groups, but there was a downward trend in BMD at
the distal one-third radius and a rise in BMD at the femoral neck in the PTH-treated
group [20]. Similarly, a study of 12 children treated with PTH (1-34) or calcium
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and calcitriol for a 3-year period demonstrated a rise in bone turnover markers in the
PTH-treated group as well as a significant downward trend in BMD at the distal
radius with PTH treatment [39].

PTH (1-84)

The effect of PTH (1-84) has been demonstrated by open-label trials in which it was
added to conventional therapy with calcium and calcitriol. After a period of 2 years
of administration of PTH (1-84) at a dose of 100 mcg every other day, there was an
observed increase in markers of bone formation and resorption. These levels peaked
by 5-9 months with subsequent decline and stabilization over the duration of the
study period. Histomorphometric studies revealed reduced trabecular thickness and
increased trabecular number and cortical porosity in those treated with PTH as com-
pared to controls [40]. Subsequent studies which reported results after 4 and 6 years
of treatment with PTH (1-84) showed similar results with an initial rise in markers
of bone turnover with subsequent gradual decline but overall higher levels as com-
pared to baseline. Imaging in the cohort reported by Cusano et al. demonstrated an
increase in BMD at the lumbar spine by year 2 with stable BMD at the femoral neck
and total hip at the end of 4 years. BMD at the one-third radius declined by year 2
but then remained stable as compared to baseline by the end of the study period
[22]. Results from the cohort followed for 6 years also showed an increase in lumbar
spine BMD with a decrease in BMD at the one-third radius [41]. A study comparing
hypoparathyroid patients treated with PTH (1-84) with subjects with primary
hyperparathyroidism who had undergone parathyroidectomy showed significant
increases in trabecular bone score, an indirect measure of bone microarchitecture,
in the treated hypoparathyroid cohort [42]. Taken together, the available evidence
does demonstrate the influence that rhPTH has on the abnormal bone remodeling
seen in those with hypoparathyroidism although the long-term effect of treatment in
regards to fracture risk is not yet known [38].

Conclusion

As has been reviewed here, the clinical course of hypoparathyroidism can vary
between patients, but it can be very difficult to treat and can have a significant nega-
tive effect on quality of life. The patient presented in the vignette had great difficulty
maintaining normal calcium levels and required escalating doses of supplemental
calcium and calcitriol as well as ergocalciferol and cholecalciferol for over 15 years
following diagnosis during which time she received care and close monitoring in
our clinic. Even with 3000 mg of calcium carbonate divided between multiple daily
doses and ergocalciferol, her calcium typically remained between 6.0 and 6.5 m/ dL.
She was also hospitalized multiple times each year for acute worsening of
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hypocalcemia in the setting of viral illnesses or during her menstrual cycle which
was observed to acutely increase her calcium and calcitriol requirements. For sev-
eral months she required every other day calcium infusion via PICC line which was
subsequently complicated by deep venous thrombosis (DVT) and infection. She
also had multiple episodes of nephrolithiasis in the setting of high-dose calcium
repletion. Unsurprisingly, she and her husband reported poor quality of life during
this time with significant impairment in activity in both her professional and per-
sonal life due to frequent symptoms and hospitalizations as well as her complex
medication regimen and frequent clinic visits and lab draws.

Given the difficulty in maintaining normal calcium levels and poor quality of
life, she was enrolled in a clinical trial and started on PTH 1-84,100 mcg SQ daily
when it became available. She was quickly able to decrease supplements to calcium
carbonate 600 mg BID and calcitriol 0.25 mcg daily. The frequency of hospitaliza-
tions drastically declined, and calcium levels were maintained much more easily
around 7.0 mg/dL. She and her husband reported significant improvement in their
quality of life and overall sense of well-being.

Overall, hypoparathyroidism is a relatively uncommon disease where the lack of
PTH leads to abnormalities in calcium and phosphate homeostasis with long-term
consequences as reviewed here. The clinical course and severity can vary between
patients, but it is highly associated with impaired quality of life and can be a com-
plex disease to manage for both patients and providers. Bone structure and remodel-
ing is abnormal in those with hypoparathyroidism even with replacement of calcium
and vitamin D although the exact effect of bone quality on fracture risk is unclear.
The relatively recent approval of thPTH for the treatment of hypoparathyroidism
has proven to be beneficial in the treatment of those with disease that is difficult to
manage, leading to less fluctuation in levels of calcium and phosphate as well as
overall improvement in quality of life. Improvement in bone turnover markers as
well as abnormal bone structure has been demonstrated, but its exact role and long-
term effect on bone remodeling are not yet known. While this is a promising new
therapy, long-term studies are still needed to determine its role and safety in the
chronic management of hypoparathyroidism.
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Chapter 6
Pseudohypoparathyroidism

Bart L. Clarke

Case Description

A 38-year-old healthy female was referred for evaluation and management of hypo-
calcemia discovered incidentally during medical evaluation. She complained of
intermittent mild tingling paresthesias and occasional muscle cramps in her legs.
She had never had tetany, bronchospasm, laryngospasm, cardiac rhythm distur-
bances, seizures, or loss of consciousness. She had been advised by her primary
care physician to take supplemental calcium carbonate with 500 mg elemental cal-
cium once a day and calcitriol 0.25 mcg twice a day, but she did not take these
supplements on a regular basis.

Her physical evaluation showed normal stature of 68 in, weight 140 1b, and BMI
21.3 kg/m> Her blood pressure was normal at 130/80 mm Hg, and her pulse was
normal at 72 beats/min. Her physical exam showed a normal skeletal phenotype,
without shortened fourth or fifth metacarpals or metatarsals or a dimple sign when
she clenched her fists. She had no café au lait areas of macular hyperpigmentation,
or subcutaneous calcifications, to suggest McCune-Albright syndrome.

Her initial serum calcium during evaluation was 7.5 mg/dL (normal, 8.9—-10.1),
with serum phosphorus upper normal at 4.5 mg/dL (normal, 2.5-4.5). Her serum
creatinine was normal at 0.6 mg/dL (normal, 0.6—1.1). Her parathyroid hormone
was increased at 540 pg/mL (normal, 15-65). Her serum 25-hydroxyvitamin D was
optimal at 35 ng/mL (optimal, 20-50). Her serum magnesium was normal at 1.8 mg/
dL (normal, 1.7-2.3).
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Assessment for signs of hormone resistance other than to parathyroid hormone
showed a normal sensitive TSH at 1.2 mIU/L (normal, 0.3—4.2). Her serum FSH
was normal at 8.1 IU/L (normal, 1.8-22.5), with serum LH normal at 2.2 TU/L (nor-
mal, 1.2-100).

Her laboratory findings were consistent with pseudohypoparathyroidism.
Because of her normal stature, lack of an apparent skeletal phenotype, or features of
McCune-Albright syndrome, she was felt to most likely have pseudohypoparathy-
roidism type 1b and treated presumptively with calcium and calcitriol to try to lower
her PTH level toward the normal range.

Introduction

Pseudohypoparathyroidism is a group of disorders characterized principally by
proximal renal tubular resistance to parathyroid hormone (PTH) action [1]. These
patients have impaired signaling by a number of hormones, particularly PTH, that
activate cAMP-dependent pathways via Gsa proteins. Affected patients typically
are characterized by hypocalcemia, hyperphosphatemia, and increased parathyroid
hormone levels, with decreased serum 1,25-dihydroxyvitamin D levels. Patients
with pseudohypoparathyroidism who are given exogenous biologically active PTH
do not respond with an appropriate increase in urinary phosphate or cyclic adenos-
ine monophosphate (cAMP). These patients do not demonstrate PTH resistance in
other PTH target tissues, including the skeleton or thick ascending limb of the
renal tubule [1].

Patients with pseudohypoparathyroidism usually develop neuromuscular
irritability, manifesting as tingling paresthesias, muscle cramps, or seizures,
unless treated with oral calcium supplementation and 1,25-dihydroxyvitamin D
(calcitriol) [2]. Occasional patients are asymptomatic and have normal serum
calcium and phosphate levels but maintain increased PTH levels. If these
patients are not treated with calcium and/or calcitriol to lower their increased
PTH secretion, they may develop significant bone disease over many years of
chronic skeletal stimulation.

Pseudohypoparathyroidism was first described by Fuller Albright in 1942 as a
disorder with target organ resistance to actions of PTH [3]. Since then a number of
different variants have been described [4]. Patients with pseudohypoparathyroidism
type 1 are characterized by unchanged serum cAMP and unchanged urinary phos-
phate and urinary cAMP after exogenous PTH injection. Patients with pseudohypo-
parathyroidism type 2 have increased plasma and urinary cAMP but unchanged
urinary phosphate, after exogenous PTH injection.

This chapter will provide a broad overview of pseudohypoparathyroidism and
discuss the clinical presentation, differential diagnosis, molecular pathophysiology,
and treatment of the spectrum of disorders characterized by PTH resistance.



6 Pseudohypoparathyroidism 69
Epidemiology

Because of the rarity of pseudohypoparathyroidism, not much is known about the
epidemiology of this disorder. Underbjerg et al. [5] identified all patients in Denmark
with billing code diagnoses for pseudohypoparathyroidism through the Danish
National Patient Registry and a prescription database. Billing code diagnoses were
subsequently validated by records review. For each case, three age- (+2 years) and
sex-matched controls were randomly selected from the general background popula-
tion. A total of 60 cases of pseudohypoparathyroidism were identified, giving an
estimated prevalence of 1.1 per 100,000 inhabitants. The average age at diagnosis in
the cohort was 13 years (range, 1-62 years), and 42 of the patients were women.
Only 14 patients had an identified mutation in their GNAS1 gene. Compared with
controls, patients with pseudohypoparathyroidism had an increased risk of neuro-
psychiatric disorders (P < 0.01), infections (P < 0.01), seizures (P < 0.01), and cata-
racts (P < 0.01), whereas their risk of renal, cardiovascular, malignant disorders and
fractures was comparable to the general background population. The same risks
were found in a subgroup analysis in the 14 cases with genetically verified pseudo-
hypoparathyroidism. The study concluded that patients with pseudohypoparathy-
roidism have an increased risk of neuropsychiatric disorders, infections, cataracts,
and seizures, whereas mortality is comparable to that of the background
population.

Clinical Presentation

Pseudohypoparathyroidism is typically defined by hypocalcemia, hyperphosphate-
mia, and increased PTH levels, associated with low-normal or decreased serum
1,25-dihydroxyvitamin D levels [1]. These biochemical abnormalities result from
proximal renal tubular resistance to action of PTH. Physical symptoms have histori-
cally been attributed primarily to decreased ionized extracellular calcium, because
studies have not demonstrated symptoms that correlated better with increased PTH
levels than with low serum calcium.

Extracellular fluid hypocalcemia results in neuromuscular irritability, which may
cause tingling paresthesias, muscle cramps, or tetany [6]. Patients may experience
tingling sensations of their fingers, toes, lips, or tongue or nose tip and occasionally
more diffuse tingling paresthesias over other facial areas. Symptoms can vary over
time in the same patient, although many patients describe stereotypic symptoms that
they learn to recognize as being due to low serum calcium. The level of serum cal-
cium at which symptoms begin is quite variable between patients, but most patients
describe symptoms with serum calcium below 7.5 mg/dL [7]. Some patients experi-
ence classical symptoms with serum calcium levels higher than this, and some seem
to have few symptoms with serum calcium levels below 7.5 mg/dL.
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Severe hypocalcemia usually presents in a more dramatic fashion, with seizures,
bronchospasm, laryngospasm, cardiac rhythm disturbances, congestive heart fail-
ure, loss of consciousness, or, in extreme circumstances, sudden death.

Chvostek’s sign is a characteristic of latent neuromuscular irritability, in which
tapping the facial nerve in front of the ear causes ipsilateral twitching of the upper
lip [8]. This sign is not pathognomonic of hypocalcemia, however, as about 10-15%
of the general healthy population demonstrates this also [9]. Trousseau’s sign is also
characteristic of latent neuromuscular irritability, in which increasing pressure in a
blood pressure cuff over the upper arm by 5 mm Hg above the systolic pressure will
cause painful tetany in the arm below the blood pressure cuff within 3 min [10].
Trousseau’s sign is also not pathognomonic of hypocalcemia, as about 1-2% of the
general healthy population may have this sign [11].

Patients with chronic hypocalcemia may develop features such as pseudo-
papilledema, increased intracranial pressure, and dry rough skin [12]. Long-standing
hypocalcemia and hyperphosphatemia associated with an increase in the calcium x
phosphate product may cause cataracts or intracranial calcifications of the basal
ganglia and other intracerebral structures [13]. Patients with extensive basal ganglia
calcification may occasionally experience extrapyramidal dysfunction, but this is
uncommon [14]. Spondyloarthropathy may occur rarely, causing significant joint
pain and swelling and destruction [15]. Hypocalcemia may prolong the QT cor-
rected interval on an electrocardiogram [16]. Congestive heart failure may occa-
sionally develop due to prolonged severe hypocalcemia.

Patients with chronic mild to moderate hypocalcemia may adapt to their hypo-
calcemia fairly well and remain asymptomatic until low serum calcium is detected
on routine blood testing.

Differential Diagnosis

Once other causes of hypocalcemia are ruled out, pseudohypoparathyroidism is
usually easily diagnosed because of the classical biochemical changes. Patients
with postsurgical or other forms of hypoparathyroidism have decreased serum cal-
cium, upper-normal or increased serum phosphate, and lower PTH levels than
expected for the simultaneously drawn serum calcium [17]. Patients with hypopara-
thyroidism demonstrate a significant increase in urinary phosphate and plasma and
urinary cAMP after exogenous PTH administration [18]. In contrast, patients with
pseudohypoparathyroidism type 1 have blunted increases in urinary phosphate and
plasma and urinary cAMP after exogenous PTH, and patients with pseudohypo-
parathyroidism type 2 show increased plasma and urinary cAMP but blunted
increases in urinary phosphate [19, 20] (Table 6.1).

Pseudohypoparathyroidism type 1 is caused by tissue deficiency of the alpha
subunit of Gs (Gsa). Gsa is the signaling protein that couples stimulation of the
PTH/PTH-rp receptor to stimulation of adenylyl cyclase [21]. Three forms of pseu-
dohypoparathyroidism type 1 have been reported.
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Table 6.1 Clinical characteristics of the types of pseudohypoparathyroidism and related disorders

Urinary | Multiple

Gsa PTH cAMP hormone
Type (OMIM) |activity |AHO |resistance |response |resistance | Molecular defect
la (103580) Reduced | Yes | Yes Reduced | PTH, TSH, | Heterozygous
Gn, GHRH | mutations in GNAS
PseudoPHP Reduced | Yes |No Normal | No Heterozygous

mutations in GNAS
1b (603233) Normal |Yes |Kidney Reduced |PTH, TSH | GNAS imprinting
defect with STX16 or
NESP55 deletions,
paternal uniparental
disomy 20q, sporadic
cases

lc Normal |No |No Reduced |PTH, TSH, | Heterozygous

Gn mutations in GNAS
POH Normal |No |No Normal | No Heterozygous

mutations in GNAS

2 Normal |No |Kidney Normal | No Unknown
Acrodysostosis | Reduced |[No | Yes Reduced | Yes PRKARIA mutations
type 1
Acrodysostosis | Reduce |No | Yes Reduced | Yes PDE4D mutations
type 2

AHO Albright’s hereditary osteodystrophy, cAMP cyclic adenosine monophosphate, GHRH
growth hormone-releasing hormone, Gn gonadotropins, NESP55 neuroendocrine secretory pro-
tein-55, PDE4D phosphodiesterase 4D, POH progressive osseous heteroplasia, PRKARIA protein
kinase cAMP-dependent type 1 regulatory subunit alpha, PTH parathyroid hormone, PseudoPHP
pseudopseudohypoparathyroidism, STX/6 syntaxin-16, TSH thyroid-stimulating hormone

Pseudohypoparathyroidism type 1a (OMIM 103580) is the result of generalized
deficiency of Gsa due to mutations within GNAS exons 1-13 [I].
Pseudohypoparathyroidism type 1b (OMIM 603233) is caused by more restricted
deficiency of Gsa due to mutations affecting GNAS imprinting [22]. Patients with
pseudohypoparathyroidism type 1a typically have resistance to multiple hormones
and certain somatic features not seen in pseudohypoparathyroidism type 1b.
Pseudohypoparathyroidism type lc is thought to be a variant of type la in which
resistance to multiple hormones is present without a defect in Gso [23].

Pseudohypoparathyroidism type la is the most frequent type of pseudohypo-
parathyroidism and usually more easily identified than other types because of
associated physical features. Patients with pseudohypoparathyroidism type la
have Albright’s hereditary osteodystrophy (AHO), characterized by variable short
stature, round facies, dental abnormalities, shortened fourth and fifth metacarpals
and metatarsals, mild to moderate mental retardation, and subcutaneous calcifica-
tions [24]. Many of these patients have early-onset obesity, and some have sen-
sory neuropathy, and they appear to have GNAS mutations causing abnormal Gso
signaling in the hypothalamus and central nervous system [25]. The obesity
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appears to be due to decreased expression of Gas in imprinted regions of the
hypothalamus [26], thereby leading to reduced energy expenditure rather than
increased caloric intake.

Pseudohypoparathyroidism type la is caused by heterozygous mutations of the
maternal allele of the imprinted GNAS gene on chromosome 20q13.2-q13.3, caus-
ing decreased expression or function of the Gsa protein. The requirement of normal
expression of Gsa protein for signal transduction by many hormones and neu-
rotransmitters leads to hormone resistance in patients with pseudohypoparathyroid-
ism type la to not just PTH but also thyroid-stimulating hormone (TSH), luteinizing
hormone (LH), follicle-stimulating hormone (FSH), calcitonin, and growth
hormone-releasing hormone (GHRH) [27, 28], in tissues that express the maternal
GNAS allele. Hormone resistance is not present in patients with pseudohypopara-
thyroidism type la in tissues where GNAS is not imprinted and both parental alleles
are expressed. Because of this, response to adrenocorticotropic hormone (ACTH)
and vasopressin is normal in these patients.

Patients with paternally inherited GNAS mutations have physical features of
AHO but no evidence of resistance to PTH or other hormones. This disorder was
first described in 1952 [29] and is known as pseudopseudohypoparathyroidism [30].
Kindreds with pseudopseudohypoparathyroidism without hormone resistance often
have family members with pseudohypoparathyroidism with hormone resistance,
with the variation in expression depending on the parental origin of the GNAS
mutation.

Molecular Causes of Pseudohypoparathyroidism

The GNAS gene maintains flexible expression in different tissues by using alterna-
tive first exons upstream of exon 1, alternative splicing of downstream exons, anti-
sense mMRNA transcripts, or reciprocal imprinting (Fig. 6.1). Gsa is encoded by
exons 1-13 of the GNAS gene, with inclusion or exclusion of exon 3 leading to
expression of either 52 kDa or 45 kDa proteins. These two Gsa isoforms both appear
to function normally in signal transduction.

Different Gsoe mRNA transcripts are produced by three alternative first exons
upstream of exon 1, each splicing to exons 2—13. The first alternative exon XL is
expressed only by the paternal allele and generates an mRNA transcript with over-
lapping open reading frames that encode XLsa [31] and ALEX. Both proteins are
able to interact with each other and are expressed specifically in neuroendocrine
cells. XLso measures about 78 kDa and therefore is much larger than Gsa, which is
either 52 or 45 kDa. XLsa interacts with PTH/PTH-rp receptors and other receptors
in cell systems, but it is not yet clear whether this protein can interact with these
receptors in the whole organism.

The second alternative first exon is encoded only by the maternal allele and gen-
erates a secretory protein called neuroendocrine secretory peptide 55 (NESP55)
[32]. This protein has no sequence homology with Gsa.
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Fig. 6.1 General organization and imprinting of GNAS. The maternal and paternal alleles of GNAS
are shown. Methylated regions are indicated in gray, and active promoters are indicated by arrows in
the direction of transcription. The alternative first exons and common exon 2 are shown as rectangles
with exon 1 being the first coding exon for Gsa. The dashed line at the paternal Gsa promoter indi-
cates tissue-specific imprinting of the gene. For clarity only the first exon for Nespas is shown, and
the localization of DMR (differentially methylated regions) has been omitted in the figure. The figure
also shows representation of the maternally derived deletions (double-headed arrows) found to cause
familial PHP-Ib. The diagram is not drawn to scale. (Used with permission from Mantovani [1])

The third alternative first exon 1A or A/B (associated first exon) is encoded only
by the paternal allele. Transcripts from this alternative first exon may be translated
from an initiator codon in the second exon and produce an N-terminal truncated
protein that competitively inhibits Gsa [33].

These three alternative first exons for Gsa are associated with differentially
methylated promotor regions. Methylation results in silencing of the affected allele.
Unlike the three alternative first exons, the promotor for exon 1 is within a CpG
island and remains unmethylated on both alleles in all tissues. Cis-acting elements
that control tissue-specific paternal imprinting of Gsa are thought to be located
within the primary imprint region in exon 1A [34].

Multiple kindreds with pseudohypoparathyroidism type la have four-base dele-
tions in exon 7, and because the missense mutation A366S has been found in exon
13 in two unrelated boys, it is possible that exons 7 and 13 may represent sites of
frequent GNAS mutations. About 80% of patients with AHO have been identified as
having small deletions or point mutations in GNAS, whereas other cases have been
reported to have larger rearrangements or uniparental disomy, where both GNAS
alleles are inherited from the mother.

Patients with pseudohypoparathyroidism type 1b may have postzygotic somatic
mutations in GNAS that increase the expression of the Gsa protein, with constitutive
activation of adenylyl cyclase, resulting in proliferation and autonomous increased
function of hormonally responsive tissues [35]. Activating mutations of the GNAS
maternal allele expressed in imprinted tissues may lead to clinically significant
effects. Variable Gsa activity in different tissues may help determine hormone
action in the different tissues.
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Patients with pseudohypoparathyroidism type 1b may have shortened fourth or
fifth metacarpal or metatarsal bones but do not express most of the other features of
AHO. Gsa activity is normal when measured in various tissues of these patients.
Pseudohypoparathyroidism type 1b patients have PTH resistance and, in some
cases, TSH resistance but lack resistance to other hormones. Changes in bone den-
sity over time in these patients correlate with serum PTH levels [36]. Patients with
sporadic or inherited pseudohypoparathyroidism type 1b have switched their pat-
tern of maternal methylation of the Gsa allele to a pattern of paternal methylation
[37]. Mutations causing a switch in the maternal to paternal methylation pattern are
found in most patients with pseudohypoparathyroidism type 1b. These mutations
include two microdeletions in the STX/6 gene located 220 kB centromeric to the
GNAS exon 1A [38] and deletions of the differentially methylated region of the
NESPS55 exon and exons 3 and 4 of the antisense mRNA transcript. Inheritance of
the mutation from the mother, or a spontaneous mutation of a maternally derived
allele, negates the maternal GNAS methylation pattern. Patients with pseudohypo-
parathyroidism type 1b have not been reported to have small mutations, but unipa-
rental disomy has been reported, where both GNAS alleles were inherited from the
father. It is believed that conversion of the maternal GNAS allele epigenotype to the
paternal GNAS allele epigenotype, or inheritance of two paternal GNAS alleles,
results in transcriptional silencing of the Gsa promoter in imprinted tissues by both
alleles, with resultant limited or absent expression of Gsa in these tissues.

Patients with pseudohypoparathyroidism type 1c have AHO features with resis-
tance to multiple hormones, without evidence of Gsa or Gia signaling transduction
abnormalities. These patients may have GNAS mutations resulting in functional
defects in Gsa [39].

The heterotopic ossifications of AHO are a unique feature of this disorder [40].
These ossifications are not mature calcifications and not related to serum calcium or
phosphorus levels or the calcium x phosphate product. These ossifications are areas
of intramembranous bone that seem to develop without prior inflammation or
trauma. It is thought that Gsa deficiency leads to expression of ectopic Cbfal/
Runx2 in mesenchymal stem cells in the skin, causing these cells to differentiate
into osteoblasts that cause new bone to form in the skin.

Osteoma cutis and progressive osseous heteroplasia (POH) are two forms of
AHO in which abnormal bone formation is the only feature present [41]. In osteoma
cutis, abnormal bone formation occurs only in the skin, whereas in POH, abnormal
bone formation occurs in the skin, subcutaneous tissues, muscles, tendons, and liga-
ments. Progressive osseous heteroplasia may result in limitation of joint or limb
movement due to widespread calcification of the skin during childhood, followed
by gradual conversion of skeletal muscles and deeper connective tissues into the
bone. Bony nodules and strands of heterotopic bone may extend from the skin and
superficial connective tissues into the subcutaneous fat and deeper connective
tissues.

Patients with osteoma cutis and POH may have paternally inherited inactivating
heterozygous GNAS mutations. These patients lack other features of AHO or
pseudohypoparathyroidism.
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Pseudohypoparathyroidism type 2 is thought to result from normal PTH/PTH-rp
receptor-Gsa-adenylyl cyclase complex function but reduced action of the gener-
ated cAMP on downstream intracellular targets, such as sodium-phosphate
cotransporters  that mediate renal tubular phosphate  reabsorption.
Pseudohypoparathyroidism type 2 currently lacks a defined genetic or familial
inheritance, with the clinical and biochemical presentation similar to severe vita-
min D deficiency or vitamin D resistance. It is possible that cases of pseudohypo-
parathyroidism type 2 may result from unsuspected vitamin D deficiency [42].

Acrodysostosis is a form of pseudohypoparathyroidism type 2 characterized by
increased basal and PTH-stimulated urinary cAMP excretion but lack of PTH-
induced phosphate excretion [43]. This disorder has several forms, with type 1 due
to mutations in protein kinase A regulatory subunit 1A and type 2 due to mutations
in phosphodiesterase 4D.

Transient pseudohypoparathyroidism of the newborn may occur in infants within
5-7 days of birth [44]. Most infants developing hypocalcemia at this age have
decreased PTH levels causing hypoparathyroidism, but as many as 25% may have
increased PTH levels. These infants may have delayed development of the post-
cAMP signaling pathway limited to the proximal renal tubule. Affected infants
seem to recover from this delay in post-receptor signaling maturation within
6 months of birth.

Patients with pseudohypoparathyroidism type 1 commonly have an apparent dis-
sociation between circulating bioactive PTH and serum immunoreactive
PTH. Plasma from these patients may have reduced biological activity in in vitro
cytochemical bioassays, implying inhibition of PTH action. A potential explanation
for this inhibition may be accumulated fragments of PTH 7-84 and other fragments
that inhibit the hypercalcemic and hypophosphatemic effects of PTH 1-84. PTH
7-84 fragments are often increased in patients with pseudohypoparathyroidism
types la and 1b, with the proportion of these fragments increased compared to bio-
logically active PTH 1-84. These and other fragments could accumulate in patients
with pseudohypoparathyroidism type 1 due to the duration of their long-standing
hyperparathyroidism and may not play a significant role in the pathogenesis of the
disorder.

Hypomagnesemia and severe vitamin D deficiency may both cause biochemical
findings of PTH resistance, so it is important to measure serum magnesium and
25-hydroxyvitamin D  before confirming a suspected diagnosis of
pseudohypoparathyroidism.

The AHO features seen in pseudohypoparathyroidism type la may be also seen
in other genetic disorders such as Prader-Willi syndrome or Ullrich-Turner syn-
drome. Patients with small terminal deletions of chromosome 2q37 may appear to
have AHO, but they have normal hormone function and normal Gsa activity.

The classical test for pseudohypoparathyroidism, the Ellsworth-Howard test,
was later modified by Chase, Melson, and Aurbach [45, 46]. This test required intra-
venous infusion of 200-300 USP units of purified bovine PTH or parathyroid
extract. Since purified bovine PTH is no longer available, this protocol has been
modified to use teriparatide (human recombinant parathyroid hormone 1-34) either
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by intravenous infusion or subcutaneous injection. One version of this modified
protocol [47] recommends having patients drink 250 mL of water each hour from 6
a.m. to 12 p.m. Two 30-min control urine collections are obtained before 9 a.m.
Teriparatide is given at 9 a.m. at 0.625 mcg/kg body weight to a maximum of
25 mcg by intravenous infusion over 15 min or to a maximum of 40 mcg by subcu-
taneous injection. Thirty-minute urine collections are started at 9 a.m. and 9:30
a.m., and 1-h urine collections are started at 10 a.m. and 11 a.m. Serum phosphate
and creatinine are drawn at 9 a.m. and 11 a.m. The urine samples from the different
time points are measured for cAMP, phosphorus, and creatinine. Cyclic AMP results
are expressed as nmol cAMP per 100 mL glomerular filtrate and renal tubular phos-
phate reabsorption as TmP/GFR. Normal healthy subjects typically demonstrate a
10-20-fold increase in urinary cAMP excretion and 20-30% decrease in TmP/
GFR. Patients with pseudohypoparathyroidism types la and 1b show markedly
blunted responses no matter how low their serum calcium.

Genetic testing may help in the diagnosis of pseudohypoparathyroidism type la
but is not helpful in making a diagnosis of pseudohypoparathyroidism type 1b or
other types of pseudohypoparathyroidism.

A new classification schema has recently been established by the EuroPHP net-
work to cover all disorders of the PTH receptor and its signaling pathway [48, 49].
Inactivating PTH/PTH-related protein signaling disorder (iPPSD) is the new name
proposed for these disorders. These disorders are divided into subtypes iPPSD1
through iPPSD6. PTH receptor inactivation mutations leading to Eiken and
Blomstrand dysplasia are classified as iPPSD1. Inactivating Gsa mutations causing
pseudohypoparathyroidism type 1a, pseudohypoparathyroidism type 1c, and pseu-
dopseudohypoparathyroidism are classified as iPPSD2. Mutations leading to loss of
methylation of GNAS disease-modifying regions leading to pseudohypoparathy-
roidism type 1b are classified as iPPSD3. Mutations of protein kinase A regulatory
subunit 1A (PRKAR1A) leading to acrodysostosis type 1 are classified as iPPSD4.
Mutations of phosphodiesterase 4D (PDE4D) leading to acrodysostosis type 2 are
classified as iPPSD5. Mutations of phosphodiesterase 3A (PDE3A) causing autoso-
mal dominant hypertension with brachydactyly are classified as iPPSD6. iPPSDx is
the designation given for unknown molecular defects, and iPPSDn+1 is the term
used for new molecular defects not yet described.

Treatment

Treatment of pseudohypoparathyroidism is focused on correcting the biochemical
abnormalities of low serum calcium, high serum phosphorus, and associated hyper-
parathyroidism [50]. These goals include improving serum calcium to as close to
the normal range as possible, thereby helping suppress PTH secretion as much as
possible toward normal. The target PTH level is as close to the upper limit of normal
as possible to minimize increased bone resorption leading to osteitis fibrosa
cystica.
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Because the distal renal tubular effects of PTH in patients with pseudohypopara-
thyroidism remain intact, calcium reabsorption from the glomerular filtrate occurs
normally. This minimizes the amount of calcium supplement required to keep serum
calcium normal and to suppress PTH secretion.

Because proximal renal tubular production of 1,25-dihydroxyvitamin D from
25-hydroxyvitamin D via la-hydroxylase is limited in pseudohypoparathyroidism,
calcitriol supplementation is typically required [51]. Combination therapy with cal-
cium and calcitriol usually does not increase urinary calcium because the distal
renal tubular mechanisms for reabsorption of calcium from glomerular filtrate
remain intact. Urinary calcium excretion may increase before serum calcium nor-
malizes. The best way to prevent significant hypercalciuria in this situation is to
target serum calcium in the low-normal range.

Low-phosphate diets or phosphate binders are sometimes necessary to reduce
increased serum phosphate levels.

Calcium supplementation with 1-2 g elemental calcium each day is usually suf-
ficient to increase serum calcium levels into the low-normal range, as well as to
block intestinal phosphate absorption to limit hyperphosphatemia. Calcium supple-
ments should be taken with meals to reduce intestinal phosphate absorption.

Calcitriol has a short half-life of 2-3 h and is usually given at starting doses of
0.25-0.50 mcg at least twice daily. Alfacalcidol is not approved for use in the USA
but is available in Europe and much of the rest of the world. Alfacalcidol has a lon-
ger half-life and is usually given at starting doses of 0.50-1.00 mcg once daily.
Vitamin D2 or D3 may be given in age-appropriate doses for skeletal health as per
the Institute of Medicine 2011 dietary reference intakes [52] but should not be given
in very large doses as in the past, as these very high doses may lead to markedly
increased serum 25-hydroxyvitamin D levels that may become toxic and cause sig-
nificant hypercalcemia and kidney dysfunction. Vitamin D2 or D3 toxicity may take
weeks to months to resolve after vitamin D2 or D3 are stopped, during which renal
dysfunction may worsen or become permanent.

Thiazide-type diuretics limit urinary calcium loss, and these may be helpful in
stabilizing or improving serum calcium levels in pseudohypoparathyroidism.
Because thiazide-type diuretics cause urinary potassium loss, potassium supple-
mentation may be necessary to prevent hypokalemia with long-term thiazide-type
diuretic use.

Cinacalcet has been used as adjunctive therapy to reduce very high levels of PTH
secretion in at least one pediatric patient and one young man with pseudohypopara-
thyroidism type 1b when calcium and activated vitamin D supplementation in com-
bination were not sufficient to control the hyperparathyroidism [53, 54].

Recombinant human growth hormone has been used to treat short stature in eight
prepubertal children with pseudohypoparathyroidism type la for 3-8 years, with
reported results similar to children with idiopathic growth hormone deficiency [55].

PTH treatment is not recommended for pseudohypoparathyroidism because
serum PTH levels are significantly increased already. Tissue resistance to endoge-
nous PTH secretion makes it difficult for exogenous PTH administration to have a
significant beneficial effect.
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Summary and Conclusions

Pseudohypoparathyroidism is a rare disorder that results from proximal renal tubu-
lar resistance to parathyroid hormone. This tissue resistance results in hyperparathy-
roidism associated with decreased serum calcium, increased serum phosphate, and
decreased 1,25-dihydroxyvitamin D. A variety of forms of pseudohypoparathyroid-
ism have been described. Pseudohypoparathyroidism type 1 results in inability of
exogenous PTH to stimulate urinary cAMP and phosphate excretion.
Pseudohypoparathyroidism type 2 is associated with increased urinary cAMP
excretion but normal urinary phosphate excretion after administration of exogenous
PTH. PTH resistance occurs in the proximal renal tubule but not in other PTH target
tissues. Most patients develop symptoms of hypocalcemia, including tingling pares-
thesias, muscle cramps, tetany, or seizures without adequate supplementation.
Calcium and calcitriol supplementation is recommended for all patients with pseu-
dohypoparathyroidism to prevent sustained hyperparathyroidism and resultant bone
disease.
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Chapter 7
Phosphorus Disorders:
Hypophosphatemic Rickets

Bart L. Clarke

Case Description

A 22-year-old female was referred for evaluation and management of hypophospha-
temia first diagnosed during a general medical evaluation. She complained of inter-
mittent muscle weakness and pain, bone and joint pain, and decreased energy level.
She had previously been noted to have mild bowing of her legs, with several lower
extremity stress fractures affecting her metatarsal bones, but not had other fractures.
She had not had kidney stones previously. She has had multiple abscessed teeth over
the years. She had not been previously advised to take phosphorus or vitamin D
supplements. She thinks she may have taken a liquid form of phosphorus in child-
hood for several years but stopped this by the time she was in kindergarten. She has
been advised by her primary care physician to take a supplemental multivitamin for
general health. Her family history was significant for multiple family members with
short stature and bowing of the legs.

Her physical evaluation showed short stature of 58 inches, weight 110 Ib, and
BMI 23.0 kg/m?. Her blood pressure was normal at 110/70 mm Hg, and her pulse
was normal at 68 beats/min. Her physical exam showed short stature, with mild
lateral bowing of her tibiae, without other significant abnormalities.

Her fasting serum phosphorus was decreased at 1.8 mg/dL (normal, 2.5-4.5),
with serum calcium normal at 9.2 mg/dL (normal, 8.9-10.1). Her serum creatinine
was normal at 0.8 mg/dL (normal, 0.6-1.1). Her serum total alkaline phosphatase
was increased at 180 units/L (normal, 45—-115). Her parathyroid hormone was nor-
mal at 35 pg/mL (normal, 15-65). Her serum 25-hydroxyvitamin D was optimal at
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25 ng/mL (optimal, 20-50), but her serum 1,25-dihydroxyvitamin D was decreased
at 16 pg/mL (normal, 18-78). Her serum magnesium was normal at 2.1 mg/dL
(normal, 1.7-2.3).

Her clinical and laboratory findings were felt to be compatible with childhood-
onset hypophosphatemic rickets, most likely X-linked based on her family history
with multiple male and female family members affected. Because of her decreased
serum phosphorus level and history of lower extremity stress fractures, she was
treated with potassium phosphate 250 mg elemental phosphorus one packet twice
daily and calcitriol 0.25 mcg twice a day. She was advised to maintain dietary cal-
cium intake at 1000 mg elemental calcium and to continue her multivitamin con-
taining vitamin D3 400 international units per tablet.

Compliance with potassium phosphate supplementation was difficult for her
over the next 2 years due to stomach distress and intermittent diarrhea, and she was
variably compliant with therapy, but did not have further lower extremity stress
fractures or dental abscesses.

Introduction

Phosphorus is a critical element for skeletal development and maturation, as well as
bone mineralization, cell membrane structure, nucleotide formation, and intracel-
lular signaling. Phosphorus forms complexes with oxygen in living tissues to form
anionic phosphate. Phosphate homeostasis in humans is largely maintained by the
balance between parathyroid hormone (PTH), 1,25-dihydroxyvitamin D, and fibro-
blast growth factor-23 (FGF-23). Serum phosphorus is influenced by these hor-
mones, as well as by dietary intake, acid-based changes in the blood, renal function,
skeletal metabolism, and intestinal absorption.

Low serum phosphorus is seen in up to 5% of hospitalized patients [1, 2].
Hypophosphatemia is more common in patients who abuse alcohol or who develop
sepsis, where it may be seen in as many as 30-50% of patients.

Clinical findings related to hypophosphatemia are variable, depending on the
severity of the low serum phosphorus and how long it has been present. Chronic
long-standing hypophosphatemia may cause fewer symptoms in patients than acute
hypophosphatemia. Severe hypophosphatemia may be seen in chronic alcoholism,
during repletion of nutrition in patients with poor nutrition, treatment of diabetic
ketoacidosis, or severe illness in patients in critical care settings.

Symptoms of hypophosphatemia are usually attributed to the direct effects of
decreased intracellular phosphorus. Intracellular phosphorus depletion results in tis-
sue hypoxia caused by reduced 2,3-diphosphoglycerate (2,3-DPG) in erythrocytes,
which increases the affinity of hemoglobin for oxygen. This deprives the tissues of
oxygen delivery by the blood. Cells that are depleted of phosphorus make insuffi-
cient adenosine 3',5'-triphosphate (ATP) to maintain energy metabolism, with
resulting suboptimal cellular function.
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This chapter will provide a review of hypophosphatemic rickets and discuss the
differential diagnosis of hypophosphatemia, focusing on different genetic and
acquired disorders causing renal tubular loss of phosphorus, with an emphasis on
X-linked hypophosphatemic rickets.

Differential Diagnosis of Hypophosphatemia

The three most common causes of hypophosphatemia are intestinal malabsorption
of phosphorus, redistribution of tissue fluid phosphorus into cells, and increased
renal tubular loss of phosphorus. Many patients with hypophosphatemia can be
diagnosed based on their medical history, but some cannot. Serum and 24-h urine
phosphorus should be measured in most patients to document levels to confirm the
diagnosis. Fractional excretion of filtered phosphate on a random urine specimen
may be helpful in patients unable to complete a 24-h urine collection. Fractional
excretion of filtered phosphate is calculated from the formula FEPO, = (UPO, X
PCr)/(PPO4 x UCr), where U and P represent urine and plasma, PO, is phosphate
concentration, and Cr is creatinine. In patients with hypophosphatemia, fractional
excretion of phosphate greater than 5%, or 24-h urinary phosphorus greater than
100 mg, is indicative of increased renal tubular phosphate loss.

Table 7.1 shows the differential diagnosis of hypophosphatemia. Reduced intes-
tinal absorption may be due to many different causes, whereas intracellular shifts of
phosphorus are caused by a smaller number of disparate causes. The differential
diagnosis of hypophosphatemia due to renal tubular losses is wide and includes
primary renal tubular transport defects, hyperparathyroidism, increased FGF-23
levels, and increased expression of KLOTHO or other phosphaturic proteins. These
causes are listed in Table 7.2.

Epidemiology of Hypophosphatemic Rickets

Because of the relative rarity of hypophosphatemic rickets, prevalence and inci-
dence estimates for this group of disorders have not been published in most coun-
tries. Previous studies have reported that X-linked hypophosphatemic rickets occurs
in 3.9-5.0 per 100,000 live births.

Beck-Nielson et al. [3] estimated the incidence of nutritional rickets and inci-
dence and prevalence of hereditary rickets in Southern Denmark in a population-
based retrospective cohort study based on a review of medical records. Patients aged
0-14.9 years referred to or discharged from hospitals in Southern Denmark from
1985 to 2005 with a diagnosis of rickets were identified by register search, and their
medical records were retrieved. Patients fulfilling the diagnostic criteria of primary
rickets were included. A total of 112 patients were identified with nutritional rickets,
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Intracellular shifts

Hyperinsulinemia due to insulin treatment, treatment of
diabetic ketoacidosis, or refeeding

Hungry bone syndrome

Acute respiratory alkalosis

Tumor cell uptake in leukemia blast crisis, lymphoma

Sepsis

Dietary intake of glucose, fructose, or glycerol

Recovery from metabolic acidosis

Decreased intestinal absorption

Vitamin D deficiency or resistance due to

Nutritional deficiency

Low sunlight exposure

Low dietary intake

Malabsorption

Celiac or Crohn’s disease

Previous gastrectomy, small intestinal resection,
intestinal bypass surgery

Pancreatitis

Chronic diarrhea of any cause

Chronic liver disease

Chronic kidney disease

Increased catabolism due to anticonvulsant therapy

Vitamin D receptor defects: vitamin D-dependent
rickets, type 2

Vitamin D synthetic defects

Vitamin D-dependent rickets, type 1 (CYP27B1)

CYP27Al1

Nutritional deficiencies: alcoholism, anorexia nervosa,
starvation

Antacids containing aluminum or magnesium

Increased renal tubular loss

Renal tubular phosphate loss disorders

Primary and secondary hyperparathyroidism

Diabetic acidosis with osmotic diuresis

Medications: calcitonin, diuretics, glucocorticoids,
bicarbonate

Acute volume expansion

of which 74% were immigrants. From 1995 to 2005, the average incidence of nutri-
tional rickets in children aged 0-14.9 and 0-2.9 years was 2.9 and 5.8 per 100,000
per year, respectively. Among immigrant children born in Denmark, the average
incidence was 60 (0—14.9 years) per 100,000 per year. Ethnic Danish children were
only diagnosed in early childhood, and the average incidence in the age group
0-2.9 years declined from 5.0 to 2.0 per 100,000 per year during 1985-1994 to
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Table 7.2 Disorders causing renal phosphate loss

Disease (OMIM) Defect Pathogenesis

TIO Mesenchymal Ectopic unregulated production of FGF-23,
tumor sFRP4, MEPE, FGF-7

XLH (307800) PHEX mutation Inappropriate FGF-23 synthesis in the bone

ADHR (193100) FGF-23 mutation | Increased circulating intact FGF-23 due to

mutations making it resistant to cleavage

HHRH (241530) SLC34A3 Loss-of-function NaPi-Ilc mutations that cause

mutation renal phosphate wasting without a defect in

1,25-D synthesis

ARHRI (241520)

DMPI1 mutation

Loss of DMP1 causes impaired osteocyte
differentiation and increased FGF-23 production

ARHR?2 (613312)

ENPP1 mutation

Increased FGF-23 production

HR and HPT (612089)

oa-KLOTHO
translocation

Increased KLOTHO, FGF-23, and downstream
FGF-23 signaling

Fibrous dysplasia
(139320)

GNAS mutation

Increased FGF-23 production from dysplastic
bone

Linear nevus sebaceous
syndrome

Excess FGF-23
production

Increase FGF-23 production from dysplastic bone
and nevi

Osteoglophonic FGFR1 mutation | Increased FGF-23 production from dysplastic

dysplasia (166250) bone

NPHLOP1 (612286) SLC34A1 Renal phosphate wasting without a defect in
mutation 1,25-D synthesis

NPHLOP2 (612287) SLCI9A3R1 Renal phosphate wasting through potentiation of
mutation PTH-mediated cAMP production

FRTS2 (613388) SLC34A1 Renal phosphate wasting without a defect in
mutation 1,25-D synthesis

1995-2005. Sixteen cases of hereditary rickets were diagnosed during the study
period giving an average incidence of 4.3 per 100,000 (0-0.9 years) per year. The
prevalence of hypophosphatemic rickets and vitamin D-dependent rickets type 1
was 4.8 and 0.4 per 100,000 (0-14.9 years), respectively. The study concluded that
nutritional rickets is rare in Southern Denmark and largely restricted to immigrants,
but the incidence among ethnic Danish children was unexpectedly high. Hereditary
rickets was the most common cause of rickets in ethnic Danish children, but nutri-
tional rickets was most frequent among all young children.

Clinical Presentation of Genetically Inherited Renal Tubular
Phosphate-Wasting Disorders

X-Linked Hypophosphatemic (XLH) Rickets

This is the most common genetic cause of renal tubular phosphate wasting. XLH was
first described by Fuller Albright in 1939 [4]. Patients with XLLH most often have short



88 B. L. Clarke

stature, rachitic and osteomalacic bone disease, and dental abscesses, similar to the
case presented above. The X-linked inheritance of this form of rickets was first estab-
lished in 1958 [5]. X-linked inheritance means that males with an appropriate muta-
tion on their X chromosome will express the disorder and that females with appropriate
mutations on both X chromosomes will have the condition but that females with an
appropriate mutation on only one X chromosome will not express the disorder.

It took many years to work out the genetic basis for this disorder. Mutations in
the PHEX gene on the X chromosome were eventually reported in the 1990s to
cause XLH, with up to 285 mutations reported to date in the PHEX database at
www.PHEXdb@mcgill.ca. PHEX is an acronym for phosphate-regulating gene
with homologies to endopeptidases on the X chromosome [6]. This gene transcribes
a protein with as-yet-unknown function that is a member of the M13 family of
membrane-bound metalloproteinases and present in osteoblasts, osteocytes, and
odontoblasts, but not in renal tubular cells [7].

Patients with XLH usually have no symptoms or recognized skeletal phenotype
before they start to walk. Most new patients come from families known to have this
disorder. When starting to walk, children develop bowing of their lower extremities
due to weight bearing on weakened bones due to their rickets. Height gain usually
decreases around this time, and bone and/or joint pain begins. Tooth abnormalities,
including dental abscesses in the teeth without cavities, enamel defects, enlarged
pulp spaces, and taurodontism, may develop. Taurodontism is a condition found in
human molar teeth in which the body of the tooth and pulp chamber is enlarged
vertically at the expense of the roots. As a result, the floor of the pulp chamber and
the furcation of the tooth are moved apically down the root. Skull abnormalities,
including frontal bossing and increased anteroposterior skull length, may be noted.
As patients mature into adulthood, the presentation of XLH often changes to more
diffuse bone and joint pain due to osteomalacia, with pseudofractures and enthe-
sopathy in the spine characterizing the radiographic findings.

Laboratory abnormalities are classically decreased serum phosphorus, normal
serum calcium, increased urinary phosphorus, increased serum total and bone alka-
line phosphatase, normal serum PTH, and low or inappropriately normal serum
1,25-dihydroxyvitamin D for the level of serum phosphorus. Children may have
normal serum phosphorus initially, but this decreases later during the first several
years of life. These changes suggest that serum phosphate regulators other than
PTH and 1,25-dihydroxyvitamin D may play a role in XLH. Serum FGF-23 secreted
by osteocytes and osteoblasts seems to play a role in the pathogenesis of this disor-
der also. Serum FGF-23 levels are either increased or inappropriately normal, even
though PHEX does not cleave FGF-23 directly. FGF-23 is known to increase
throughout life in the bones of Ayp mice lacking PHEX, an animal model of XLH
[8—13]. It appears that PHEX is involved in the downregulation and control of FGF-
23, but the precise mechanism has not yet been elucidated.

The diagnosis of XLH is based on the clinical presentation, physical examina-
tion, radiologic rachitic changes or evidence of osteomalacia, appropriate biochemi-
cal findings, and family history consistent with multiple generational or sporadic
appearance of XLH. PHEX gene mutational analysis is available, but mutations are
only found in 50-70% of suspected individuals when testing is done [14].
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Treatment of XLH in children requires high-dose oral phosphate supplementa-
tion three to five times a day and high-dose calcitriol several times a day. Phosphate
treatment should normally be started at low doses to minimize gastrointestinal irri-
tation and diarrhea. Doses are then titrated upward to achieve a weight-based dose
of phosphate three to five times a day given at peak doses of 20-40 mg/kg/day and
calcitriol given at peak doses of 20-30 ng/kg/day several times a day [13]. When
initiating therapy, some physicians prefer high-dose calcitriol therapy for the first
year, given with phosphate as described above, with calcitriol 50-70 ng/kg/day up
to a maximum of 3.0 mcg/day [13]. No comparison trials have evaluated the two
strategies for treatment efficacy.

Treatment with phosphate and calcitriol in childhood leads to marked improve-
ment in radiologic signs of rickets, as well as improvement in, but not normalization
of, growth. Studies have shown that age and height at initiation of treatment, and
possibly the sex of the patient, influence the peak height attained. Patients not
responding to phosphate and calcitriol supplementation may eventually require
orthopedic surgical intervention to correct lower extremity bony deformities.

Adult patients with XLH have low bone turnover and have had early closure of
their epiphyses, such that phosphate and calcitriol requirements are often signifi-
cantly less than in children. The role for therapy in adults remains unclear. Patients
may be treated with no therapy, low-dose phosphate alone, low-dose calcitriol
alone, or low-dose phosphate and calcitriol. It is not yet clear which adult patients
require long-term treatment and which patients can safely discontinue therapy.
Adult patients who are symptomatic likely will benefit from the treatment to
improve their symptoms and bone architecture and to cure osteomalacia that may be
present. Treatment should be given to patients with spontaneous insufficiency frac-
tures, upcoming orthopedic surgical procedures, biochemical evidence of osteoma-
lacia, or significant skeletal pain [13].

Clinical extension trials evaluating a monthly subcutaneously injectable mono-
clonal antibody to FGF-23 called burosumab (KRN23) in patients with XLH were
completed and the drug is now FDA approved [15—17]. These trials have shown
an increase in bone density at the spine, but this may have been due to increased
calcific enthesopathy rather than increased bone strength, and it is unclear yet
whether burosumab reduces fracture risk. Serum FGF-23 levels have been shown
to increase with phosphate and calcitriol supplementation, but the clinical signifi-
cance of this is not yet known [18]. A small trial with subcutaneously injected
calcitonin showed a transient increase in serum phosphate and a decrease in FGF-
23 levels [19]. Further clinical trials are needed to demonstrate whether any of
these agents are efficacious for the treatment of XLH.

Autosomal-Dominant Hypophosphatemic Rickets (ADHR)

This rare form of hypophosphatemic rickets is similar in many ways to XLH. Early
reports described a renal tubular phosphate-wasting disorder characterized by male
to male transmission, indicating this form of rickets was distinct from XLH [20, 21].
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Evaluation of kindreds with this condition showed incomplete penetrance in family
members, another feature quite different from XLH. Extensive efforts using posi-
tional mapping, cloning, and sequence analysis eventually showed that the cause of
ADHR was mutations in FGF-23 [22, 23]. Missense mutations in one or two arginine
residues at positions 176 or 179 of FGF-23 have been identified in affected members
of ADHR families. These mutated residues are located in the consensus proprotein
convertase cleavage RXXR motif of the protein, preventing cleavage of the protein
and thereby preventing its inactivation. As a result, serum FGF-23 levels are
increased, causing increased or prolonged FGF-23 activity in the circulation [24].
Patients with ADHR have clinical and biochemical features similar to XLH. Other
features that distinguish this disorder from XLH may include delayed onset until the
late 20s and apparent complete spontaneous resolution of previously recognized
renal tubular phosphate loss [24]. Serum FGF-23 levels vary with disease status
[24]. Kindreds with ADHR may have two distinct presentations within the same
family. One group with childhood onset usually has clinical and biochemical fea-
tures similar to XLH, whereas the other group with late onset does not have lower
extremity bowing deformities, presumably because the onset of the disorder
occurred after fusion of the epiphyses. Iron deficiency may mimic late-onset ADHR,
and lower serum iron levels are associated with increased FGF-23 levels [25].
Patients with childhood-onset ADHR are treated with phosphate and calcitriol
supplementation similar to patients with XLH. Those who do not respond to supple-
mentation may require orthopedic surgery to straighten bowed limbs eventually.
Adult-onset patients may or may not require phosphate or calcitriol supplementation.

Hereditary Hypophosphatemic Rickets
with Hypercalciuria (HHRH)

This rare form of hypophosphatemic rickets is characterized by hypophosphatemia,
increased renal tubular phosphate loss, and increased serum 1,25-dihydroxyvitamin
D in response to hypophosphatemia. The appropriate increase in serum
1,25-dihydroxyvitamin D in response to low serum phosphorus causes increased
intestinal calcium absorption and consequent hypercalciuria and kidney stones. The
genetic cause for this disorder is loss-of-function mutations in SLC34A3, leading to
reduced renal tubular expression of the sodium-phosphate cotransporter Ilc [26,
27]. This is one of the three sodium-phosphate cotransporters responsible for reab-
sorption of calcium from the renal tubule. Mutations may be homozygous or hetero-
zygous [28].

The clinical presentation is similar to that of tumor-induced osteomalacia, but
patients with HHRH have increased rather than decreased 1,25-dihydroxyvitamin D
levels and hypercalciuria rather than normal or decreased urinary calcium.

Patients with HHRH are treated with phosphate supplementation alone, and not
given calcitriol because their serum 1,25-dihydroxyvitamin D levels are appropri-
ately increased already.
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Autosomal Recessive Hypophosphatemic Rickets
Type 1 (ARHRI)

This rare disorder is caused by loss-of-function mutations in dentin matrix protein-1
(DMP-1). DMP-1 is a matrix protein related to matrix extracellular phosphoglyco-
protein (MEPE) and belongs to the small integrin-binding ligand N-linked glyco-
protein (SIBLING) family of matrix proteins [29, 30]. The DMP-1 protein
apparently has two functions. Early during osteocyte proliferation, it migrates to the
nucleus and regulates gene transcription. Later during osteocyte differentiation, it
becomes phosphorylated and is transported outside the osteocyte in response to
calcium fluxes, where it facilitates matrix mineralization by hydroxyapatite after the
full-length protein is cleaved. Loss of DMP-1 function in ARHR results in variably
modestly increased serum FGF-23 levels, markedly increased bone FGF-23, defects
in osteocyte differentiation, and impaired skeletal mineralization. Immature osteo-
cytes may overproduce FGF-23, causing the kidneys to lose phosphorus in the urine
and reduce production of 1,25-dihydroxyvitamin D. Treatment requires high-dose
phosphate and calcitriol supplementation, similar to XLH.

Autosomal Recessive Hypophosphatemic Rickets
Type 2 (ARHR2)

This rare disorder is caused by inactivating mutations in ectonucleotide pyrophos-
phatase/phosphodiesterase-1 (ENPP-1). This gene is associated with generalized
arterial calcification of infancy. It normally regulates extracellular pyrophosphate
and is critical for bone mineralization with phosphate. Five families with ARHR2
have been reported with loss-of-function mutations [31, 32]. Treatment requires
high-dose phosphate and calcitriol supplementation, similar to XLH.

Other Rare Causes of Hypophosphatemic Rickets

Hyperphosphatemic rickets with hyperparathyroidism has been reported previously
in one patient [33]. This patient was characterized by renal tubular phosphate loss,
inappropriately normal serum 1,25-dihydroxyvitamin D, and hyperparathyroidism
due to a genetic translocation causing increased oa-KLOTHO levels. Alpha-
KLOTHO is the cofactor required for binding of FGF-23 to its FGFR1 receptor.
Serum FGF-23 levels are increased in this disorder also, implicating a-KLOTHO in
the regulation of serum phosphate, FGF-23 expression, and parathyroid gland
function.

Fibrous dysplasia is caused by activating mutations in the GNAS gene. These
mutations cause constitutive activation of Gsa protein signaling. Fibrous dysplasia



92 B. L. Clarke

is associated with replacement of the medullary bone with undermineralized
bone, and normal bone marrow with fibrotic bone marrow. Gsa mutations in dys-
plastic bone may help differentiate fibrous dysplasia, where they are present, from
benign fibrous osseous lesions, where they are absent [34]. McCune-Albright syn-
drome is characterized by precocious puberty, café au lait hyperpigmented skin
lesions, and fibrous dysplasia. Phosphate wasting may be associated with this
syndrome, with increased serum FGF-23 levels in some cases. The serum FGF-23
level correlates generally with the extent of skeletal involvement with fibrous dys-
plasia. The hypophosphatemia in this disorder is not associated with classical
rickets, so there is debate as to whether this should be treated with high-dose
phosphate or calcitriol [35].

Linear nevus sebaceous syndrome, or epidermal nevus syndrome, is a rare form
of hypophosphatemic rickets. Patients with this disorder are characterized by mul-
tiple cutaneous nevi and fibrous dysplasia and often have severe hypophosphatemic
rickets caused by increased serum FGF-23 [36]. Treatment is usually given with
high-dose phosphate and calcitriol.

Osteoglophonic dysplasia is a rare dominantly inherited form of dwarfism asso-
ciated with renal tubular phosphate wasting and inappropriately low serum
1,25-dihydroxyvitamin D levels. This disorder is caused by activating mutations in
the FGF receptor 1 (FGFR1) [37]. Not all patients with this disorder have renal
tubular phosphate loss, with the mechanism of the phosphate loss thought to be
FGF-23 overproduction by a high burden of non-ossifying bony lesions seen in
many of these patients. Serum FGF-23 and renal tubular phosphate loss generally
correlate with the burden of skeletal disease.

Hypophosphatemic nephrolithiasis/osteoporosis type 1 (NPHLOPI) is a rare
disorder associated with renal tubular phosphate loss and osteopenia or nephroli-
thiasis. Two patients have been reported with this condition, both with heterozy-
gous dominant-negative mutations in the renal sodium-phosphate cotransporter
type 2a gene SLC34A1 [38]. Neither of these patients had bone pain or muscle
weakness.

Hypophosphatemic nephrolithiasis/osteoporosis type 2 (NPHLOP?2) is a rare dis-
order associated with renal tubular phosphate loss and nephrolithiasis and low bone
mineral density. This disorder has been associated with mutations in the gene for the
sodium/hydrogen exchanger regulatory factor 1 SLC9A3RI1 [39].

Fanconi renotubular syndrome 2 (FRTS?2) is a rare disorder associated with renal
tubular phosphate loss. This condition is due to in-frame duplication of the SLC34A1
gene [40]. Two patients presenting with fractures, bone deformities, and severe
short stature were reported to have these mutations causing autosomal recessive
renal Fanconi’s syndrome and hypophosphatemic rickets. Similar to NPHLOP1, in
which SLC34A1 loss-of-function mutations have also been reported, these patients
had hypercalciuria and increased serum 1,25-dihydroxyvitamin D levels.

In conclusion, it appears that renal tubular phosphate loss in these rare genetic
syndromes is due either to mutations in the sodium-phosphate cotransporters, dam-
age to the proximal renal tubule, or abnormal regulation of FGF-23.
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Tumor-Induced Osteomalacia

Tumor-induced osteomalacia (TIO), or oncogenic osteomalacia, is a rare acquired
disorder first described in 1947 [41], in which tumors produce factors called phos-
phatonins that cause renal tubular phosphate loss and decreased production of
1,25-dihydroxyvitamin D [42]. This condition is an acquired paraneoplastic syn-
drome in which the majority of tumors oversecrete FGF-23 but may also overse-
crete secreted frizzled-related protein 4 (sFRP4), MEPE, FGF7, or other
as-yet-unknown phosphatonins. The clinical presentation and biochemistries of
TIO are similar to what is seen in the genetic forms of hypophosphatemic rickets,
with long-standing bone, joint, and muscle pain, stress fractures, fractures, and low
serum  phosphate, increased urinary phosphate loss, low serum
1,25-dihydroxyvitamin D levels, and increased total and bone alkaline phospha-
tase. Patients frequently have increased serum FGF-23 levels. Adult patients pre-
senting for the first time with hypophosphatemic osteomalacia must be suspected
of having this disorder, as they are highly unlikely to have a genetic form of hypo-
phosphatemic rickets, unless they have late-onset ADHR.

Patients with TIO usually present for the first time in their 50s or 60s, but this
condition may occur at any age in life. Children with TIO usually develop rickets
with waddling gait, slowing of growth, and skeletal deformities. Because of the
rarity of this condition and the occult nature of the tumor causing the syndrome,
the average time from symptom onset until correct diagnosis is often longer than
2.5 years [43]. Once TIO is recognized, it takes an average of 5 years to localize
the tumor [44]. Documentation of previously normal serum phosphorus in an adult
supports a diagnosis of TIO, but in patients where this is not available, genetic
testing to rule out genetic hypophosphatemic rickets may be necessary. This
involves performing gene mutation analysis of the PHEX, FGF23, DMP]I, and
ENPPI genes.

Patients with TIO present with biochemistries similar to many of the genetic
forms of hypophosphatemic rickets described above. Serum calcium and PTH are
usually normal. Bone biopsies, if done, show severe osteomalacia with increased
osteoid and prolonged mineralization lag time.

Tumors causing TIO are usually slow-growing phosphaturic mesenchymal
tumors of the mixed connective tissue type [45], occurring either in soft tissues or
in the bone. Most are benign, but some may be cancerous. These tumors overex-
press and secrete FGF-23 and other phosphatonin proteins, which increase renal
tubular loss of phosphorus by causing internalization of the sodium-phosphate
cotransporters NaPi-Ila and NaPi-IIc from the renal brush-border membrane [46],
while also decreasing serum 1,25-dihydroxyvitamin D levels by decreasing expres-
sion of renal tubular 1a-hydroxylase that synthesizes 1,25-dihydroxyvitamin D and
increasing expression of renal tubular 24-hydroxylase that breaks down
1,25-dihydroxyvitamin D [47]. Serum FGF-23 levels are often increased in patients
with TIO [48].
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These tumors are often difficult to localize, even when they are suspected, and
serum FGF-23 levels are increased. They may occur in the long bones, vertebrae,
periarticular locations in the distal extremities, the nasopharynx, sinuses, and groin.
Palpable lesions in the subcutaneous tissues may be detected by a thorough skin
exam. Because mesenchymal tumors often express somatostatin receptors,
Mindium-pentetreotide (octreotide) scanning is often done first [49]. If this is nega-
tive, whole-body sestamibi scans, DOTATATE PET/CT scans, whole-body MRI
scans, and venous sampling have been employed with variable success.

Removal of the causative tumor usually allows TIO to completely resolve, with
rapid improvement in low serum phosphorus, reduction in urine phosphorus, and
normalization in serum 1,25-dihydroxyvitamin D levels, within minutes to days of
tumor resection. Osteomalacia typically takes several weeks to completely resolve.
If the tumor cannot be completely resected, radiofrequency or cryotherapy ablation
of the tumor has been reported to improve serum FGF-23 oversecretion also.

Patients with TIO where the tumor cannot yet be localized, or can only be incom-
pletely resected, are usually treated with high-dose phosphate and calcitriol supple-
mentation to reverse the biochemical changes and heal the osteomalacia. Phosphate
supplementation with 1-2 g/day in 3—4 divided doses, and calcitriol 1-3 mcg/day in
2-3 divided doses, is usually given. The monoclonal antibody burosumab (KRN23)
was recently approved by the FDA to treat TIO [50]. Patients who develop severe
hyperparathyroidism in response to long-term high-dose phosphate supplementa-
tion may eventually require parathyroidectomy or cinacalcet therapy [51]. Octreotide
therapy has been used in severe cases that are refractory to high-dose phosphate and
calcitriol.

Treatment

Treatment of hypophosphatemic rickets is targeted to correcting the biochemical
abnormalities resulting from low serum phosphorus and low serum
1,25-dihydroxyvitamin D levels. Treatment goals include increasing both serum
phosphorus and 1,25-dihydroxyvitamin D as close to the normal range as possible,
with the intent that this will help heal skeletal osteomalacia or rickets that is
present.

Patients with XLH should be treated as described above with high-dose phos-
phate and calcitriol supplementation. Adult patients require lower supplement doses
than children. The monoclonal antibody burosumab (KRN23) has been approved by
the FDA to treat XLH. Those who do not respond to medical therapy may require
orthopedic surgery to straighten bowed limbs eventually.

Patients with childhood-onset ADHR are treated with phosphate and calcitriol
supplementation, similar to patients with XLH. Those who do not respond to sup-
plementation may require orthopedic surgery.
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Patients with HHRH are treated with phosphate supplementation alone, and not given
calcitriol because their serum 1,25-dihydroxyvitamin D levels are increased already.

For all the other forms of genetically inherited hypophosphatemic rickets,
patients are treated with high-dose phosphate and calcitriol as appropriate.

Patients with nonlocalizable or unresectable TIO are usually treated with high-
dose phosphate and calcitriol supplementation. Patients with TIO refractory to these
treatments may occasionally be treated with cinacalcet, octreotide, or radiofre-
quency or cryotherapy ablation. Parathyroidectomy is sometimes recommended to
control hyperparathyroidism. The monoclonal antibody burosumab (KRN23) is
also being used to treat TIO in current clinical trials.

Summary and Conclusions

Hypophosphatemic rickets occurs due to a wide range of causes. Typically the cause
of hypophosphatemia falls into one of the three categories, including decreased intes-
tinal absorption, intracellular shifts, or increased urinary losses. Patients with increased
urinary loss of phosphorus typically have uncommon or rare genetic disorders or
acquired tumor-induced osteomalacia. Patients with disorders causing renal tubular
loss of phosphorus typically have low serum phosphorus, increased urinary phospho-
rus, inappropriately normal or low serum 1,25-dihydroxyvitamin D, and increased
total or bone alkaline phosphatase. Diagnosis is dependent on the clinical presenta-
tion, biochemistries, radiologic phenotype, and family history. Genetic mutational
analysis of the PHEX, FGF23, DMP1, and ENPP1 genes may be done for diagnostic
purposes in some settings. Treatment in most cases involves high-dose phosphate and
calcitriol supplementation. Burosumab is now available for the treatment of XLH.
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Chapter 8
Paget’s Disease of Bone

Alaleh Mazhari, Vinita Singh, Nicholas Emanuele, and Mary Ann Emanuele

Case Presentation

A 71-year-old man presents with a 3-year history of low back pain that is getting
worse. On specific questioning, he admits that his head is enlarging and that he has
lost hearing over the last 2 years. On physical examination, the head is larger espe-
cially in the frontal area when compared to a photograph taken 5 years ago. The
neurologic examination is unremarkable except for hearing loss.

Spine x-rays show coarsening of the trabecular pattern in several lumbar verte-
brae and expansion of several lumbar vertebral bodies. The total serum alkaline
phosphatase level is four times the upper limit of normal. Other liver function tests
and routine laboratory tests are normal.

Epidemiology, Pathogenesis, Genetics, and Histology

Historically, Paget’s disease of bone can be traced to the skull of a Neanderthal man
demonstrating changes consistent with this disease [1]. It was first described by Sir
James Paget’s in 1876 and was initially known as osteitis deformans and believed to
be an age-related focal disorder of bone metabolism. The hallmark feature of Paget’s
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is an accelerated rate of bone remodeling, resulting in overgrowth of the bone at
single or multiple sites resulting in compromised integrity of affected bone. The
most frequently involved sites are the skull, spine, pelvis, and long bones of the
lower extremities.

Epidemiology

Paget’s disease of the bone is the second most common bone disease and is most
often seen in older women and men, typically after age 55, with prevalence esti-
mates ranging from 2.3% to 9% in geographic areas most affected [2]. These areas
include Central Europe, the United Kingdom, parts of Canada, the United States,
and Australia [3-7]. The recognition of both geographic and familial clusters of the
disease led to a search for both environmental and genetic causes [8—10].

In the older literature, the prevalence has been reported at 3-3.7% [1, 11]. More
recent data [12] demonstrate that Paget’s disease is rare under age of 55 years but
increases in prevalence thereafter. Paget’s disease has been shown to affect 5% of
women and 8% of men by the eighth decade of life in some countries. Individuals
of European descent are predominantly affected, while it is rare in Africans, Asians,
and individuals from the Indian subcontinent. Paget’s is speculated to have origi-
nated in Northwestern Europe through one or more genetic mutations. However
epidemiologic data investigating the prevalence of Paget’s can be misleading, as
some studies have relied on abdominal imaging to detect involvement in the proxi-
mal femur, pelvis, and lumbar spine without examining the skull and other poten-
tially involved areas. Elevations in bone turnover markers have also been the basis
for prevalence in epidemiological studies, specifically alkaline phosphatase [13].
Interestingly, the prevalence appears to be decreasing and the degree of skeletal
involvement declining [10, 14]. This decrease may be due to changes in environ-
mental factors that affect the tendency to disease, including improved nutrition,
reduced exposure to infections, and a more sedentary lifestyle with decreased
mechanical loading and skeletal injuries [10, 14].

Pathogenesis and Genetics

Paget’s disease of the bone is characterized by an accelerated rate of bone
remodeling resulting in overgrowth of bone at selected sites and impaired
integrity of affected bone. It is believed to be a disease of the osteoclast based
on the abnormal appearance of the osteoclasts, which contain excessive nucle-
oli and intranuclear inclusion bodies. The increase in bone resorption is cou-
pled with aberrant bone formation over years. Osteoblastic activity can result
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in sclerosis and deformation of the bone. The antiresorptive agents used in
treating Paget’s largely inhibit osteoclastic activity and normalize bone remod-
eling. Osteoclasts from pagetic bone also demonstrate hypersensitivity to vita-
min D [15, 16].

Genetic and environmental causes are both suspected to contribute to the patho-
genesis of the disease [17]. Many individuals with Paget’s, up to 40% [8], have a
family history of the disease with an autosomal dominant pattern of inheritance but
with incomplete penetrance. Individuals with familial Paget’s disease may differ
from those with sporadic Paget’s disease by having an earlier onset, more skeletal
involvement, deformity, and fracture [18-21].

Mutations in SQSTM1 (which encodes sequestosome-1, also known as ubiquitin-
binding protein p62) appear to account for the susceptibility to develop Paget’s
disease in some families, and involvement of other genes is currently under investi-
gation. Candidate gene analyses have identified 15 genetic loci associated with
Paget’s [22-24]. Most of these risk loci identify proteins known to affect bone phys-
iology. Several directly affect RANK-RANKL pathway activity, such as the
TNFRSFI1IA locus that encodes RANKL. A germline mutation in the gene for
OPG, the decoy receptor for receptor activator for NFkB ligand (RANKL), leading
to a deficiency of OPG, has been reported. Juvenile Paget’s disease (or hyperphos-
phatasia), is an autosomal recessive bone dysplasia with childhood onset that is
unrelated to Paget’s disease in adults.

In addition to a genetic cause, environmental factors have been proposed to have
a role in the pathogenesis of Paget’s disease. There are data that infection contrib-
utes to the disease based on the observation of intranuclear inclusion bodies resem-
bling paramyxovirus nucleocapsids in pagetic osteoclasts. Although other evidence
has been presented for measles virus as an etiologic factor, some studies have not
confirmed its involvement. The decreasing incidence of Paget’s disease could be
attributed to measles vaccination [25]. While measles remains a problem worldwide
where vaccinations are not available, Paget’s disease of the bone has not been
described as more prevalent in these populations [6]. Also immunohistochemical
and molecular approaches to confirming the presence of virus in bone biopsies from
individuals with Paget’s have generated conflicting findings [25-27]. Outside of the
cellular responses to measles virus nucleocapsid protein and an interferon-gamma
connection, the exact role of the immune system in Paget’s disease of the bone is not
well understood. The increased levels of cytokines including IL-6 and interferon-
gamma noted in Paget’s are similar to those seen in other osteo-immunological
disorders. As a potential osteo-immunological disorder, the future treatment of
Paget’s disease of the bone may include targeted immune modulator therapy, par-
ticularly the receptor activator of nuclear factor kappa-B ligand and IL-6 signaling
inhibition.

There are no consistent correlates found between the occurrence of Paget’s dis-
ease and other environmental exposures including lead, dog ownership, urban ver-
sus rural living, heavy metals, milk ingestion, or family size [25].
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Histology

The osteoclasts in patients with Paget’s disease of the bone are multinucleated,
numerous, and unusual in appearance. The accelerated bone turnover results in
lamellar bone being deposited interspersed with woven bone, resulting in increased
bone volume and a chaotic appearance. The trabeculae are enlarged and contain
numerous osteoblasts. A mosaic pattern is characteristic of the disease, which is
attributed to disorganized units of lamellar bone surrounded by irregular cement
borders. Normal marrow is replaced by highly vascular stromal tissue.

Clinical Presentation

Changing Presentation

The various modes of presentation are clear and related to the bone, nervous sys-
tem, and, cardiovascular system. However, the frequency of discrete systemic
involvement is difficult to determine for various reasons. First, studies tend to
come from specialty referral sites where it is likely that more difficult patients are
sent. These patients may not reflect the general population. Second, there is a very
large variation in clinical presentation over time. Third, there is regional variation
as well [13, 28].

Skeletal and Rheumatic Aspects

The lumbar spine and sacrum are the most commonly involved skeletal sites [29].
There are enlarged, sclerotic vertebrae, and there can be compression fractures and
consequent kyphosis [29]. The femur and tibia can undergo plastic deformation
resulting in bowing [30]. Repeated loading on these weakened bones can accelerate
degenerative disease of the hip and/or knee and cause gait disturbance and ulti-
mately fractures [30]. Fractures in long bones are seen usually in the lower extremi-
ties, more often the femur than the tibia and typically transverse in nature [29, 30].
The humerus can sometimes be affected by Paget’s, and this may lead to severe
degenerative disease in the shoulder and occasionally in a humeral fracture if there
is extensive involvement coupled with a fall [30]. Involvement of the skull with
greater enlargement over the frontal and occipital areas can lead to hearing loss,
tinnitus, and rarely hydrocephalus [29, 31]. If the jaw is affected, there can be mal-
occlusion and migration and loss of teeth [29].

Bone pain can result from fractures or associated osteoarthritis. Less commonly,
nerve root or spinal cord compression, pseudo-fractures, or increased bone turnover
can account for pain [13, 29, 32].
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Franck et al. did a careful study of 55 patients with Paget’s disease to better define
the pain syndromes [32]. They found a high frequency of rheumatic complaints distinct
from Paget’s bone disease or degenerative arthritis. These included gouty arthritis,
calcific periarthritis, rheumatoid arthritis and its variants, and low back pain syndromes.
Six of the patients had classic podagra. Twenty of 55 patients had periarticular calcifi-
cations identified on x-ray, mainly involving shoulder joints, and acute inflammatory
episodes occurred at 14 sites. Eight patients had rheumatoid arthritis and its variants.
Six patients appeared to have ankylosing spondylitis or a clinical syndrome very close
to ankylosing spondylitis. Six patients who had low back pain had spinal cord or nerve
root compression demonstrated on myelogram. Although the frequency in this report
might not reflect the general population, since these were patients referred to a spe-
cialty care center, all of these various causes of pain need to be considered.

Neurologic Aspects

Up to 76% of patients with Paget’s disease may have some neurologic complication
[33]. About 90% of these have more than one affected bone. Reported prevalence
data for neurologic complications vary widely [33].

Hearing Loss

Hearing loss is the most common complications, seen in up to 76%, but prevalence
estimates are from 2% to 76% [33]. It is generally seen when the temporal bone is
involved [13, 30], though there may be difficulty in distinguishing Paget’s-related
hearing loss from presbycusis. The mechanism of hearing loss has been speculated to
be multifactorial involving compression or stretching of the auditory nerve, loss of
hair cells or ganglion cells, vascular shunts, or epitympanic spurs, among other things
[30]. Not all of these potential mechanisms have been verified. In a CT study of 37
patients with Paget’s of the skull compared to 20 controls, there was no compression
or stretching of the auditory nerve, and auditory brain stem responses gave no evi-
dence of auditory nerve dysfunction [34]. However, high-resolution QCT uncovered a
strong correlation between high-frequency pure tone hearing loss and decreased bone
mineral density of the cochlear capsule associated with invasion by pagetic bone [34].

Skull Involvement

In most cases when the skull is involved in Paget’s disease, the effects are largely
cosmetic [30]. However, in extreme situations, there may be platybasia or even
syringomyelia as well as brainstem compression [33]. Rarely, this may result in
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acute tonsillar herniation and death. There may be no pain or disabling headaches.
Optic atrophy and papilledema have been described and attributed to narrowing of
the optic foramen but could also be caused by hydrocephalus and attendant increased
intracranial pressure [13, 30]. Hearing loss in Paget’s disease is well known (see
above), but patients may also have ophthalmoplegia, anosmia, trigeminal neuralgia,
and facial and bulbar palsy [30, 33]. The prevalence of cranial nerve lesions (other
than hearing loss) varies from 0.2% to 41% [33].

Dementia even in the absence of hydrocephalus has been attributed to direct
compression of the cerebral hemispheres [33]. A rare syndrome of inclusion body
myopathy and frontotemporal dementia in Paget’s patients has been reported [33].
The dementia is characterized by personality change and language dysfunction and
has a rapid progression.

Intracranial expansion of tumors, most often sarcomas, can cause intense headaches,
exophthalmos, and the expected localizing neurologic signs depending on location
[33]. These tumors are rare (<1% of Paget’s patients), and only about 10% occur in the
cranium. Rapid neurologic deterioration may indicate hemorrhage into such tumors.

Pagetic change in the maxilla and ethmoids results in facial deformity, either
bilateral or strikingly asymmetric, and nasal obstruction [35]. The nasal obstruction
may generate anosmia, but there may be nerve compression as well. Thickening of
the alveolar ridges leads to loosening and drifting of teeth [35].

Vertebral Involvement

Neck or back pain has been reported in 10-54% of patients and evidence of spinal
cord or nerve root damage in 4-34%, again illustrating the wide range of prevalence
of various symptoms and signs of Paget’s disease [33].

Whether back pain is due to pagetic bone involvement or associated osteoarthritis
can always be debated in a particular patent, and both etiologies must be kept in mind.

When the vertebrae are involved in the pagetic process, there can be impinge-
ment on the spinal cord and alteration of blood flow resulting in pain as well as
quadriparesis or paraparesis depending on the level of the significant lesion [30].
Blood flow to pagetic bone can be quite high, and it has been hypothesized that
when this occurs in a vertebral body, a “steal” of blood flow from the adjacent spinal
cord may occur, causing reversible spinal cord ischemia [30, 33]. Symptoms are
slowly progressive, but new symptoms or rapid progression of the neck or neck
symptoms should suggest fracture, hematoma, or sarcoma [33].

Peripheral Nerve Involvement

Peripheral nerve involvement is relatively rare (2-5% prevalence) and is usually due
to nerve entrapment syndromes such as those of the ulnar, sciatic, medial, and pos-
terior tibial nerves [33].



8 Paget’s Disease of Bone 105
Cardiovascular Aspects

High-output congestive heart failure occurs in about 3% of patients with very active
Paget’s disease with very high blood flow to the bone, muscle, and overlying skin
[29, 30, 36, 37]. It is of interest that, in one small study, most of the increased
extremity blood flow in patients with active Paget’s disease was to the skin [38].
Nonetheless, increased blood flow may cause shunting and lower peripheral vascu-
lar resistance. Significant bony involvement (usually defined as >15%) may then
lead to heart failure [39]. Echocardiographic data compared those with very active
Paget’s disease (15-22% skeletal involvement) to those with less active disease
(<15% 15-22% skeletal involvement) and control non-pagetic subjects [39].
Cardiomegaly was more frequent and left ventricular mass greater in those with
very active Paget’s disease compared to those with less active disease and controls.

Vascular calcification has been seen in patients with Paget’s disease as well.
After adjustment for a variety of cardiovascular risk factors, the frequency of arte-
rial calcification was not greater in Paget’s disease patient than controls, but the
calcifications were longer and thicker in Paget’s [40]. The prevalence of calcified
aortic valves is higher in Paget’s disease than in control subjects [41]. Furthermore,
the clinical severity of the Paget’s was associated with higher frequency of aortic
valvular disease. Whether there is an increased risk for mitral calcification is not
clear [39, 41].

Neoplasms

The frequency of giant cell tumors is low, <1%. Though low, this is a 30 times higher
risk than the general population [31]. There is data from the United Kingdom that
these tumors are becoming more rare [42]. Most, about 85%, are osteosarcomas, but
there are rare fibrosarcomas and chondrosarcomas [29]. Acute bone pain, either
recent in onset, or an increase in pre-existing pain may be the signal that sarcoma-
tous degeneration has occurred. In fact, in the published UK series, 58% of 32
patients with osteosarcomas had the tumor as a presenting manifestation of Paget’s
disease [42]. Median survival was 8 months from diagnosis, and only four patients
(12.5%) lived more than 2 years from diagnosis. Tumors can also metastasize to
pagetic bone, probably when there is active disease with high blood flow [29].

Diagnosis and Differential Diagnosis

The diagnosis of Paget’s disease can be achieved by combination of clinical signs
and symptoms with imaging and biochemical testing. Since many, if not most of the
patients are asymptomatic, clinicians mainly rely on imaging and biochemical test-
ing to confirm the diagnosis of Paget’s disease.
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Imaging

The diagnosis of Paget’s disease is mostly radiological [43]. The most commonly
affected bones are the pelvis (70% of cases), femur (55%), lumbar spine (53%),
skull (42%), and tibia (32%).

The initial test is a plain x-ray of the involved bone, which can show osteolytic
lesions, overgrowth, deformity, or fractures if present. An early radiological stage of
Paget’s disease is the osteolytic lesion, which has been observed to progress in a long
bone at an average rate of about 8 mm/year [44]. The second stage of the disease is
increase in osteoblastic activity with mixed osteolytic-osteosclerotic appearance on
the x-ray, disturbing the normal trabecular architecture of the bone. In the third stage,
the sclerotic lesion predominates which might cause bony overgrowth [45]. It can
also depict cortical thickening and bone expansion. Untreated patients might have an
increase in size of the bone thereby leading to bony deformity mostly in the form of
bowing of long bones. X-rays can also help to diagnose “fissure fractures’” which are
linear transverse radiolucencies mostly seen in convex aspect of long bones [44].

Paget’s disease of the bone can be polyostotic or monostotic [46]. The important
differentials for monostotic Paget’s are primary or metastatic bone tumors, chronic
bone infection, fibrous dysplasia, etc. In those cases, bone biopsy can be helpful in
establishing the diagnosis. Bone biopsy should be avoided in weight-bearing bone
because there is a risk of fracture and other complications [45].

Radionuclide bone scanning is a more sensitive test than a plain x-ray in identify-
ing early disease. It helps to determine the extent of the disease and may also iden-
tify the affected bones, which are not associated with symptoms. The Endocrine
Society guidelines do not recommend repeating the bone scan as a follow-up testing
modality to confirm remission as biochemical markers of bone turnover have good
correlation with disease activity when compared to bone scan [44].

In advanced cases, computed tomography (CT) scan or magnetic resonance
imaging (MRI) can be performed when malignancy is suspected. They can also aid
in evaluation of the patients with negative radiographs but suspected fracture and
preoperative planning for corrective surgeries [47]. In uncomplicated Paget’s dis-
ease of the spine, MRI may show a mixed pattern of increased or decreased T1
signal of the vertebral bodies, which correlates with the mixed osteolytic and osteo-
blastic phase of the disease [48]. MRI can also be of value in evaluating soft tissue
component of the tumor arising from the pagetic lesion or if the patient presents
with neurological symptoms in cases of spinal stenosis or cord/nerve compression.

Biochemical Markers

Serum total alkaline phosphatase (ALP) can be tested to determine the metabolic
activity of the bone. In active Paget’s disease, serum ALP can be elevated when the
other liver enzymes are normal. In patients with liver disease, bone-specific alkaline
phosphatase (BSAP) can be obtained.
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ALP can be normal in some cases [49]. In those circumstances also, BSAP
should be checked. Elevated BSAP indicates high bone turnover. Bone turnover
markers are also helpful in monitoring the response to the treatment and to follow
the evolution of the disease in untreated patients as it has a good correlation with
disease activity.

ALP is a less expensive test and is more readily available as compared to
BSAP. After initiation of therapy, ALP falls more slowly, and a clear response is
noted in 4-8 weeks [45].

Procollagen type 1 N-terminal propeptide (P1NP) is another marker of bone for-
mation, which can be used when other liver function tests are abnormal as there may
be up to 20% cross-reactivity of antibodies to liver ALP with bone ALP [44]. In a
recently published meta-analysis, PINP was found to be the best marker to assess
the disease activity both initially and after treatment with bisphosphonates [50].
However, the limited availability of PINP is a consideration.

Markers of bone resorption such as serum C-telopeptide (CTx) or urine
N-telopeptide (NTx) can also be tested to estimate the bone metabolic activity and
monitor the response to treatment. The advantage of the resorption markers over the
bone formation marker is the faster demonstration of decrease in bone resorption
than bone formation after treatment.

In a recent publication [51], two molecular tests has been developed which can
predict the Paget’s disease phenotype better than the bone turnover markers alone.
Further studies are needed before the molecular tests can be used in clinical
practice.

Treatment

The goals of treatment include normalization of bone turnover, improving patient’s
symptoms, slowing down or halting disease progression, as well as lowering the risk
of complications if possible.

Pharmacological therapy should be offered to patients who fall into one of the
following categories: those with active disease who are symptomatic; those whose
bone scintigraphy is consistent with Paget’s disease involving weight-bearing
bones, spine, skull, or other areas where complications can occur (with or without
having an elevated bone marker such as ALP); those who have pagetic bone involve-
ment adjacent to major joints; those undergoing planned surgery involving bony
areas affected by Paget’s; as well as those with hypercalcemia associated with
immobilization who have polyostotic disease [44, 52].

Although bisphosphonates, the major therapeutic agents for Paget’s disease,
reduce bone pain, the notion that bisphosphonate therapy will reduce hard end
points remains unproven. This was addressed in the PRISM Trial. In this trial, inten-
sive bisphosphonate therapy was compared to symptomatic therapy in 1324 patients.
The patients in the symptomatic group were only treated with analgesics or anti-
inflammatory drugs if they had pagetic bone pain and only received bisphosphonates
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if they did not respond (tiludronate and etidronate were the first-line bisphosphonate
treatment in this group). The intensive group received repeated courses of bisphos-
phonates (risedronate was the first-line treatment in the intensive treatment group)
irrespective of symptoms with the aim of reducing and normalizing ALP. The end
points of the study included fracture, orthopedic surgery, quality of life, bone pain,
and hearing threshold. The median follow-up was 3 years. The ALP level was sig-
nificantly lower in the intensive treatment group starting at 4 months post initiation
of treatment and remained significantly lower throughout the study (p < 0.001), but
there was no statistically significant difference between the two groups in the end
points listed above [53]. However this study had several limitations including the
use of less potent treatment therapies in the symptomatic arm as well as the fact that
when the study was conducted, zoledronic acid was not available. This is an impor-
tant point, and in the upcoming sections, we will review the efficacy of the more
potent bisphosphonates, including zoledronic acid, for the treatment.

Currently there are only two classes of medications that are approved by the US
Food and Drug Administration (FDA) for treatment of Paget’s disease of the bone:
bisphosphonates and calcitonin.

Bisphosphonates: General Considerations

Paget’s disease of the bone is characterized by high bone turnover, and therefore the
treatment options that are commonly used target osteoclasts, with the aim of reducing
bone turnover. The bisphosphonate nucleus consists of two phosphate groups joined
by a central carbon atom. Bisphosphonates bind avidly to the bone and can remain
there for years. During bone resorption, bisphosphonates are taken up by osteoclasts
and inhibit the enzyme farnesyl pyrophosphate which in turn can have an adverse
effect on osteoclasts and lead to osteoclast apoptosis. Different bisphosphonates have
different potencies depending on the bisphosphonate’s affinity for hydroxyapatite or
skeletal uptake [44]. The bisphosphonates can be further categorized as those that
contain nitrogen (which include zoledronic acid, pamidronate, risedronate, alendro-
nate, ibandronate, and neridronate), and this group of bisphosphonates are the main
agents used for treatment of Paget’s disease of the bone [44, 52, 54].

It is important to ensure appropriate laboratory testing is conducted and abnor-
malities addressed prior to initiation of treatment with bisphosphonates to minimize
adverse treatment outcomes. The laboratory evaluation should include serum cal-
cium, creatinine, phosphorous, and 25-hydroxyvitamin D level (25-OHD). If vita-
min D deficiency is present, normalization of 25-OHD is important prior to initiating
bisphosphonate therapy to minimize risk of hypocalcemia. Serum parathyroid hor-
mone level (PTH) is helpful for further evaluation in patients who have an abnormal
calcium level. PTH level would be expected to be low in patients with hypercalce-
mia due to immobilization in patients with Paget’s bone disease [55]. Patients need
to take oral bisphosphonates as directed to ensure optimizing absorption and mini-
mizing potential side effects. Some guidelines recommend evaluation by a dentist



8 Paget’s Disease of Bone 109

when possible. For patients who require extensive dental work, it is important that
the dental work is addressed prior to initiation of bisphosphonate therapy to ensure
proper healing and reducing the risk of osteonecrosis of the jaw, a rare complication
of bisphosphonate therapy [56, 57].

Bisphosphonates: Etidronate

Etidronate was the first bisphosphonate to be used for treatment of Paget’s disease
of the bone. It is administered 400 mg/day orally for 6 months [44, 52, 58]. There
are numerous studies looking at the efficacy of etidronate for treatment of Paget’s
disease [44, 52, 59]; however, in this chapter, we will mainly focus on the more
potent bisphosphonates that are primarily used for the treatment of Paget’s disease.

Bisphosphonates: Alendronate

Alendronate is one of the main oral bisphosphonates that is used for the treatment
of Paget’s. In a double-blind, randomized trial, a mix of patients some of whom
were bisphosphonate naive, others not, received either alendronate 40 mg a day (27
patients) or placebo (28 patients) for 6 months. Overall, there was a 78% response
rate (normalization of ALP or >60% decrease ALP from baseline) in the alendro-
nate group. ALP had normalized in 12% of the patients at 3 months and 48% at
6 months. Radiographic assessment showed 46% of the patients in the alendronate
group had improvement of osteolysis compared to 4% in the placebo group, and the
difference was significantly different at 6 months (P = 0.0.2). In a small subset of
biopsied patients, bone histology showed that indices of bone formation and resorp-
tion in pagetic bone were significantly lower in the alendronate group without evi-
dence of defective demineralization. There was no significant change in the pagetic
bone pain between the two groups. The main side effect experienced by patients
included upper gastrointestinal symptoms [60].

In a 6-month study comparing alendronate to etidronate, alendronate proved to
be more effective than etidronate both on reductions in ALP and lower risk of osteo-
malacia [61].

Bisphosphonates: Risedronate

Risedronate is the other oral bisphosphonate that is commonly used for the treat-
ment of Paget’s disease. In an open-label, multicenter study, 162 patients with
Paget’s disease of the bone (some previously bisphosphonate treated, some not)
were treated with risedronate 30 mg a day for 84 days followed by no treatment
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for 112 days. This cycle was repeated once if ALP did not normalize or if it
increased from nadir value by >25%. At the end of the first cycle, the mean per-
centage of ALP decline was 65.7%, and at the end of the second cycle, it was
69.1% (p < 0.001 compared to baseline). During the entire study, 54% of the
patients had normalization of ALP. Of the patients who had been on prior therapy,
91% responded to risedronate, and 54% had normalization of ALP. There was a
significant decline in pagetic bone pain during the study (P < 0.001). The most
commonly reported side effects were headache, diarrhea, dyspepsia, and constipa-
tion. The results of this study showed risedronate to be an effective treatment for
Paget’s disease of the bone [62].

When compared to etidronate, risedronate caused a greater decrease in pain,
sharper fall in ALP, and lower relapse rate [63].

Bisphosphonates: Pamidronate

Pamidronate is given as an intravenous infusion (IV) and is one of the main IV
bisphosphonates that is used for the treatment of Paget’s disease of the bone. In a
2-year study, 71 patients with Paget’s disease without prior history of bisphospho-
nate treatment received IV pamidronate. The patients were subdivided based on
disease severity as having mild, moderate, or severe disease, and the dose of pami-
dronate increased with increasing disease severity. ALP level declined after pami-
dronate treatment, and those who had mild to moderate disease had a better response
(normalization of ALP occurred in 43/49 patients at 6 months) compared to those
with more severe disease (normalization of ALP occurred in 3/13 patients at
6 months). Relapse rates varied with disease severity, 6% with mild severity, 39%
with moderate severity, and 62% with severe disease. Pain scores and osteolytic
lesions improved as well [64].

In another study, pamidronate decreased ALP by 63% (p < 0.0001), and normal-
ization of ALP occurred in 50 patients (the patients with a lower ALP level had a
higher rate of achieving ALP normalization) [65].

Alendronate was more efficacious than pamidronate in both previously
bisphosphonate-treated and drug-naive people in lowering ALP [66].

Bisphosphonates: Zoledronic Acid

Zoledronic acid is administered as a once-a-year 5 mg infusion, and it has become
the preferred treatment for Paget’s disease of the bone [44]. In a randomized,
double-blind, controlled 6-month trial, the effectiveness of a 15-min infusion of
5 mg of zoledronic acid (182 patients) was compared to 60 days of risedronate
30 mg/day (175 patients). Therapeutic response was defined as normalization of
ALP or a reduction of at least 75% in total ALP excess (the difference between
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midpoints of the reference range). Bone biopsies were performed after double tetra-
cycline labeling.

At the end of the study, 96% of patients had therapeutic response compared to
74.3% of the risedronate group (p < 0.001). The time to first therapeutic response
was significantly shorter with zoledronic acid (64 days versus 89 days for rise-
dronate). ALP normalized in 88.6% of the zoledronic acid group compared to
57.9% in the risedronate group. The response rate to zoledronic acid was consis-
tent regardless of disease severity and prior treatment history. At 3 months, pain
scores improved in both groups. The patients who met therapeutic response were
eligible for trial extension. The median follow-up at the end of the core study
was 190 days, and during that time, 25.6% of the patients in the risedronate
group had a loss of therapeutic response compared to 0.9% in the zoledronic
acid group (P < 0.001).

A small subset of patients had bone biopsies and there was no defective bone
mineralization. The main side effect reported in the zoledronic acid group was
flu-like symptoms, and eight patients developed hypocalcemia (two were symptom-
atic). One patient developed symptomatic hypocalcemia in the risedronate group.
The rates of gastrointestinal side effects were similar in both groups [55]. This
greater response to zoledronic acid compared to risedronate was confirmed in
another study [67].

Registry data from 98 patients with Paget’s disease who had been treated with
5 mg intravenous infusion of zoledronic acid were reviewed to assess response rates
over a 3-year period. At 1 year, 93.3% of the patients remained in remission, 89.5%
at 2 years, and 91.6% at 3 years [68].

In a 15-month randomized clinical study, pamidronate (30 mg IV for 2 con-
secutive days every 3 months) was compared to zoledronic acid (4 mg IV). The
primary end point was normalization of ALP or 75% reduction of total ALP
excess at 6 months. In the zoledronic acid group, 97% of the patients reached the
primary end point compared to 45% of the patients in the pamidronate group. In
the zoledronic group, 93% of the patients had normalization of ALP compared
to 35% in the pamidronate group. At 12- and 15-month follow-up, ALP remained
in the normal range in 79% and 65% of the zoledronic acid treatment group,
respectively [69].

In a 3-year extension study of Paget’s Disease: Randomized Trial of Intensive
versus Symptomatic Management (PRISM) trial, 270 patients were enrolled in the
intensive treatment group (this time zoledronic acid was the first-line bisphospho-
nate), and 232 patient continued in the symptomatic treatment group (bisphospho-
nate treatment was only given for bone pain). The primary outcome was fractures,
and some of the secondary outcomes included orthopedic procedures, quality of
life, and bone pain. The ALP level was significantly lower in the intensive group on
entry to the study, and the margin of difference between the groups increased over
the course of the study. There were no differences in quality-of-life measures, bone
pain, fracture risk, or orthopedic procedures [70]. So again, while it seems reason-
able that decrease in bone turnover should prevent complications, clinical trial data
proving this has not yet been published.
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In an open-label study, 14 patients (7 female and 7 male) with active Paget’s
disease of the bone who were resistant to other bisphosphonates were treated with
zoledronic acid. There was an 81% decrease in post-therapy ALP level after zole-
dronic acid. Continued remission was seen for as long as 60 months. One patient
showed lack of remission despite two doses of zoledronic acid administered 1 year
apart (the patient had a 68% decrease in ALP level and 62% but failed to go into
remission) [71]. Zoledronic acid appears to be effective in majority of cases of
bisphosphonate resistance, but more data is necessary to see if this trend will hold
true as more patients are treated with zoledronic acid [71-74].

Other Bisphosphonates

Other bisphosphonates have also been used for treatment of Paget’s disease of the
bone such as ibandronate, tiludronate, and clodronate. However use of these agents
is very limited and the data from these studies will not be reviewed here.

Calcitonin

Calcitonin is a peptide hormone produced by the C-cells in the thyroid and can
directly bind to a receptor on osteoclasts and reduce bone turnover [44]. Calcitonin
is administered 100 U subcutaneously daily. Calcitonin treatment over several
months can lead to 50% reduction in ALP, and lower doses of 50-100 U every other
day can be used for maintenance. Several factors have led to calcitonin falling out
of favor for the treatment for Paget’s disease including lack of robust biochemical
and clinical response, lack of sustained response to treatment once the medication
is stopped, the need for daily injections, the side effects associated with the medica-
tion, as well as the better efficacy of newer therapies (as noted above). Calcitonin is
mainly used in patients who are not able to tolerate bisphosphonates or if there is a
contraindication to bisphosphonate treatment [44, 52].

Denosumab

Denosumab (human monoclonal antibody to RANK ligand) is being evaluated as a
possible treatment option for Paget’s disease of the bone. More data is necessary to
assess the therapeutic efficacy of this agent for Paget’s disease and can potentially
be used as a second-line treatment option for those intolerant to bisphosphonate
treatment [75-79].
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Back to the Patient

This patient has symptomatic Paget’s disease with enlarging skull, hearing loss, and
back pain, though the latter could certainly be multifactorial. If calcium, vitamin D,
and creatinine are normal, he should be given either oral of intravenous
bisphosphonate.
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Chapter 9
Hypophosphatasia

Rod Marianne Arceo-Mendoza, Anne Margarette Bacal,
and Pauline M. Camacho

Case

A 55-year-old postmenopausal Caucasian woman presented for bone health evalua-
tion with a history of recurrent metatarsal stress fractures. She recalls seeing a podi-
atrist at age 51 for a spontaneous left fourth metatarsal fracture that healed slowly
over a 6-month period. Spontaneous right fifth and left fifth metatarsal fractures
occurred 1 year later, for which she subsequently underwent open reduction and
internal fixation, for worsening pain. She also reports long-standing bone pain in her
hips and thighs. She follows with her PCP for intermittent headaches.

On further history, she reports losing several “baby” teeth prematurely as a child.
She also required extensive dental work for numerous dental caries. She also recalls
being told she had gait abnormality as a child and started walking late, compared to
her peers of the same age.

She denies any known family history of bone disorder but recalls that her mother
sustained a foot fracture at age 50, which also healed slowly.

Laboratory findings revealed low serum alkaline phosphatase (ALP) activity of
12 TU/liter (normal, 30-105 IU/liter). Pyridoxal-5-phosphate was measured by
high-performance liquid chromatography and was 49.9 pg/l. A value above 18.5 pg/l
is considered to be elevated. Bone-specific alkaline phosphatase (BSAP) was also
measured by immunochemiluminometric assay and was low at 5 ug/L (normal post-
menopausal female range, 0-22 pg/L). Biochemical findings were consistent with
hypophosphatasia.
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Mutation analysis revealed a heterozygous defect in exon 10 of TNSALP (ALPL).
Her bone densitometry demonstrated low bone mass. Teriparatide was then started
and injected daily for 2 years. Patient’s serum ALP increased while receiving teripa-
ratide. Sequential imaging demonstrated fracture healing. BMD remained stable on
follow-up. Her pain improved and no further fractures were sustained.

Introduction

Hypophosphatasia (HPP) is an inherited metabolic bone disease from deficient
activity of tissue-nonspecific isoenzyme of alkaline phosphatase (TNSALP). This
condition was first described in 1948 by Dr. John C Rathbun, with a pediatric patient
presenting with rickets and seizures, and was found to have low alkaline phospha-
tase activity in serum, bone, and other tissues at autopsy [1]. During the past several
years, clinical understanding about HPP has steadily increased. Diagnostic and
management options had evolved, and HPP has now become more treatable [2].

Hypophosphatasia affects 1 in 100,000 live births [1]. It affects approximately
500-600 known individuals in the United States [3]. In European populations, the
prevalence of severe HPP has been estimated at 1 in 300,000 [1]. Hypophosphatasia
varies in severity and presents throughout all life stages, prenatal to adulthood.
However, a common feature of hypophosphatasia across all age groups is reduced
serum alkaline phosphatase leading to defective bone mineralization.

Pathogenesis

In humans, three genes encode for tissue-specific alkaline phosphatase expressed in
intestinal, placental, and germ cell tissues: ALPLI, ALPP, and ALPPL2, respec-
tively. A fourth gene, the ALPL gene, encodes for tissue-nonspecific alkaline phos-
phatase (TNSALP) expressed in the skeleton, liver, kidney, and developing teeth.
Loss of function mutation in ALPL gene leads to hypophosphatasia, which is either
autosomal dominant or autosomal recessive. Mutation in the ALPL gene alters the
configuration of the TNSALP crucial for stability and enzymatic function [4].
TNSALP hydrolyzes inorganic pyrophosphate (PPi) which is a strong inhibitor of
mineralization. This, in turn, produces inorganic phosphate and together with cal-
cium form hydroxyapatite crystals that comprise the bone matrix.

Clinical Features

Hypophosphatasia clinically presents in different forms of severity ranging from
nonspecific symptoms in adults to very severe perinatal form including death in
utero. Hypophosphatasia is primarily classified based on the age of diagnosis into
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six different subtypes: perinatal lethal, prenatal benign, infantile, childhood, adult,
and odontohypophosphatasia. Perinatal forms and most infantile forms are autoso-
mal recessive, while perinatal benign, childhood, adult, and odontohypophosphata-
sia can be either autosomal recessive or autosomal dominant; the more severe the
disease is, the more often it is subject to recessive inheritance [2].

Perinatal Lethal

This is the most severe form of hypophosphatasia manifesting in utero with severe
skeletal hypomineralization and is almost always lethal soon after birth. Skull bones
can appear mineralized only centrally, osteochondral spurs are present in forearms
and legs, and limbs appear short and deformed. Infants die at birth or in the first few
days of life due to severe respiratory distress from chest deformities and lung hypo-
plasia [5].

Prenatal Benign

Radiographic features overlap with perinatal lethal. In particular, ultrasound find-
ings such as poor skeletal mineralization, limb bowing, and short femurs cannot
reliably differentiate the benign from the lethal form. However, spontaneous
improvement is noted from the third trimester of pregnancy and maybe even normal
at birth.

Infantile

Infants born with this form of hypophosphatasia appear healthy at birth, and clinical
manifestations appear at 6 months of life such as poor feeding, inadequate weight gain,
hypotonia, wide fontanels, and rachitic deformities [6]. Mortality is approximately
50% of cases, and vitamin B6-dependent seizures are linked to poor prognosis [2].

Childhood

In most cases, childhood hypophosphatasia becomes evident after 1 year of age and
presentation can vary. Childhood hypophosphatasia may present earlier, and clinical
features may overlap with infantile hypophosphatasia. Signs and symptoms include
rickets, skeletal deformities, gait abnormalities, fractures, delayed walking, weak-
ness, and bone and joint pain. Loss of teeth before 5 years of age is often the first
apparent symptom and may lead to early diagnosis.
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Adult

This form of hypophosphatasia appears after middle age and often presents with
pain due to stress fractures or pseudofractures. Hip or thigh pain can indicate femo-
ral pseudofractures that usually occur proximally and laterally in the subtrochan-
teric region. Patients can also present with nonspecific symptoms. In an analysis of
38 patients with adult hypophosphatasia, musculoskeletal pain and recurring head-
aches showed the highest prevalence of clinical symptoms with 60% and 55%,
respectively [7]. Low bone mass and fractures due to adult hypophosphatasia may
lead to a wrong diagnosis of primary osteopenia or osteoporosis and can lead to
inappropriate treatment with bisphosphonates [5].

Odontohypophosphatasia

This is the least severe form of hypophosphatasia presenting with dental alterations
in tooth shape, structure, and color. It involves premature loss of primary teeth,
primary teeth impaction, delayed eruption of teeth, and severe dental caries. A case
series demonstrated that individual patients with isolated dental manifestation of
hypophosphatasia in childhood may later develop into childhood and adult form of
the disease with frequent fractures and chronic pain [8].

Diagnosis

Hypophosphatasia is diagnosed through combined history, physical examination,
and laboratory and radiographic findings. Low alkaline phosphatase should prompt
suspicion for hypophosphatasia. Genetic analysis is available to confirm the diagno-
sis in doubtful cases by detecting a mutation in the ALPL gene. Abnormal growth
plates, fractures, and wide open cranial sutures can be seen in infantile and child-
hood hypophosphatasia, whereas metatarsal stress fractures, pseudofractures of the
femur, osteopenia, and chondrocalcinosis can be seen in adult hypophosphatasia.

In general, those patients with severe forms of the disease present with lower
serum ALP level.

Other conditions may also present with low serum alkaline phosphatase. These
include hypothyroidism, pregnancy, anemia, and drug administration.

Management

Hypophosphatasia involves medical treatment, surgical repair, and enzyme replace-
ment therapy.
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Enzyme replacement therapy with asfotase alfa was approved in 2015 for treat-
ment of pediatric-onset hypophosphatasia. Asfotase alfa is a bone-targeted TNSALP
replacement with clinical efficacy in perinatal, infantile, and childhood-onset hypo-
phosphatasia; however its benefits have yet to be shown for adult form of hypophos-
phatasia [9]. The most common adverse effect of asfotase alfa is injection site
reaction which can manifest as erythema, pain, discoloration, swelling, pruritus,
and bruising [7].

Use of teriparatide (recombinant human parathyroid hormone PTH 1-34) for
adult hypophosphatasia was first reported in 2007 which showed fracture repair
with a reduction in pain and increased serum alkaline phosphatase activity [10].
Teriparatide is an anabolic agent used to reduce fracture risk in women with osteo-
porosis. It also increases bone mineral density and bone formation. It is adminis-
tered daily as a subcutaneous injection. A number of published case reports [10, 11]
demonstrate improvement and resolution of metatarsal stress fractures in adults
with HPP. However, the benefit of its use remains to be fully elucidated.
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Chapter 10 )
Osteogenesis Imperfecta

Check for
updates

Ruchita Patel and Pauline M. Camacho

Case

A 45-year-old Caucasian male with dwarfism referred for management of osteogen-
esis imperfecta type III. He has had has many fractures from minimal stress in
adolescence and 13 surgeries since age 3, including a loose rod in his left lower
extremity. Last fracture was at age 21 years. He is mainly wheelchair bound but able
to stand with upper extremity strength. There’s no family history of osteoporosis.
He has loss height over the years and admits to a poor intake of dietary calcium. He
does not take any vitamin D or calcium supplementation.

On exam, he is 3 ft tall and weighs 71 Ibs. He has short stature, bluish sclera
(Fig. 10.1), brown translucent teeth with spacing in between (Fig. 10.2), and normal
hearing. He has kyphoscoliosis and pectus excavatum. He has joint and long bone
deformities (Figs. 10.3 and 10.4) with palpable edge of rod of left lower extremity
that was tender. He had noticeable thinning of the skin in his extremities (Fig. 10.5).

His metabolic bone workup revealed: bone-specific alkaline phosphatase of
41.7 ug/L and continues to stay in the 30s throughout years of follow-up, vitamin
D 25 OH 22 ng/mL, TSH 1.49 uu/mL (0.40-4.60), 24 urine calcium 205 mg/24 h,
total calcium 8.8 (8.9-10.3 mg/dL), ionized calcium 1.14 (1.15-1.30 mmol/L), and
total alkaline phosphatase 142 (30-110 IU/L). Around age 50 years, he had his first
CTX level drawn and it was 495 (87-345 pg/mL).
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Fig. 10.1 Bluish, gray
sclera

Fig. 10.2 Teeth of patient,
findings seen in
dentinogenesis imperfecta

Figs. 10.3 and 10.4 Patient’s long bone deformities
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Fig. 10.5 Findings seen
with thinning of the skin,
easy bruisability

He had a DXA scan (Figs. 10.6 and 10.7) completed that showed a T score of
—5.7 at lumbar spine and T score —6.0 at femoral neck. For vitamin D insufficiency,
he was started on ergocalciferol 50,000 units monthly and advised to increase his
dietary intake of calcium to about 1200 mg/day. Given his history of fractures and
DXA findings, he was offered PO bisphosphonate for treatment but the patient
declined. During follow-up, he did not have any recurrent fractures and so has not
been placed on any antiresorptive therapy or anabolic therapy. Given his extensive
deformities, no further DXA monitoring is needed but we are ensuring that his
dietary intake of calcium and vitamin D levels are sufficient.
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Introduction

Osteogenesis imperfecta (OI) is a rare group of metabolic bone disorders that are
characterized by defects in connective tissue presenting with bone fragility in early
childhood and affect about 1/13,500-15,000 births [1, 2]. Mutations in the genes
that encode type I collagen lead to the development of OI, mainly COL/AI and
COLIA2. Mutations in these genes affect the ability of the chains to fold into a tri-
mer. In recent times, OI also encompasses additional genes discovered to be involved
in the posttranslational modification of type I collagen, bone cell signaling, and
regulation of bone matrix homeostasis [3].

Classification (Table 10.1)

Type I collagen is the most prevalent collagen in the bone matrix, with two al chains
(encoded by COL1A1 gene) and one a2 chain (encoded by COL1A2 gene). Its pre-
cursor, type I procollagen, undergoes posttranslational modifications, which leads
to fibril formation. The defects in the genes and proteins in this process lead to the
various types of OI [2]. Sillence first proposed the classification of OI in 1979,
based on clinical and radiographic characteristics*. There were four categories: type
I, nondeforming with blue sclera OI; type II, perinatally lethal OI; type III, progres-
sively deforming OI; and type IV, moderate and severe OI [5]. About 85-90% of OI
cases are caused by autosomal dominant mutations in the COLIAI or COLIA2
genes [2, 5]. Types V through XI have been included but are based on different cri-
teria from types I to IV. Type V Ol is inherited via an autosomal dominant manner
and defined by bone histology, along with clinical and radiographic signs [4, 6]. It
is associated with a defect in the /FITM5 gene. Typically a triad with radiodense
metaphyseal band, hypertrophic callus at fractures or surgical sites, and calcifica-
tion of forearm interosseous membrane is seen; along with variable sclerae [4, 6].
Type VI is inherited autosomal recessively and bone histology shows a mineraliza-
tion defect in SERPINF1. Bone histology has distinctive lamellae findings with
“fish-scale” appearance. Clinically, these individuals have moderate to severe skel-
etal disease, along with slightly elevated alkaline phosphatase levels [4, 7]. Type VII
Ol is also inherited in an autosomal recessive manner, with defects in CRTAP gene
(cartilage-associated protein). Clinically, patients will have rhizomelia and moder-
ate bone disease. It can be lethal in those with null mutations in the CRTAP gene [4,
8]. Type VIII OI has some overlap with type VIL. It is inherited autosomal reces-
sively, and there are enzymatic defects in prolyl 3-hydroxylase 1 (P3H1), which is
encoded by the gene LEPRE]. Clinically, those individual with null mutations in
LEPRE]1 have white sclera, growth deficiency, and undermineralization. Thus, they
may look similar to those with OI types II and III [4, 8]. Type IX OI is caused by
defects in peptidyl-prolyl cis-trans isomerase (PPIB). Mutations in this gene
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Table 10.1 Classification of osteogenesis imperfecta — combining Sillence classification and
newer autosomal recessive types

Genes/
Inheritance proteins

Type | pattern Clinical presentation involved

1 AD Mildest; blue sclera; may have hearing loss; possible COLIAI
dentinogenesis imperfecta; joint hyperlaxity; fractures in
childhood, aortic regurgitation

I AD Lethal in the perinatal period; premature births, small for COLIAL/
gestational age; long bones are osteoporotic; blue/gray COLIA2
sclera; die of pulmonary causes

Ir | AD Triangular facies; severe bone dysplasia; dozens to COLIAL/
hundreds of fractures; growth deficiency; final stature is COLIA2
close to prepubertal stage; most develop scoliosis; develop
respiratory problems; “popcorn” appearance of metaphyses
and epiphyses

IV |AD Variable sclera; many fractures per year in childhood but COLIAL/
decrease after puberty; bowing of long bones; short stature; | COLIA2
go on to develop osteoporosis; scoliosis

v AD Radiodense metaphyseal band; hypertrophic callus at IFITM5
fractures; calcification of forearm interosseous membrane; | (Bril)
variable sclera

VI |AR Moderate to severe skeletal disease; slightly elevated SERPINF1
alkaline phosphatase; (PEDF)

VII | AR Rhizomelia, moderate skeletal disease; lethal form includes | CRTAP
white sclera, rhizomelia, small to normal cranium

VIII | AR White sclera; growth deficiency; rhizomelia; “popcorn” LEPRE]
metaphyses (P3HI)

IX |AR Moderate skeletal disease; white sclera; growth deficiency | PPIB (CyPB)

X AR Severe/lethal; dentinogenesis imperfecta; skin bullae; SERPINHI
pyloric stenosis; hearing loss; blue sclera; renal stones (HSP47)

XI |AR Normal to gray sclera; fractures of long bones; FKBP10

platyspondyly; scoliosis; encompasses Bruck syndrome?
and Kuskokwim syndrome®; variable congenital
contractures

AD autosomal dominant, AR autosomal recessive
“Bruck syndrome: osteogenesis imperfecta with congenital joint contractures
"Kuskokwim syndrome: congenital contracture syndrome

causing premature stop codons are similar to lethal forms of types VII and VIII [4,
9, 10]. Type X Ol is a very rare autosomal recessive disorder caused by defects in
the endoplasmic reticulum localized collagen chaperone HSP47. It is usually lethal
with dentinogenesis imperfecta, skin bullae, and pyloric stenosis [4, 11]. Finally,
type XI OI is another autosomal recessive form related to defects in FKBP10. This
has been known to lead to progressive deformities associated with long bone frac-
tures, scoliosis, and platyspondyly [4, 12]. In addition, has been associated with
congenital contractures [13, 14].
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Clinical Presentation

Individuals with OI have brittle bones with skeletal deformities (bowing deformi-
ties) and growth retardation. The severe forms of OI can present with stillbirth or
multiple fractures early on in life, whereas the milder forms have lower rates of
fractures in adult individuals. However, in the milder forms, fractures can occur
postpartum or postmenopausal [2].

Skeletal Manifestations

Skeletal manifestations include macrocephaly, flat midface and triangular facies, den-
tinogenesis imperfecta, pectus excavatum or carinatum, barrel chest, and scoliosis or
kyphosis [15]. Radiographs include osteopenia, long bone bowing, undertubulation
and metaphyseal flaring, thin ribs, narrow thoracic apex, and vertebral compressions
[15]. In terms of fractures, vertebral fractures are very common. Rib fractures are
common in the severe forms, which lead to the chest wall deformities. Long bone
fractures have variable presentations and usually occur in the tibia and fibula of chil-
dren with the milder forms. Dentinogenesis imperfecta involves a defect in the forma-
tion of dentin that is frequently seen in OI, with a prevalence of 28% [3, 16]. In this
disorder, teeth are discolored, translucent and wear prematurely. In addition, the roots
are short and dentine is hypertrophic with destruction of the pulp. Primary teeth are
affected more than permanent teeth and can lead to malocclusion and delayed tooth
eruption [3, 16]. In terms of bone mineral density (BMD), patients with OI have
lower areal BMD secondary to smaller bone size and lower volumetric
BMD. Histomorphometric studies in children with OI have shown decreased cancel-
lous bone volume due to a reduced trabecular number and thickness [17].

Extraskeletal Manifestations

Individuals with OI develop several other comorbidities and phenotypic features.
Hearing loss is prevalent in about 50% of adult patients with OI, with a combination
of conductive and sensorineural hearing loss. Blue/gray sclera is seen in type I Ol,
the mildest form of OI. The color can be stable for remainder of life or decrease in
darkness over time. In addition, there is hyperlaxity of joints in up to 66-70% of
patients [18]. More than half of patients will report a history of joint dislocation.
However, with aging, joint hypermobility tends to decrease due to stiffening and
mechanical effects of skeletal deformities. Hypercalciuria was seen in 36% of chil-
dren with OI in a small study. During follow-up of 12 of those patients in the initial
study, 8 still had hypercalciuria 4 years later, and urinary calcium levels correlated
with severity of skeletal disease [19, 20]. Cardiovascular complications are com-
mon in patients with OI as well. Patients with OI have impairment in right
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ventricular and left ventricular systolic and diastolic dysfunction [21]. Given the
type 1 collagen production defect in patients with OI; heart valves are also affected
and patients subsequently develop valvulopathies, along with increased aortic diam-
eter. These abnormalities may manifest with aortic root dilatation, aortic regurgita-
tion, or mitral regurgitation [22, 23]. Finally, individuals with OI can have
neurological symptoms. These include headaches with movement, trigeminal neu-
ralgia, difficulty with balance, leg and arm weakness, and hydrocephalus [2, 3].

Treatment

Treatment in Ol is focused on a multifaceted approach with not only reducing bone
pain, but to reduce incidence of fracture, improve mobility, manage activities of
daily living (ADL’s), and manage extraskeletal manifestations. In addition to medi-
cal or surgical therapy, a physical rehabilitation team is vital for best results in these
individuals.

Calcium and Vitamin D

There is a lot of literature to support the adequate intake of vitamin D and calcium
in order to achieve optimal bone health in metabolic bone diseases. Unfortunately,
there is a paucity of randomized trials to support the use in patients with OI. However,
cross-sectional studies indicate that vitamin D 25 OH correlate positively with lum-
bar spine areal BMD [24, 25]. A randomized trial did not show benefit of high-dose
supplementation of vitamin D3 (2000 IU vs. 400 IU) in BMD measurement at
1 year, only in achieving higher vitamin D 25 OH levels [26]. Therefore, it is recom-
mended that intake of calcium and vitamin D3 is up to 1300 mg/day and about
600-800 IU/day depending on age and weight of the individual [27].

Bisphosphonates

As opposed to the central dogma of standard osteoporosis treatment in post-
menopausal women and men over the age of 50 years, where mainstay therapies
can decrease the risk of future fractures, treatment for individuals with OI bone-
specific medications is more restricted. Indications for treatment include pres-
ence of vertebral fractures independent of lumbar spine BMD z-score or at least
two or three low trauma fractures by the age of 10 or 18 years with lumbar spine
z-scores of less than or equal to —2.0 [28]. Adults with OI are recommended to
start pharmacotherapy if they have a fragility fracture and/or T scores less than
or equal to —2.5.
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Bisphosphonates are the most commonly used therapy for the treatment of post-
menopausal osteoporosis, osteoporosis in men, and even glucocorticoid-induced
osteoporosis. They bind on bone surface and induce cell death to osteoclasts,
decreasing bone remodeling, thereby increasing bone mineralization and subse-
quently BMD. Bisphosphonates cannot change the type I collagen defects seen in
this inherited disorder but do reduce the high turnover and increase bone volume,
even if it’s of impaired quality [15]. There have been multiple randomized con-
trolled trials showing the reduced fracture incidence at vertebral and non-vertebral
sites when using alendronate, risedronate, or zoledronic acid. However given the
heterogeneity of the trials, there was not consistent reduction in fracture rates. Also,
the studies did not conclusively show an improvement in bone-related pain and
functional mobility [29].

Denosumab

The use of denosumab, a monoclonal antibody inhibiting the actions of RANK-L,
was first in type VI. In a series of four children, who were unable to have sup-
pressed urinary resorption markers while on previous bisphosphonate therapy,
denosumab led to normalization of resorption markers when given every 3 months
with a dose of 1 mg/kg of body weight [30]. Most of the studies regarding deno-
sumab for treatment have been done on patients with previous history bisphos-
phonate use prior to administration of denosumab. Therefore, no data about
rebound fractures in this population have been published. There does not appear
to be a correlation with quality of life and pain relief with the use of denosumab
during a 48 week study [31]. However, during a 2-year period, four patients with
type VI OI had not only increase in areal BMD with reduced fracture rates, but a
slight increase in mobility and reduced bone pain following doses of denosumab,
but symptoms would recur when next injection was due every 12 weeks [32]. In a
study that included female adult patients with OI, at 24 months, there was a 14.7%
and 15.1% increase in lumbar spine BMD and hip BMD, respectively, without
any fractures [33].

Teriparatide

Teriparatide has been approved for the treatment of postmenopausal osteoporosis
and for osteoporosis in men. In recent years, it has been used as treatment of osteo-
porosis in adults with OI. Initially teriparatide was used in the mildest form of OI,
type I, and found to have a statistically significant improvement in BMD of lumbar
spine over 18 months (n = 13) after patients suffered vertebral fractures while on
bisphosphonates for at least 2 years. Additionally, serum bone markers for forma-
tion and resorption also increased [34]. This was replicated in the largest



10 Osteogenesis Imperfecta 133

placebo-controlled trial to date with 98 patients with an increase in proximal femur
and lumbar spine areal BMD over 18 months. Vertebral volumetric BMD also
increased, again confirming that anabolic therapy does increase bone mass in these
individuals despite defects in type I collagen production. Unfortunately, the trial
was not powered enough to assess fracture risk [35, 36]. Sclerostin is an inhibitor of
the Wnt signaling pathway and therefore leads to decreased bone formation. Mouse
studies have shown promising results of anti-sclerostin antibodies, and so the first
randomized phase 2a trial of the anti-sclerostin antibody, BPS804 (n = 14), showed
a statistically significant increase in bone formation markers and areal BMD and
lowered CTX-1 from baseline. The medication was well tolerated [37] but future
studies are pending regarding further use in humans.

Conclusion

Osteogenesis imperfecta is a rare genetically inherited disorder involved in mostly
defects in type I collagen production. The different types have distinct phenotypes,
with milder forms to severe forms, depending on which genes are involved. It is the
most common cause of osteoporosis in children. Management of an individual
involves support from multiple medical specialties along with physiotherapy.
Pharmacological therapy exists for treatment of osteoporosis or those at high risk of
fractures, but fracture prevention data on long bone fractures is not robust with some
therapies. More research needs to be done in this specific population of people, as
there are many unanswered questions.
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Abbreviations

CT Computed tomography

DOTANOC 1,4,7,10-Tetraazacyclododecane -D-Phe!-1-Nal*-octreotide

DOTATATE 1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetraacetic acid octreotate

DOTATOC 1,4,7,10-Tetraazacyclododecane-N,N,N,N-tetraacetic-acid-D-Phe!
-Tyr® —octreotide

FDG Fluorodeoxyglucose

FGF Fibroblast growth factor

HYNIC-TOC Hydrazinonicotinyl-Tyr3-Octreotide

MEPE Matrix extracellular phosphoglycoprotein

MIBI Methoxyisobutylisonitrile

MRI Magnetic resonance imaging

NPT Sodium-phosphate cotransporter

OOM Oncogenic osteomalacia

PET Positron emission tomography

PMT Phosphaturic mesenchymal tumor

PMTMCT Phosphaturic mesenchymal tumor, mixed connective tissue variant

sFRP-4 Secreted frizzled-related protein 4

SPECT Single photon emission computed tomography

TIO Tumor-induced osteomalacia

TmP/GFR Tubular maximum reabsorption of phosphate corrected for
glomerular filtration rate

TRP Tubular phosphate reabsorption
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Introduction

Tumor-induced osteomalacia (TIO) is an interesting paraneoplastic syndrome
wherein bone formation is affected by the secretion by a tumor of a phosphaturic
substance. The condition is also known as oncogenic osteomalacia (OOM). Being a
paraneoplastic syndrome, the causative tumor does not cause symptoms via
mechanical means but via overproduction of a biologically active substance which
affects another organ. The causative tumor is of varied histologies but is usually a
benign mesenchymal neoplasm. The biologically active substance is a phosphaturic
hormone now identified to be fibroblast growth factor 23 (FGF23). The affected
organ is the bone. The clinical presentation is due the resultant bone disease since
the causative tumor is usually asymptomatic.

The diagnosis is entertained when there are typical symptoms, hypophosphate-
mia discovered during adulthood, absence of a family history of hypophosphatemia,
renal phosphate wasting, low 1,25 dihydroxy vitamin D, high FGF23, and typical
radiographic changes in the bone. A search for the causative tumor should then be
done. Cure is possible when the causative tumor is completely excised.

Case

A 31-year-old Filipino male consulted for progressive hunchback deformity, marked
loss of height, and bone pains.

Five years prior to consult, he started to have low back pain for which he con-
sulted a local physician. He was given pain relievers but pain persisted. Spine x-rays
were done then which apparently showed normal results. Two years prior to consult,
he started to have bone pains not anymore limited to the back. He is able to walk
around the house but would have difficulty walking long distances. He has been to
many doctors in their hometown but none were able to provide with relief from
pain. On consult, his bone pains have become so severe that sitting up from a lying
position or even turning in bed would bring him so much pain. He also started to
develop kyphosis and that he has become shorter by 14 cm (Fig. 11.1).

He has no previous fracture. He has no other known illnesses. He is not taking
glucocorticoids, levothyroxine, or anticonvulsants. There is no similar illness in the
family. He is a social alcoholic drinker. He is a previous smoker who has stopped
several years ago. His work is usually outdoors. He is not a vegetarian. He is mar-
ried and has three biological children, the youngest being 3 years old.

He has no constitutional symptoms such as fever, weight loss, anorexia, or mal-
aise. He also does not have dyspnea despite the kyphosis. He mentioned having
decreased morning penile erections but continues to shave his facial hair every
2-3 days.

On physical exam, he is awake, coherent, and conversant. He is seen initially
wheelchair-borne. When asked to stand, gross sagittal balance was compensated by
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Fig. 11.1 The patient was 175 cm tall, far taller than her wife prior to this illness (2011) (left). By
2016, he is 161 cm and is now only slightly taller than his wife (right). (Courtesy of Dr. Mark
Anthony Sandoval)

hip extension and partial knee flexion. He had to hyperextend his cervical spine to
have parallel vision. He can ambulate with assistance around the room. Vital signs
are as follows: heart rate 92/min, respiratory rate 22/min, BP 130/90 mmHg, and
temperature 36.8C. He weighs 55.5 kg. His present height is 161 cm. His known
tallest height achieved is 175 cm. He had no neck mass nor goiter. Confrontation
testing revealed a normal visual field.

There is a 3x3 cm red fleshy soft tissue mass on the floor of the mouth just pos-
terior to the right lateral mandibular incisor and creating a diastema between the
right central and lateral mandibular incisors (Fig. 11.2). The mass is not bleeding
and had no necrotic areas. When asked, the patient mentioned that this mass has
been there for the past 4 years and is not bothering him. He did not initially mention
this during the history taking as he thought this had no correlation with his
complaints.

There is thoracic kyphosis and pectus carinatum (Fig. 11.3). There is no gyneco-
mastia and no galactorrhea. Pulmonary, cardiac, and abdominal exams are normal.
There are no gross deformities of the extremities. There are no subcutaneous masses
palpated. There are normal-sized external genitalia with bilaterally descended tes-
tes, each approximately 25 g. There is adequate facial, axillary, and pubic hair.

Spine x-ray (Fig. 11.4) showed marked thoracic kyphosis with a Cobb angle of
60° measured from T2 vertebra to T11 vertebra. There were consequent costal and
sternal deformities. There is moderate flattening of the superior thoracic vertebrae
(vertebra plana). MRI of the spine also demonstrated the exaggerated kyphosis at
the thoracic region and also revealed end plate deformities of almost all vertebrae
(Fig. 11.5).
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Fig. 11.2 An oral mandibular mass just posterior to the right central and lateral anterior incisors.
(From Sandoval et al. [43])

Work-up for metabolic bone disease revealed serum calcium to be in the range of
2.38-2.65 mmol/L (normal 2.10-2.55), while serum phosphorus was low at a range
of 0.28-0.64 mmol/L (normal: 0.81-1.49). Serum creatinine was normal at
58.34 umol/L. Intact parathyroid hormone was high at 173.5 pg/mL (normal:
10-65). Alkaline phosphatase was elevated at 243 IU/L (normal: 38—126). Serum
testosterone, luteinizing hormone, and prolactin were normal.

Initial consideration was primary hyperparathyroidism based on one elevated
serum calcium level, consistently low serum phosphorus, and elevated intact
PTH. Attempts to localize the excess PTH were done, but neck ultrasound and
parathyroid scintigraphy both failed to show enlarged or hyperfunctioning parathy-
roid glands.

Serum 25-hydroxy vitamin D was low at 13.86 nmol/L (normal: >80).
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Fig. 11.3 Severe kyphosis with resultant pectus carinatum. (From Sandoval et al. [43])

Skeletal survey x-ray showed generalized osteopenia. There were transverse
lucencies traversing part of the cortex oriented at right angles to the long axis of the
fourth metacarpals, fourth metatarsals, and ulnae (Fig. 11.6). These are called
Looser zones or pseudofractures. There was also endosteal scalloping of the right
humerus (Fig. 11.7). These x-ray findings are typical of osteomalacia.

Dual emission x-ray absorption bone densitometry showed markedly low
z-scores for the lumbar spine (—4.8), right femoral neck (—5.0), left femoral neck
(—4.6), and distal 33% of the left forearm (—4.4%).
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Fig. 11.4 Lateral thoracic spine x-ray showing severe kyphosis. (From Sandoval et al. [43])

Measures of renal phosphate wasting were determined. Tubular phosphate reab-
sorption (TRP) was 0.8745, while tubular maximum reabsorption of phosphate cor-
rected for glomerular filtration rate (TmP/GFR) was low at 0.54 mmol/L (normal
for his sex and age: 1.00—1.35). These results suggest that serum phosphorus is low
because of renal phosphate wasting.

Vitamin D deficiency was considered along with the inherited or genetic causes
of osteomalacia such as X-linked hypophosphatemic rickets (XLHR), autosomal
dominant hypophosphatemic rickets (ADHR), and autosomal recessive hypophos-
phatemic rickets (ARHR), but the rapid onset of symptoms and the lack of family
history of a similar illness made these unlikely.

Incision biopsy of the oral mass was performed with the expectation that it would
be an expansile lytic lesion of bone (also known as a brown tumor) which is seen in
primary hyperparathyroidism. Microscopic findings, however, showed a hypercel-
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Fig. 11.5 MRI of the thoracic spine (sagittal view) showing severe kyphosis. (From Sandoval
et al. [43])
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Fig. 11.6 Pseudofractures or Looser zones on bilateral ulnae, fourth metacarpals, and fourth
metatarsals. (From Sandoval et al. [43])
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Fig. 11.7 Endosteal scalloping of the right humerus. (From Sandoval et al. [43])

Fig. 11.8 Incision biopsy
of the oral mass showing a
hypercellular lesion of
spindly fibroblasts in a
whorl-like or storiform
pattern, diagnosed to be a
peripheral fibroma. H&E
stain, x 200 magnification.
(Courtesy of Dr. Mark
Anthony Sandoval)

lular lesion composed of spindly fibroblasts arranged in whorl-like or storiform
pattern. This was assessed to be a peripheral fibroma (Fig. 11.8).

To prove that the oral mass is the culprit, phosphorus supplementation and
administration of cholecalciferol and calcitriol were intentionally withheld. His
dietary intake was also not modified. We wanted to observe if renal phosphate wast-
ing would decrease and if serum phosphorus level would increase with removal of
the oral mass being the sole intervention.

Excision of the oral mass was done. Serum phosphorus immediately increased to
0.66 mmol/L on day 1 post-op, 0.91 mmol/L on day 2, 1.09 mmol/L on day 3, and
1.06 mmol/L on day 5 (normal: 0.81-1.49).

Renal phosphate wasting was also resolved. Renal phosphate reabsorption
increased to normal with TPR increasing to 0.933 and TmP/GFR to 1.1699 mmol/L.
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Fig. 11.9 Excision biopsy
of the oral mass showing a
hypercellular lesion
composed of spindly
fibroblasts (F) with areas
of the cartilage (C) and
bone (B). Final
histopathologic diagnosis
is peripheral ossifying
fibroma. H&E, x100
magnification. (From
Sandoval et al. [43])

Resolution of these metabolic parameters after removal of the oral fibroma
with no other intervention proves that the oral fibroma is indeed the cause of the
hypophosphatemia and hyperphosphaturia. Demonstration of an elevated FGF23
preoperatively and resultant decrease postoperatively will confirm that the tumor
does produce FGF23 and that this is the culprit hormone. However, measure-
ment of FGF23 could not be performed as the assay is not available in our
country.

Microscopic examination of the excised oral mass showed the same hypercellu-
lar lesion composed of spindly fibroblasts in a storiform pattern. There were areas
in the tumor that showed the bone and cartilage as well. Final histologic diagnosis
is a peripheral ossifying fibroma (Fig. 11.9).

The patient was sent home on calcium ascorbate 150 mg + calcium monohy-
drogen phosphate 500 mg tablet twice daily and cholecalciferol 7000 IU per day
orally.

One month after discharge, bone pains have been resolved making the patient
ambulatory again. He can already move around without any assistance and is already
able to ride a motorcycle, simple things that he was not able to do before because of
the severe bone pains. The kyphosis remains, however. Repeat serum phosphorus
taken 2 months postsurgery is normal at 1.49 mmol/L, and 25-hydroxy vitamin D
has slightly increased from 13.86 to 20.20 nmol/L.

(Case reprinted from Sandoval et al. [43].)

Epidemiology

The disease affects men and women equally. Being an acquired condition, the
affected individuals are usually adults, with the onset usually in the fourth and fifth
decades of life. Diagnosis and localization of the offending tumor could be challeng-
ing with the average time to diagnosis from the onset of symptoms ranging from 4
to 7 years (see Table 11.1) [26, 28, 55].
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Table 11.1 Epidemiologic characteristics of patients with tumor-induced osteomalacia as

described in three studies

Jiang et al. [28]

Yu et al. [55]

Jagtap et al. [26]

Setting: China

Setting: China

Setting: India

Characteristics n=239 n=17 (n=9)
Male: female distribution 19:20 8:9 3:6
Average age at diagnosis, years 42 46.6 37.5
(range: 20-69) (range: 23-67) | (range: 8-65)
Average time from onset of symptoms | 6.7 4.0 7.67

to diagnosis, years

(range: 1.5-28)

(range 1-20)

(range: 1-25)

Pathophysiology

The causative tumor secretes a phosphaturic substance or a phosphatonin. This
phosphate-excreting hormone has not been identified until 2001 when a team from
Japan identified a phosphaturic substance, fibroblast growth factor 23 (FGF23) from
a hemangiopericytoma [46].

FGF23 causes low serum phosphate levels in two ways. First, it inhibits the
sodium-phosphate cotransporter 2a and 2c (NPT2a and NPT2c¢) in the proximal
tubules of the kidney, causing inhibition of phosphate reabsorption. This then leads
to renal phosphate wasting and eventual lowering of serum concentrations of phos-
phate. Secondly, FGF23 inhibits the enzyme 1 alpha hydroxylase present in the
kidneys. This enzyme converts 25-hydroxy vitamin D to the active form 1,25 dihy-
droxy vitamin D. The inhibition of this enzyme causes low levels of 1,25 (OH)2
vitamin D. Additionally, FGF23 stimulates the enzyme 24-alpha hydroxylase which
converts 1,25 dihydroxy vitamin D to 1,24,25 trihydroxy vitamin D which is not
active. Thus, the effect on these two enzymes leads to a lower 1,25 dihydroxy vita-
min D level which then leads to decreased absorption of phosphorus from the gas-
trointestinal tract [11, 17].

FGF23 exerts its effects when it attaches to the FGFR1c-aKlotho complex.
FGFRIc is a receptor common to several FGFs, but aKlotho is needed as a co-
receptor for FGF23 to exert its effects [31].

FGF23 is the most often measured phosphatonin among patients with TIO. FGF7
is also a phosphatonin and has also been found to be elevated in the serum of one
particular patient with TIO [5].

There are other molecules which have been experimentally shown to inhibit
renal phosphate reabsorption. Hence, they can also be considered as phosphatonins.
Secreted frizzled-related protein 4 (sFRP-4) and matrix extracellular phosphoglyco-
protein (MEPE) are frequently expressed in causative tumors of patients with
TIO. Both have been demonstrated to inhibit sodium-dependent phosphate trans-
port in opossum kidney cells and promoted excretion of phosphate by the kidneys
when given to rats [7, 41]. However, elevated levels of these substances have not yet
been demonstrated in serum of patients affected with TIO.

When serum phosphate is low, bone formation is impaired since phosphorus,
together with calcium, is a component of hydroxyapatite. Impairment of bone for-
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Table 11.2 Common symptoms reported by patients with TIO as described in three different
studies

Jiang et al. [28] Yu et al. [55] Hu et al. [25]
n=39 n=17 n=14
Symptom Frequency Frequency Frequency
Muscle weakness/fatigue 100% 100% 64%
Bone pain 100% 100% 86%
Trouble walking/debilitated condition 100% 100% 86%
Pathological fractures/stress fractures 84.6 100%
Reduced height 64.1%

mation then leads to the clinical manifestations such as bone pain, bone deformities,
and fractures.

Clinical Presentation

Patients with TIO usually manifest with symptoms due to the bone disease and not
due to the causative tumor. The causative tumor is usually small, may not be pal-
pable, and does not present with pain or mass effect symptoms.

The most common symptoms are muscle weakness or fatigue, bone pain, and
trouble walking (see Table 11.2). Patients may also present with reduced height due
to spinal deformities. Fractures, whether clinically apparent or only discovered
through radiographs, are also common. Table 11.2 shows the most common symp-
toms reported by patients with TIO [25, 28, 55].

Laboratory Features

Biochemical

The one laboratory result that will give a clue that the bone disease is of metabolic
origin is persistent hypophosphatemia. This finding should trigger the clinician to
conduct subsequent tests [21].

Hypophosphatemia is due to renal phosphate wasting. Thus, measures of renal
tubular reabsorption of phosphate will be low. Renal tubular reabsorption of phos-
phate can be expressed either as tubular phosphate reabsorption (TRP) or as tubular
maximum reabsorption of phosphate corrected for glomerular filtration rate (TmP/
GFR). Both measures require determination of phosphorus and creatinine in both
serum and urine. The formulae, derived from Payne [38], are as follows:

Serum creatinine x Urine phosphate

TRP = 1- — —
Urine creatinine x Serum phosphate
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The normal range of values for TRP is 85-95%.
The computation of TmP/GFR is dependent on the computed TRP.
If TRP is less than or equal to 0.86,

TmP / GFR = TRP x serum phosphate
If TRP is greater than 0.86,

0.3xTRP

TmP / GFR = serum phosphate x ———
1- (0.8 X TRP)

When doing these computations, careful attention must be placed to ensure that
the levels of phosphate and creatinine in serum and urine are expressed in the same
units.

Serum 25-hydroxy vitamin D is normal while serum 1,25 dihydroxy vitamin D
is low. This is due to impaired conversion of 25-hydroxy vitamin D to its active
form. Serum calcium and creatinine are expected to be normal.

Parathyroid hormone is normal but may be elevated as a compensatory response
to the low active vitamin D levels, a condition known as secondary
hyperparathyroidism.

Alkaline phosphatase is likewise elevated due to the increased osteoblastic activ-
ity that is associated with the condition.

Being the hormone that causes the phosphaturia, FGF23 is expected to be ele-
vated. There was a case, however, that reported that FGF23 measured from a periph-
eral vein was found to be normal on two determinations. However, FGF23 was
found to be high in the vein where the tumor was draining. Specifically, FGF23 was
high in the right femoral vein with the causative tumor eventually being localized at
the plantar aspect of the right foot. This case teaches that if other indicators point to
TIO, the diagnosis must not be abandoned if peripherally circulating levels are
found to be normal [3].

Aside from FGF23, another phosphatonin, FGF7, may be elevated. There has
been a case wherein both FGF7 and FGF23 are elevated. In this case, selective
venous catheterization showed that FGF7 was the more abundant phosphatonin
being 9.5 times elevated, while FGF23 was only 1.12 times increased in the femoral
vein of the side where the tumor is suspected [5].

Radiologic

Skeletal radiographs will reveal the changes in the bone brought about by the chron-
ically low circulating levels of phosphorus. The most common skeletal changes on
radiography are vertebral compression fractures which explain the loss of height
experienced by many patients (see Table 11.3).
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Table 11.3 Radiographic findings in patients with TIO and their frequency of occurrence

Jiang et al. [28] Yu et al. [55]

n=39 n=17
Radiographic finding Frequency Frequency
Vertebral compression fractures 74.4% 58.8%
Pelvis deformities 38.5% 47.1%
Femur fracture 41.2%
Pseudofractures or Looser zones 30.8% 35.3%
Blurred pubic symphysis 10.3%

Pseudofractures, also known as Looser zones, are linear lucencies of the cortex
that are oriented perpendicular to the long axis of the affected bones. These and the
other radiographic features in Table 11.3 can also be seen in patients who have
osteomalacia from other etiologies. Hence, these are not specific for TIO alone.

Bone Mineral Density

Bone mineral density measured by dual-energy x-ray absorptiometry (DXA) is
decreased as a result of deficient mineralization.

Bone Scan

Bone scan using Tc99m methylene diphosphonate may show the characteristic find-
ing in patients with osteomalacia — increased uptake in the costochondral junctions
corresponding to the scintigraphic equivalent of the physical examination finding of
a rachitic rosary (Fig. 11.10).

Bone scan also shows uptake in multiple sites due to increased osteoblastic activ-
ity. It is important to note that these may be confused with bone metastases which
appear the same way [47]. It is catastrophic to make a diagnosis of metastatic bone
disease in someone who does not harbor cancer but who just complains of bone
pains, which is the typical presentation of someone with TIO. Thus, the findings on
bone scan must be interpreted depending on the clinical context.

Localization of Tumors

Localization of the causative tumor would be straightforward if the tumor is palpa-
ble and in an accessible area. However, only less than half of tumors can be local-
ized by physical examination alone [28]. Table 11.4 shows the location of the tumors
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Fig. 11.10 *m-Technetium-hydroxymethylene diphosphonate bone scintigraphy in tumor-
induced osteomalacia showing multiple areas of increased uptake. This appearance can be misin-
terpreted as multiple bone metastases. Photo credits to Dr. Maria Carrissa Abigail Roxas of the
Section of Endocrinology, Diabetes and Metabolism, Department of Medicine, Philippine General
Hospital, University of the Philippines Manila, Manila, Philippines

Table 11.4 Location of
tumors causing TIO by region
of the body

Jiang et al. [28]

Yu et al. [55]

n=39

n=17

Location Frequency Frequency
Lower extremities | 56% 59%
Head 31% 24%
Thorax 5%

Upper extremities 5%

Hip 3% 12%
Abdomen 6%

according to region of the body. It must be noted that some tumors may be multifo-
cal or present in more than one site (2% of patients) [23, 28, 42].

It is the tumors’ usually occult location and possible multifocality that necessi-
tate the conduct of imaging tests for most patients with suspected TIO.
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The tumors may be found in the soft tissue and in the bone. In the soft tissue, they
can be found in the heel pad, thigh, and popliteal fossa, among others. When in the
bone, they have been found in the acetabulum, greater trochanter, distal femur, fibular
head, and vertebral body [4, 18]. When present in the bone, majority of tumors (82%)
were in the epiphyses [50]. They can also be found in the craniofacial sinuses [25].

Functional and anatomical imaging tests need to be done to know the location of
the tumor. It has been recommended to perform functional imaging tests first fol-
lowed by anatomical imaging tests, the latter being able to confirm the presence of
a mass if functional imaging shows increased focal radiotracer uptake [50]
(Fig. 11.11).

Confirm
diagnosis of TIO

Whole body
octreo-
SPECT/CT

Single lesi Multiple or Whole body
ingle lesion no lesion FDG-PET/CT

Co-registration?

Confirm with Single lesi Multiple No lesi
CT/MRI ingle lesion lesions o lesions
Confirm with
/ \ CT/MRI
Reasonable surgical High surgical N N
[ morbidity ] [ morbidity Single lesion Multiple No lesions Medical
lesions therapy
Selective venous
sampling

Surgical Selective
Resection L
_[ Positive ] [ Negative ]

Fig. 11.11 Algorithm for systematic approach to localizing tumors in tumor-induced osteomala-
cia. After confirming a clinical and biochemical picture of tumor-induced osteomalacia, we recom-
mend obtaining functional imaging as a first step in tumor localization. Octreo-SPECT (SPECT-CT
if available) is the recommended initial screening imaging test, as it was shown to have greater
specificity and sensitivity than FDG-PET/CT. If a single lesion suspicious for TIO is found and it
is confirmed on anatomical imaging and carries a reasonable surgical morbidity, surgical resection
is recommended. If multiple lesions or no lesions are found on octreo-SPECT, FDG-PET/CT
should follow. This may help to identify a lesion that was not initially seen on octreo-SPECT (as
in Fig. 11.3) or help to confirm a lesion seen on octreo-SPECT. If appropriate, proceed to anatomi-
cal imaging with CT and/or MRI. If the area with the suspected lesion entails high surgical morbid-
ity, or if multiple lesions are identified, selective venous sampling is recommended to confirm or
rule out the tumor. If no lesion is found or a suspected lesion(s) is not confirmed on venous sam-
pling, medical therapy is recommended. (From Chong et al. [9])
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Functional Imaging Tests (Figs. 11.12, 11.13, and 11.14)

Functional imaging tests demonstrate uptake by the tumor of a radioisotope-labeled
substance. These include scintigraphy, single photon emission computed tomogra-
phy (SPECT), and positron emission tomography (PET). These functional imaging
tests can make use of any of the following radiotracers [2, 20, 22, 27, 28, 29, 50]:

o n-pentetreotide

o PmT¢ octreotide

o %GaDOTATATE (®Gallium 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic
acid octreotate)

e %Ga DOTANOC (®*Ga 1,4,7,10-tetraazacyclododecane -D-Phe!-1-Nal*-octreotide)

e %Ga DOTATOC (®®Ga 1,4,7,10-Tetraazacyclododecane-N,N,N,N-tetraacetic-
acid-D-Phe! -Tyr® —octreotide)

Fig.11.12 Localizationoftumor-induced osteomalaciatumors. (a)Patient9: 18F-fluorodeoxyglucose
("F-FDG) positron emission tomography/computed tomography (PET/CT) (a neoplasm with
negative ""F-FDG uptake). (b) Patient 2: "F-FDG-PET/CT (a neoplasm with high *F-FDG
uptake). (¢) Patient 12: 'SF-FDG-PET/CT (a neoplasm with high '*F-FDG uptake). (d) Patient 16:
PmTc-octreotide scintigraphy (a neoplasm in the left nasal cavity). (e) Patient 11: physical exami-
nation (a neoplasm in the mandible). (f) Patient 6: physical examination (a neoplasm in the foot).
(g) Patient 13: magnetic resonance imaging (a neoplasm in the left femur). (From Yu et al. [55])
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Fig. 11.13 Localization of causative tumors using functional and anatomic imaging modalities.
(a) shows increased radiotracer uptake on the left jaw using technetium-99 m octreotide scan,
while (b) shows the same mass as seen on CT scan. (¢) shows increased radiotracer uptake near the
right big toe which was confirmed to be a mass on MRI as seen in (d). (e) shows increased radio-
tracer uptake on the left ethmoid area, again confirmed to be a mass in (f) by CT scan. (From Jiang
et al. [28])

o PmTc-HYNIC-TOC (*"T-Hydrazinonicotinyl-Tyr3-Octreotide)
e 18F-Fluorodeoxyglucose

o 9mTc MIBI (*"Tc Methoxyisobutylisonitrile)

e 20IThH

The first six radiotracers in the list above are octreotide-based. Their utility lies
in the fact that causative tumors express the somatostatin receptor. DOTATATE is
said to have a high affinity for SSTR2 which is the type predominantly expressed in
causative tumors. In fact, it has been suggested that 8 Ga DOTATATE may be a bet-
ter radioisotope than 8F fluorodeoxyglucose when performing PET/computed
tomography (CT) since there were tumors that did not take up '8F FDG but took up
% Ga DOTATATE [2, 14, 24].

A practical advice to follow is to make sure that the entire body be included in
the functional imaging procedure, from head to toe and to include the elbows,
hands, knees, and feet since the causative tumor may be in these areas (Agarwal
et al. 2015; [10, 32]).
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Fig. 11.14 A 30-year-old woman with generalized body pain and weakness for 3 years and FGF-
23 C-terminal 452.6 RU/mL underwent both "F-FDG and ®*Ga DOTATATE PET/CT studies.
BE-FDG-PET/CA (a) and **Ga DOTATATE PET/CT (b) MIP images show focus of abnormal
tracer uptake on the left side of the chin (arrow). '*F-FDG-PET/CT (¢) and ®*Ga DOTATATE PET/
CT (d) transaxial-fused images localize the abnormal uptake to an ill-defined lesion in the left
second molar region in the mandible (arrow). Subsequently guided MRI was performed, which
showed lytic lesion in the mandible corresponding to the PET abnormality. Histopathology from
the mandibular lesion was consistent with ameloblastic fibroma, a neoplasm of odontogenic epi-
thelium and mesenchymal tissues. (From Agrawal et al. [2])

Functional imaging using *™Tc octreotide scan may give false-positive results in
cases where there is inflammation or fractures. Inflammation may give a false-
positive result since the somatostatin receptor can also be found in lymphocytes.
Thus, it is prudent to do anatomical imaging as well to confirm the presence of a
mass since patients with TIO are already prone to fractures by virtue of decreased
mineralization.

Anatomical Imaging Tests

Anatomical imaging tests include ultrasound, computed tomography (CT) scan, and
magnetic resonance imaging (MRI). Concordance of the findings of anatomical and
imaging tests is 95-100% [28].
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Selective Venous Catheterization

In cases where the findings on functional and anatomical imaging remain inconclu-
sive, selective venous catheterization with measurement of FGF23 can help localize
the tumors [16]. This procedure relies on the fact that each of our body’s veins has
a defined area of the body from which it receives deoxygenated blood. Measurement
of a high level of the hormone in a specific vein gives away the site of the source of
the excess hormone. Veins which show FGF23 values that are at least 1.6x higher
than that of the general circulation represent the venous drainage of the causative
tumor [4] (Figs. 11.15 and 11.16).

It has been proposed that selective venous sampling be done in patients with only
one tumor on anatomical imaging but for which surgery carries a significant mor-
bidity, or for patients with multiple tumors on imaging in order to demonstrate
which of these are hormonally overfunctioning [9].

Etiology

The causative tumors range in size from as small as 1 cm to as large as 14 cm, with
a median greatest diameter of 3 cm [25]. The causative tumors are of varied histolo-
gies but they are usually mesenchyme-derived. Immunoreactivity to vimentin
proves their mesenchymal origin (Weidner et al. 1987).

A pathologic study of 17 tumors that were associated with osteomalacia showed
that these tumors can be grouped into four categories according on their histologic
features: phosphaturic mesenchymal tumor, osteoblastoma-like, nonossifying
fibroma-like, and ossifying fibroma-like. The first category, PMT, was composed of
primitive-appearing spindle-shaped cells. The tumor stroma contained microcystic
structures, clusters of osteoclast-like giant cells, blood vessels, and areas of the
poorly developed cartilage and bone. The tumors in the last three categories can be
classified based on their histologic resemblance with the other known mesenchymal
tumors (Weidner et al. 1987; [53]).

Up to two-thirds of tumors causing TIO are classified pathologically as phospha-
turic mesenchymal tumors [25] (Fig. 11.17). Table 11.5 shows the various histo-
logic types of tumors that have been shown to cause TIO.

There are also individual case reports that showed the following as causing TIO
as well: [4, 12, 26, 27, 30, 34-36, 44, 51]

e Anaplastic thyroid cancer [1]

e Angiofibroma

e Angiolipoma

¢ B-cell non-Hodgkin’s lymphoma
e Chondroblastoma

e Chondrosarcoma
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Fig. 11.17 (a—f) Tumor-induced osteomalacia histopathology. (a) The tumor cells infiltrated
between bone trabeculae (x100). (b) Tumor cells were very bland, spindle to stellate in shape
(x100). (¢) A very well-developed capillary network was typically present (x100). (d) The matrix
of the tumor was calcified in an unusual “grungy” fashion (x100). (e) Tumor cells were positive for
FGF-23 (x200). (f) Some tumor cells were positive for Ki67 (x400). (From Wang et al. [50])

Table 11.5 Histologic types of tumors that cause TIO and their frequency [25]

Histology Frequency
Phosphaturic mesenchymal tumor (PMT) 69%
Phosphaturic mesenchymal tumor, mixed connective 15%
tissue variant (PMTMCT)

Odontogenic fibroma 8%
Hemangiopericytoma 3%
Giant cell tumor of a tendon 3%
Malignant tumors (2 PMTs and | PMTMCT) 8%




11 Tumor-Induced Osteomalacia 159

e Dermatofibroma

* Epidermal nevus

e Fibroma

» Fibrosarcoma

* Fibrous histiocytoma, both benign and malignant forms
e Giant cell tumor

* Glomangiopericytoma

» High-grade serous ovarian carcinoma
e Neurilemmoma

e Neurofibroma

e Osteoblastoma

e Osteosarcoma

* Prostate carcinoma

e Schwannoma

e Sclerosing hemangiomas

e Small cell carcinoma of the lung

e Unicameral bone cyst

Most tumors mentioned above are benign in behavior and histology. However,
there are observations of tumors which are histologically benign but behave aggres-
sively characterized by multiple recurrences. A tumor described by Yavropoulou
et al. [54] expressed receptors for other growth factors, namely, platelet-derived
growth factor (PDGF) and vascular endothelial growth factor (VEGF), which may
have made it behave aggressively.

It must be emphasized that the presence of a phosphaturic mesenchymal tumor
may not necessarily result to hypophosphatemia and osteomalacia [52]. In fact,
there are cases wherein a PMT even expressed FGF23 mRNA, yet the patient did
not have osteomalacia [13].

Treatment
Surgery

Complete removal of the causative tumor by surgery cures the disease.

When present in long bones, curettage and segmental resection are two surgical
options (Fig. 11.18). Curettage is the surgical choice when removal of the tumor
will result to significant postoperative morbidity for the patient such as when it
could lead to impairment of joint function. Otherwise, segmental resection is the
preferred approach. Both curettage and segmental resection lead to similar rates of
complete resection (67% and 80%, respectively). However, recurrence rate was
higher in those who underwent curettage (50%) compared to those who underwent
segmental resection (0%) [50].
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Diagnosis With Tumor-Induced Osteomalacia

l

Functional Imaging: %9Tc™-OCT and/or
68Ga DOTA-TATE PET/CT
Localization With The
Stepwise Approach

Anatomic Imaging: CT and/or MRI

Is the articular function destroyed by the segment
resection of the tumor in the long bone?

Yes No
Curettage —> Segmental Resection Other
/ \ / \ Therapy
Cure Recurrence — Cure Recurrence
Incomplete ——— Incomplete
Resection Resection

Fig. 11.18 Flowchart showing surgical treatments of tumor-induced osteomalacia lesions in long
bones. (From Wang et al. [50])

In patients in whom FGF23 can be measured before and after resection of the
causative tumor, FGF23 normalizes in as short as 2-24 h, since the half-life of
FGF23 is only 45 min [33]. Normalization of serum phosphorus then follows,
occurring within 2-5 days after surgery. Ninety percent of patients will have normal
serum phosphorus levels after 5 days from surgery [28] (Figs. 11.19 and 11.20). In
cases where complete resection is not achieved, serum phosphorus remains low sug-
gesting continued oversecretion of FGF23.

Pharmacologic

In patients who cannot undergo surgery or where complete resection of the caus-
ative tumor is not possible, there are several pharmacologic agents which can be
used.

Administration of phosphorus can increase serum phosphorus levels, but high
doses are not tolerated due to the occurrence of diarrhea. Calcitriol, being the active
form of vitamin D that is decreased in TIO patients, is also helpful in normalizing
serum phosphorus levels by increasing intestinal phosphate absorption. Intravenous
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Fig. 11.19 Changes in serum FGF-23 and phosphorus concentrations before and after surgery in
six TIO Chinese patients. Note: the normal range for serum FGF-23 10-50 pg/mL,"°1%) for serum
phosphorus 2.2-4.2 mg/dL. (From Jiang et al. [28])
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Fig. 11.20 Changes in serum phosphorus concentrations before and after surgery in 17 Chinese
tumor-induced osteomalacia patients. The shaded area represents the normal range for serum
phosphorus concentration. (From Yu et al. [55])
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dipyridamole, a known vasodilator, can also be an option since it reduces fractional
excretion of phosphorus and increases TmP/GFR. However, it did not result to an
increase in serum phosphate levels [37]. Octreotide inhibits FGF23 secretion since
tumors causing TIO express the somatostatin receptor, which is also the reason why
they light up on octreotide scintigraphy. Octreotide has been shown to decrease
renal phosphate excretion, increase the threshold for renal tubular reabsorption of
phosphate, and increase serum phosphate levels [45]. Cinacalcet has also been tried
successfully in patients with TIO. It inhibits parathyroid hormone (PTH) secretion
and leads to a reduction in renal phosphate excretion. Thus, this led to a reduction
in the dose of phosphorus supplementation needed to maintain normal or near-
normal serum phosphorus levels. It is important to emphasize, however, that cina-
calcet does not suppress FGF23 production by the causative tumor. The resulting
decrease in PTH level only eased the phosphaturia in TIO patients [19].

Tumor-Directed Therapy

CT-guided percutaneous ethanol and cryoablation is also an option for patients in
whom the location of the tumor will make surgery very debilitating. In this proce-
dure, a cannula is guided into the lesion using an imaging modality, in this case a CT
scan, and it is through this cannula that ethanol is administered and a cryoablation
probe is introduced. Cryoablation therapy is carried out using the freeze-thaw-freeze
procedure for 10 min—5 min—10 min. This method has been shown to promptly
decrease FGF23 levels and normalize serum phosphate levels. Successful treatment
with this procedure can maintain normal serum phosphate levels until after 12 months,
and the patient would have dramatic densitometric and clinical improvement [48].

Molecular-Targeted Therapy

Peptide receptor radionuclide therapy (PRRT), a form of molecular-targeted ther-
apy, is also an option for patients in whom the causative tumor is difficult to excise
fully. In PRRT, a peptide known to attach or be taken up by the tumor of interest is
coupled with a radioactive substance. The resulting radiopharmaceutical is then
injected into the bloodstream and delivers an ablative radiation dose to the tumor
being targeted. Since causative tumors have been shown to express the somatostatin
receptor and take up DOTA octreotate (DOTATATE), a radiopharmaceutical was
created that combines DOTATATE with a radioisotope that delivers an ablative
dose. Specifically, DOTATATE was combined with lutetium-177. The radiopharma-
ceutical 177Lu-DOTATATE was successfully tried in a patient with a recurrent
skull-based tumor that caused TIO. Administration of 177Lu-DOTATATE led to
improvement in symptoms and reductions in standard uptake values (SUV) when
surveillance PET scans using "*F-FDG and %Ga DOTATATE were serially done [6].
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Anti-FGF23 Antibody

A promising treatment option is the administration of anti-FGF23 antibody. A phase
2 clinical study is already underway investigating the effects of KRN23, a human-
ized anti-FGF23 antibody, on patients with TIO. Preliminary data show that this
anti-FGF23 antibody increased serum phosphorus, TmP/GFR, and 1,25 dihydroxy
vitamin D after 24 weeks of monthly subcutaneous administration [8, 15].

A phase I randomized placebo-controlled clinical trial has already been done
among patients with X-linked hypophosphatemic rickets (XLHR) who also have
elevated FGF23 levels similar to patients with TIO. In this particular study, KRN23,
a humanized anti-FGF23 antibody, has been demonstrated to increase maximum
renal tubular threshold for phosphate reabsorption, serum phosphate, and 1,25 dihy-
droxy vitamin D levels in human subjects. Intravenous and subcutaneous routes are
both effective. Intravenous administration has a faster onset of action but has a
shorter duration of effect, while subcutaneous administration resulted in a slower
onset of action but a more sustained duration of effect. It may just be a matter of
time that anti-FGF23 antibody therapy be used and found effective in patients with
TIO as well (Carpenter et al. 2014; [15]).

Prognosis

As mentioned earlier, the reduction in FGF23 and normalization of serum phos-
phate levels occur in just a matter of days after successful removal of the causative
tumor. These can be maintained if the disease does not recur.

With longer follow-up after successful resection, bone pain can be expected to
disappear in 1-2 months, while patients can already be expected to walk by 0.5—
3.5 months [25].

If radiographic changes are monitored, Looser zones or pseudofractures are
expected to resolve in as short as 6 months. From being radiolucent linear
lesions, these become mineralized as shown by a radiopaque appearance
(Fig. 11.21) [39, 56].

Dual emission x-ray absorptiometry can also be repeated with normalization of
bone density being expected in as short as 16 weeks (Fig. 11.22) [39, 40].

Summary

e Tumor-induced osteomalacia is an acquired disease of the bone that occurs due
to oversecretion of the phosphaturic hormone FGF23 by a functioning tumor.

e Clinical features are similar to other causes of osteomalacia such as bone pains,
bone deformities, and bone weakness.
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Fig. 11.21 Radiography of the right leg 1, 3, and 6 years after tumor resection. A sclerotic focal
area deforming the cortical profile of the middle third of the right fibula can be seen on both
anterior-posterior and lateral projections. (From Piemonte et al. [39])
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Fig. 11.22 Changes of lumbar, femoral, and radial BMD after tumor resection. The arrow indi-
cates the date of surgery. (From Piemonte et al. [39])
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Laboratory hallmarks are hypophosphatemia, phosphaturia, and low 1,25 dihy-
droxy vitamin D.

The causative tumor must be located by a combination of physical examination
and functional and anatomical imaging tests.

Cure is possible and prognosis is favorable when the causative tumor is excised.
When surgery is not possible or carries significant postoperative morbidity, a
variety of pharmacologic agents and tumor-directed therapies can be employed.
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Chapter 12
Sclerotic Bone Disorders

Sina Jasim, Robert Wermers, and Daniel L. Hurley

Abbreviations

BMD Bone mineral density

CKD-MBD  Chronic kidney disease-mineral and bone disorder
DXA Dual-energy X-ray absorptiometry

HOA Hypertrophic osteoarthropathy

Case Presentation

A 52-year-old Caucasian woman was seen in Metabolic Bone Disease Clinic for
evaluation of an intermittently elevated total alkaline phosphatase and abnormal
radiographs. Four years earlier, at age 48, she was diagnosed with bilateral well-
differentiated (ER+, PR+, HER2 negative) multifocal infiltrating lobular breast car-
cinoma. Bilateral mastectomy was remarkable for clear margins and no evidence of
lymphovascular invasion, but 21/21 right axillary lymph nodes were found to have
metastasis with capsular invasion (left-sided lymph nodes were negative). She
received both chemotherapy (four cycles of doxorubicin plus cyclophosphamide
over 8 weeks, followed by four cycles of paclitaxel over 8 weeks) and subsequent
right breast and chest wall radiation therapy (6000 cGy). She experienced
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chemotherapy-related amenorrhea. Tamoxifen was begun after completion of
chemo-radiation treatment, with a plan to switch to an aromatase inhibitor at a later
date. Two years after beginning Tamoxifen, she was tolerating it well without clini-
cal evidence of recurrent disease.

Her metabolic bone history was detailed at her bone clinic evaluation. Because
of groin pain with ambulation near the diagnosis of her breast cancer, a computer-
ized tomography (CT) scan of the abdomen/pelvis was performed and noted “focal
sclerosis in the T12 vertebral body and a very tiny focus of sclerosis adjacent to the
superior endplate of the L4 vertebral body.” CT scan of the chest was unremarkable
except for the mastectomies and “indeterminate” sclerosis at T12.” A technetium
whole body bone scan showed nonspecific “diffuse, homogenous uptake” in the
skull and long bones and degenerative changes at multiple joints without evidence
of metastatic disease. Since then, she has had an intermittently elevated serum total
alkaline phosphatase (150 units/L, normal reference 35-105).

Her past history is significant for tobacco smoking and a right ankle avulsion
fracture after an ankle inversion injury. She denied alcohol use. There is no family
history of metabolic bone disease, to include hyperparathyroidism and Paget’s
disease.

At the time of her metabolic bone clinic consultation, her total alkaline phospha-
tase was elevated at 142 U/L with normal levels for a complete blood count, electro-
lytes and creatinine (0.8 mg/dL, normal reference 0.6—1.1), liver tests (AST, ALT,
total bilirubin), minerals (calcium, phosphorus), parathyroid hormone (47 pg/mL,
normal reference 15-65), thyroid hormones (T'SH and free thyroxine), albumin, and
serum protein electrophoresis profile (negative for monoclonal protein). A recent
25-hydroxyvitamin D level was also in normal reference range. Her original radio-
graphs of the chest (Fig. 12.1), whole body bone scan (Fig. 12.2), and CT scans
(Fig. 12.3) were reviewed.

Introduction

Abnormal bone remodeling distorts normal bone homeostasis of coupled osteoblas-
tic and osteoclastic activity and can result in high bone density or osteosclerosis.
Bone sclerosis (trabecular bone thickening) reflects an increase in skeletal mass
secondary to genetic or acquired causes (Table 12.1). We will review some of these
causes, mostly the acquired ones, in this chapter.

Skeletal Dysplasia

Fibrous dysplasia is discussed in Chap. 13.
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Fig. 12.1 Initial chest radiograph; anteroposterior (left) and lateral (right) views. Interpretation:
Negative chest

Skeletal Dysostoses

Osteochondrodysplasia is discussed in Chap. 14.

Osteopetrosis

Osteopetrosis is a group of bone disorders due to failure of osteoclast-mediated
resorption. On radiological imaging, osteopetrosis is a generalized, symmetrical
increase in bone mass with possible pathological fracture of long bones. Disease
severity can range from benign (autosomal dominant) in adults to malignant
(autosomal recessive) in children. It can also develop secondary to infection or
medications [1].

 Infantile osteopetrosis: The most severe form is autosomal recessive caused by
carbonic anhydrase type II gene mutation (infantile malignant osteopetrosis).
This form is usually associated with renal tubular acidosis.
Skull bones abnormalities can lead to poor development of nasal sinuses, cranial nerve
paralysis, hearing and visual loss, raised intracranial pressure, and hydrocephalus.
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Fig. 12.2 [Initial nuclear medicine (technetium 99m MDP) whole body bone scan; anterior (left)
and posterior (right) views. Interpretation: Diffuse, homogenous uptake of radiotracer at the supe-
rior portion of the calvarium and (prominent) in the long bones. Degenerative changes of multiple
joints in the axial and appendicular skeleton. Findings are consistent with a metabolic bone dis-
ease, without evidence of metastatic bone disease

Poor dentition and failure to thrive can ensue. An excess in osteoclast number
and activity is present. Fibrosis can replace the bone marrow and lead to infec-
tion, bleeding tendency, hypersplenism, and hemolytic anemia with enlargement
of the liver and spleen.
Unfortunately, no treatment is available and the disease is associated with
increased morbidity and early mortality.

e Adult osteopetrosis: Usually present with brittle bones, cranial nerve palsy, car-
pal tunnel syndrome, and osteoarthritis. Two main forms include:
Type 1: High bone mass due to LRP5 gene activation.
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Fig. 12.3 Initial CT scans of the chest, abdomen, and pelvis; T12 (left) and L4 (right) vertebral
bones. Interpretation: Bilateral mastectomies. Mild diffuse fatty liver and small hepatic dome cyst.
Indeterminate focal sclerosis in the T12 vertebral body and a second tiny focus of sclerosis adja-
cent to the superior end plate of the L4 vertebral body. Approximately 1 cm lytic lesion in the left
iliac bone adjacent to the sacroiliac joint. Findings of mild diffuse patchy sclerosis in the lumbar
spine and pelvic bones are nonspecific

Table 12.1 Differential diagnosis of osteosclerosis

Skeletal dysplasias Discussed in Chap. 13
Skeletal dysostoses Discussed in Chap. 14
Acquired causes of osteosclerosis Hepatitis C-associated osteosclerosis

Heavy metal poisoning

Excessive vitamin D or A

Milk-alkali syndrome

Renal osteodystrophy

Fluorosis

Hypertrophic osteoarthropathy
ITonizing radiation
Leukemia, lymphoma, myeloma, mastocytosis

Osteomyelitis
Paget’s disease of bone
Sarcoidosis

Sickle cell disease

Skeletal metastasis

Metabolic causes of osteosclerosis Carbonic anhydrase II deficiency

Hyper-, hypo-, and pseudohypoparathyroidism

Hypophosphatemic osteomalacia

X-linked hypophosphatemia

Adopted and Modified from Chap. 93. Sclerosing Bone Disorders 769 Michael P. Whyte [16].
Primer on the Metabolic Bone Diseases and Disorders of Mineral Metabolism, Eighth Edition.
Edited by Clifford J. Rosen. © 2013 American Society for Bone and Mineral Research. Published
2013 by John Wiley & Sons, Inc
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Type 2: Autosomal dominant osteopetrosis (Albers-Schonberg disease) caused
by heterozygous mutations in the chloride channel 7 (CLCN7) gene. This dis-
ease mainly affects the spine, pelvis, and the skull base.

e Other forms of osteopetrosis are less common.

Hypocalcemia, secondary hyperparathyroidism, and high calcitriol levels are
commonly seen in the infantile form. Histopathological studies have revealed
increased osteoid and immature “woven” bone commonly seen in adult
osteopetrosis.

Treatment options include calcium supplementation if hypocalcemia is present.
High-dose glucocorticoid treatment has been administered for pancytopenia and
hepatomegaly. Bone marrow transplantation (BMT) is a treatment option, espe-
cially for infantile osteopetrosis [2].

Carbonic Anhydrase II (CA II) Deficiency

This is a combination of the autosomal recessive syndrome of osteopetrosis, renal
tubular acidosis, and cerebral calcification caused by a mutation of CA II encoding
gene [3]. CA Il is abundant in tissues such as the brain, kidney, and bones. The dis-
ease can present with recurrent fractures, failure to thrive, and developmental delay,
optic nerve compression with blindness, and dental abnormalities in early child-
hood. Radiological images resemble those with osteopetrosis with cerebral calcifi-
cation seen in childhood. BMT is the treatment of choice for osteopetrosis.
Bicarbonate can be used for metabolic acidosis due to renal tubular acidosis.

Pachydermoperiostosis (Hypertrophic
Osteoarthropathy; HOA)

This syndrome is characterized by abnormal proliferation of the skin and osseous
tissue at the distal extremities. Clinical picture includes digital clubbing, hyperhi-
drosis, thickening of the skin (cutis verticis gyrata), and periostosis of bones which
is usually accompanied by painful arthropathy.

Some theories of pathogenesis include localized activation of the platelet-
endothelial cells and release of fibroblast growth factors; tumor production and
release of factors lead to vascular proliferation, edema, and new bone formation
such as vascular endothelial growth factor (VEGF) [4] and increased circulating
prostaglandin PGE2.

e Primary (idiopathic) HOA: (Pachydermoperiostosis, Touraine-Solente-Gole
syndrome) is a hereditary disorder caused by a mutation in the HPGD gene that
encodes 15-hydroxyprostaglandin dehydrogenase, which is the primary enzyme
response for prostaglandin degradation [5].
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e Secondary HOA: Usually associated with lung cancer (more in adenocarci-
noma), pulmonary infections, cystic fibrosis, and right-to-left cardiac shunts.

Severe periostitis cause thickening of the bones distally. Bones affected typically
are the radius, ulna, tibia, and fibula, less often seen in the metacarpals and metatar-
sals, clavicle, pelvis, and skull base. The spine is rarely involved. Bone scanning
reveals symmetrical, diffuse uptake along the cortical margins of long bones.

Treatment with nonsteroidal anti-inflammatory medications is appropriate in
addition to treating the primary cause. Bisphosphonates were effective in few refrac-
tory cases [6].

Hepatitis C

The mechanism of hepatitis C-associated increased bone mass is not well under-
stood, but it seems to be associated with disease activity and circulating levels of
IGE. Trabecular, as well as periosteal and endosteal, bone thickening is seen
throughout the skeleton, except the cranium. Antiresorptive therapy might be of use.

Renal Osteodystrophy

Chronic kidney disease (CKD) is commonly associated with mineral and bone
metabolism abnormalities, manifested by abnormalities in calcium, phosphorus,
parathyroid hormone (PTH), fibroblast growth factor 23 (FGF23), and vitamin D
metabolism, bone turnover, mineralization, or extraskeletal calcification. The best
way for the diagnosis and classification of bone disease in CKD is bone biopsy [7]
which is invasive; therefore, we rely more on bone turnover biomarkers to have an
idea about the ratio of bone formation and bone resorption. Osteitis fibrosa cystica,
adynamic bone disease, and osteomalacia are the main bone disease groups associ-
ated with renal disease [8]. Subclinical changes in bone remodeling begin in early
CKD but manifest last with ESRD. The clinical presentation and treatment options
vary depending on the dominating metabolic abnormality, the characteristic bone
disease, and the severity of the renal impairment.

Milk-Alkali Syndrome

This syndrome consists of hypercalcemia, metabolic alkalosis, and acute kidney
injury secondary to increased calcium ingestion along with absorbable alkali.
Individuals with mild chronic kidney disease [9], volume depletion, pregnant
women [10], and those treated with a thiazide diuretic are particularly at higher risk.

The milk-alkali syndrome can be asymptomatic or present in various ways
depending on severity and acuity of hypercalcemia; majority of patients are women
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on calcium carbonate, usually treated by withdrawing the offending agent.
Hypocalcemia may be seen transiently during treatment with furosemide, accompa-
nied by a rebound rise in parathyroid hormone (PTH); this phenomenon is unique
to milk-alkali syndrome when removing offending agent [11].

Vitamin D and Vitamin A Toxicity

Vitamin D chronic toxicity can resemble milk-alkali syndrome as the mechanism is
the same — see above.

Chronic vitamin A toxicity is usually due to chronic ingestion of excess amount
of synthetic vitamin A (more than ten times higher than the Recommended Dietary
Allowance (RDA)) [12]. Fasting serum retinyl esters can be used as a marker for
chronic hypervitaminosis A when can’t rely on serum retinol only [13]. Chronic
toxicity can present with fatigue, dry skin, headache, pseudotumor cerebri, irritabil-
ity, and hyperostosis.

Hyperparathyroidism, Hypoparathyroidism,
and Pseudohypoparathyroidism

Discussed in Chaps. 2, 5, and 6.

Hypophosphatemic Osteomalacia

Discussed in Chap. 7.

Paget’s Disease of Bone

Discussed in Chap. 8.

Fluorosis and Heavy Metals Toxicity

Fluoride stimulates bone formation in cortical and trabecular bone via osteoblast
stimulation. However, its effect on trabecular bone is greater leading to earlier and
more pronounced increases in spine density. Despite impressive increases in BMD,
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overall bone quality is impaired due to osteomalacia. Skeletal fluorosis is the most
severe presentation of fluorosis among adults and occurs when more than 10 mg/
day of fluoride is consumed for 10 years or longer. It can result in osteosclerosis
which can lead to significant long-term disabilities including limited spine mobility,
kyphosis, and lower extremity pain [14].

Heavy metal poisoning with lead in children has also been associated with osteo-
sclerosis of the metaphyses and should be distinguished from genetic causes of
osteosclerotic metaphyseal dysplasia [15].

Malignancies and Other Secondary Causes

Malignancy of the bone is discussed in Chap. 15.

Diagnosis and Management of Sclerotic Bone Disease

Diagnostic and management options are extremely variable as the etiology can vary
from inherited, congenital, metabolic, and acquired causes. Diagnostic and manage-
ment strategies are discussed briefly in each section above. Diagnosis and manage-
ment of fibrous and bony dysplasias, hyper-, hypo-, and pseudohypoparathyroidism,
hypophosphatemic osteomalacia, and Paget’s disease of bone are discussed in detail
in the corresponding chapters.

In general, proper and detailed history is of paramount significance including
detailed family history of bone disorders and skeletal defects that can give a clue
toward genetic and inherited causes of bone disease; obviously majority of those
disorders can be seen early in life.

Multiple forms of bony dysplastic disorders are seen and their detailed evalua-
tion is discussed in Chaps. 13 and 14. Detailed history of menstrual history, activity
level, falls, and fractures, dietary habits, prescribed and over-the-counter medica-
tion use, or herbal use can be of relevance. Personal and family history of malignan-
cies, hematological disorders, and diseases that can potentially cause bone remolding
problems such as sickle cell disease, hepatitis, and sarcoidosis is extremely helpful
in directing treatment toward the primary etiology.

General and thorough focused physical examination is useful. Any physical
deformities can be suggestive or pathognomonic of syndromic disorders especially
in younger patients. Dental and skeletal exam looking for deformities, skin exam,
and neurological examination are particularly useful.

Laboratory data can be very helpful in evaluating bone mineralization and turn
over, looking for secondary causes, and probably reflecting disease chronicity and
severity. Basic laboratory tests may include, but not limited to, complete blood
counts with differential as needed, calcium, phosphorus, parathyroid hormones, and
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vitamin D metabolites levels. Renal and liver function tests, bone turn over markers.
If history is suggestive; hemoglobin and protein electrophoresis, hepatitis screen,
other vitamins and minerals levels (such as vitamin A, and fluoride levels), and FGF
23. In certain cases, genetic testing can be valuable not only in making the diagnosis
but to direct follow-up or treatment options if available.

Imaging is the cornerstone in the diagnosis of sclerotic bone disease as increased
bone density can be seen on imaging, but also certain radiological features can be
characteristic of certain bone disorders and can raise suspicion and direct further
evaluation. Imaging includes skeletal plain radiographs, bone mineral density
(DXA), trabecular bone score (TBS), HRpQCT, bone scan, computed tomography
scans (CT), and magnetic resonance imaging (MRI). Imaging can also identify sec-
ondary causes such as malignancies.

Bone biopsy is the gold standard diagnostic procedure in certain sclerotic bone
diseases, but it is invasive and expensive so we tend to rely on the above measures
most of the times. Treatment options are widely variable depending on the primary
etiology; some are discussed under the relevant topic.

Back to Our Case

At the time of her metabolic bone clinic consultation, the patient was clinically
feeling well. Her repeat total alkaline phosphatase was 150 U/L. Additional testing
yielded a bone alkaline phosphatase (BAP) of 42 mcg/L (premenopausal <14;
postmenopausal <22) and the collagen type 1 cross-linked C-telopeptide (CTX)
bone turnover marker of 795 pg/mL (premenopausal <573; postmenopausal
<1008). The patient had a repeat whole body bone scan (Fig. 12.4), and other than
uptake in the area of known orbital surgery and ankle injury, there was no signifi-
cant change in the diffuse homogenous uptake in the skull and long bones. A radio-
graphic skeletal survey revealed diffuse patchy sclerosis throughout the axial and
proximal appendicular skeleton (Figs. 12.5, 12.6, and 12.7). Further evaluation to
include vitamin A, hepatitis C serology, serum fluoride, tryptase, heavy metal
screen, angiotensin-converting enzyme, and 24-urine calcium and creatinine were
obtained and were all normal or negative with the exception of a low urinary cal-
cium level. The patient then had a CT-guided left iliac bone biopsy, and pathology
was positive for metastatic adenocarcinoma consistent with breast primary.
Subsequent CT scans of the chest, abdomen, and pelvis revealed diffuse lytic and
sclerotic densities throughout the intrathoracic bone structures, consistent with
metastatic disease.
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Fig. 12.4 Repeat nuclear medicine (technetium 99m MDP) whole body bone scan; anterior (left)
and posterior (right) views. Interpretation: Since prior exam, increased radiotracer uptake in the
right foot compatible with recent trauma. Tiny focus of increased uptake about the superolateral
left orbit, compatible with history of orbit surgery. No other change since prior exam. Again seen
is diffuse homogenous uptake of radiotracer at the superior portion of the calvarium and in the long
bones. Degenerative type uptake is seen in the shoulders, cervical and lumbar spine, knees, and left
foot. Findings are consistent with a metabolic bone disease
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Fig. 12.5 Skeletal radiograph survey; skull and upper body long bones (radius/ulna and hands not
shown). Interpretation: Diffuse patchy sclerosis throughout the axial and proximal appendicular
skeleton. No periarticular resorption or soft tissue calcifications. Findings are nonspecific; meta-
bolic bone disorder, metastatic disease or mastocytosis cannot be excluded

Fig. 12.6 Skeletal radiograph survey; pelvis and lower body long bones (tibia/fibula and feet not
shown). Interpretation: Diffuse patchy sclerosis throughout the axial and proximal appendicular
skeleton. No periarticular resorption or soft tissue calcifications. Findings are nonspecific; meta-
bolic bone disorder, metastatic disease, or mastocytosis cannot be excluded
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Fig. 12.7 Skeletal radiograph survey of the lateral thoracic/lumbar spine (left), and CT spine
(right) (see Figs. 12.5 and 12.6 for interpretation of the skeletal survey). Interpretation of CT spine:
Diffuse lytic and sclerotic densities throughout the intrathoracic osseous structures, whereas only
a small amount of sclerotic density was present on the previous CT study). Findings are consistent
with metastatic carcinoma
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Chapter 13
Fibrous Dysplasia

Anupam Kotwal, Jad G. Sfeir, and Daniel L. Hurley

Abbreviations

BAP Bone-specific alkaline phosphatase

cAMP Cyclic adenosine monophosphate

CT Computed tomography

CTX Collagen type-1 cross-linked C-telopeptide
FD Fibrous dysplasia

FGF23 Fibroblast growth factor 23
GNAS Guanine nucleotide-binding protein, alpha stimulating
IGF-1 Insulin-like growth factor-1

IL-6 Interleukin-6
MAS McCune-Albright syndrome
MRI Magnetic resonance imaging

NTX Collagen type-1 cross-linked N-telopeptide
PINP N-terminal propeptides of procollagen type-1
RANKL Receptor activator of nuclear factor Kappa-B ligand

Case Presentation

A 23-year-old Caucasian man presented to our Metabolic Bone Disease Clinic with
recent onset of frontal headache and retrobulbar pain. He reported bilateral testicu-
lar enlargement over years but denied precocious puberty or decreased libido. There
was no history of clinical fractures. His physical examination revealed large,
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Fig. 13.1 Asymmetric
café au lait macules on
the back characteristic of
McCune-Albright
syndrome

Fig. 13.2 (a, b) Plain radiographs showing bone changes of fibrous dysplasia involving the man-
dible on the right, central skull base and clivus, left maxilla, and the left vomer

confluent, asymmetric café au lait macules on the back (Fig. 13.1) and left thigh,
which he reported to be present since childhood. He did not have any limb or facial
deformities, and his visual field testing was unremarkable.

Plain radiographs (Fig. 13.2a, b) and a low enhancement computed tomography
(CT) scan (Fig. 13.3) demonstrated areas of “ground glass” attenuation in the cen-
tral skull base, clivus, body of the sphenoid bone, left orbital floor, left maxillary
bone, right mandibular condyle extending to the temporomandibular joint, left max-
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Fig. 13.3 CT scan
showing “ground glass”
attenuation (arrow) of the
skull base

Fig. 13.4 MRI showing
replacement of normal
bone marrow signal in
the skull base

illa, and right mandibular region. Magnetic resonance imaging (MRI) of his brain
(Fig. 13.4) revealed replacement of normal marrow signal and bony expansion in
these areas, with the enhancement of the clivus measuring 1.8 cm. These areas had
increased radiotracer uptake with technetium whole body bone scan (Fig. 13.5a, b).
Biochemical testing was normal for serum calcium, phosphorous, insulin-like
growth factor-1 (IGF-1), and thyroid function tests. The total serum
25-hydroxyvitamin D level was 72 ng/mL (Institutes of Medicine reference range
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Fig. 13.5 (a, b) Technetium whole body scan showing increased uptake in the involved craniofa-
cial bones and the skull base

20-50), collagen type-1 cross-linked C-telopeptide (CTX) elevated at 933 pg/mL
(reference range 155-873 for 18-39 years of age), and bone-specific alkaline phos-
phatase (BAP) normal at 15 mcg/L (reference range 0-20).

Assessment and Diagnosis

Fibrous dysplasia (FD) is an uncommon nonneoplastic skeletal condition character-
ized by replacement of medullary bone and bone marrow by fibrous tissue, involv-
ing one (monostotic) or more (polyostotic) bones. Its manifestations can vary
widely, ranging from asymptomatic incidental radiographic skeletal findings to dis-
abling disease with fractures, bone deformities, and significant pain. FD accounts
for 7% of all benign bone tumors; 5—12% of patients have one or more extra-skeletal
manifestations, especially café au lait skin pigmentation. The latter is part of the
McCune-Albright syndrome (MAS) [1] that is prevalent in 1 out of every 1,000,000
individuals worldwide and includes, in addition to FD bone lesions and caf€ au lait
spots, endocrine dysfunction such as precocious puberty, acromegaly, Cushing’s
syndrome, or hyperthyroidism. Café au lait skin macules have characteristic fea-
tures; those with jagged, irregular borders are often referred to as “coast of Maine”
lesions in contrast to the smooth-bordered “coast of California” lesions seen in neu-
rofibromatosis [2]. Interestingly, similar to the bone lesions, the skin lesions tend to
not cross the body midline; rather, they follow the developmental lines of Blaschko,
which reflect patterns of embryonic cell migration.

Clinically, the sites of skeletal involvement are established early and do not seem
to correlate with the extent of the skin lesions. Bones are most affected during rapid



13 Fibrous Dysplasia 187

bone growth, and hence the disease commonly presents with the most symptoms and
highest fracture rates in childhood or early adolescence. Most craniofacial lesions
occur by 5 years of age, and other clinically significant bone lesions appear by 15 years
of age, after which new lesions rarely develop and existing lesions become less active,
likely due to apoptosis of the mutation-bearing cells [3]. Nonetheless, FD can proceed
unrecognized until adulthood when symptoms first appear, such as the patient in this
clinical vignette. While there is generally a central to peripheral gradient of bone
involvement, any combination of skeletal sites may occur. FD frequently involves the
skull base and proximal femur, with other common sites to include the spine and ribs.

The skeletal map is determined early, and lesions usually become less active with
age, especially in adulthood. Symptoms depend on the location of FD bone lesions,
and the most common presenting symptoms are bone pain in the areas of involve-
ment, a limp, or a fracture, the latter usually peaking in the first decade of life with a
decreased incidence thereafter. Based on the site of involvement, neuropathies may
also occur due to nerve impingement. Craniofacial FD can present as facial “bump”
or asymmetry or nerve impingement leading to pain and neurological deficits. Visual
and hearing losses are uncommon and more likely to occur with IGF-1 excess in the
presence of MAS. Vertebral involvement rarely causes pain until associated with
progressive scoliosis or a pathological fracture. Limb lesions may also lead to patho-
logic fractures and deformities, particularly in the proximal femur. Recurrent frac-
tures and progressive deformities may affect ambulation and overall mobility.

The prognosis of FD depends mainly on the location of skeletal lesions and the
severity and extent of disease involvement. Active FD lesions can produce excess
fibroblast growth factor-23 (FGF23) resulting in phosphaturia [5, 6] that can occa-
sionally lead to hypophosphatemia with additional subsequent bone pain and
increased fracture risk due to rickets in children or osteomalacia in adults [7].
Polyostotic FD has been associated with a higher risk of fractures [1, 7], and the
FRANCEDYS study reported that both polyostotic disease and bisphosphonate use
were significant predictors of fracture risk [1]. Malignant transformation of FD
lesions is extremely rare and has been associated with previous radiation treatment
or acromegaly [4, 5]. In a review of FD patients seen at the Mayo Clinic [4], 28 of
1122 patients (2.5%) developed malignant transformation, 46% of these had previ-
ously received radiation therapy, and the most common malignancy was osteosar-
coma. Rapidly expanding FD lesions and disruption of the cortex are worrisome
signs of malignant transformation. The clinical course of malignancy is usually
aggressive, and surgery is the primary treatment.

Initial assessment of patients with FD aims at determining the extent of skeletal
involvement and associated endocrine and/or other organ involvement. Radiographs
aid the clinical evaluation but there are similarities with other skeletal disorders.
Genetic mutation analysis is rarely needed but may be helpful in cases of equivocal
clinical and/or radiographic findings to distinguish FD from other fibro-osseous
conditions, such as osteofibrous dysplasia and ossifying fibromas. It is important to
note that since FD is not a hereditary condition, genetic testing should only be done
if needed for diagnosis, and screening family members of an affected individual is
not necessary.
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The radiographic appearance of FD varies according to its skeletal location and
age of the lesion. Craniofacial lesions are typically expansive with a homogenous
“ground glass” appearance on CT scan. Lesions involving the appendicular skeleton
are usually expansive with endosteal scalloping, cortical thinning, and also a
“ground glass” appearance. With aging, FD lesions can develop a “mosaic” radio-
graphic appearance (i.e., both sclerotic and cystic features); appendicular lesions
tend to become sclerotic (corresponding to decreased disease activity), while cra-
niofacial lesions develop a cystic appearance. Total body bone scintigraphy should
be used to identify and determine the extent of skeletal FD. The majority of clini-
cally significant osseous lesions will have increased tracer uptake early in the course
of the disease. MRI is not required for diagnosis but may be helpful in the longitu-
dinal follow-up of craniofacial lesions as normal bone marrow is replaced by fibro-
sis. In our patient, (a) the “ground glass” expansile lesions seen in the skull base,
clivus, and facial bones on plain radiographs and CT scan, (b) corresponding
replacement of normal marrow signal on MRI, and (c) hypermetabolic activity on
PET scan all support the diagnosis of FD. FD involvement of the clivus present in
this patient is a reportedly rare occurrence [6].

Laboratory markers of bone turnover are usually elevated with greater increases
in markers of bone resorption (serum CTX and urine collagen type-1 cross-linked
N-telopeptide [NTX]) than markers of bone formation (BAP and N-terminal pro-
peptides of procollagen type-1 [PINP]), in line with increased osteoclastogenesis.
With the exception of hypophosphatemia due to excess production of FGF23, serum
minerals and electrolytes are typically normal. In our patient, the serum CTX was
elevated and BAP was normal. Serum electrolytes and minerals, including phos-
phorous, were normal.

Etiology

FD is a rare genetic disease resulting from somatic activating mutation of the gua-
nine nucleotide-binding protein, alpha stimulating (GNAS) gene encoding the alpha
subunit of the stimulatory G-protein early in embryogenesis with a mosaic distribu-
tion [7]. This leads to increased stimulation of adenylyl cyclase and overproduction
of cyclic adenosine monophosphate (cAMP) and c-fos protein [8]. The result is
proliferation of undifferentiated stromal cells causing bone marrow fibrosis (that
replaces the medullary bone), unmineralized osteoid deposition, and increased
osteoclastogenesis [9]. Most of the histopathological features of FD are due to the
osteogenic nature of the lesions. Osteoclastogenesis in FD lesions is dependent on
the secretion of interleukin-6 (IL-6) by osteogenic cells and the upregulation of
receptor activator of nuclear factor kappa-B ligand (RANKL) caused by the GNAS
mutation. The unmineralized osteoid deposition (i.e., osteomalacia) [10] is most
likely due to the excess production of FGF23 by the osteogenic FD tissue [11, 12].

Alpha subunit of the stimulatory G protein is ubiquitous, which explains
involvement of non-skeletal organs in FD, such as skin and other endocrine



13 Fibrous Dysplasia 189

organs. FD, MAS, and non-skeletal isolated endocrine lesions associated with
GNAS mutations represent a spectrum of phenotypic expressions likely reflect-
ing different patterns of somatic mosaicism of the same basic disorder. A spec-
trum of bone lesions associated with such mutations was identified and recognized
as three distinct histopathologic patterns, defined as Chinese writing type, scle-
rotic pagetoid type, and sclerotic hypercellular type, which are characteristically
associated with the axial/appendicular skeleton, cranial bones, or gnathic bones,
respectively [13].

Management

FD is a skeletal disorder that can involve endocrine organs and affect children as
well as adults and, hence, requires a multidisciplinary approach to patient care.
After establishing a diagnosis of FD, efforts should be made to evaluate the pres-
ence of extra-skeletal disease in order to identify patients with MAS. Pituitary, adre-
nal, thyroid, parathyroid, and gonadal function should be evaluated, and any
endocrine dysfunction treated appropriately and monitored.
Non-gonadotropin-mediated precocious puberty in FD/MAS is much more com-
mon in girls where it occurs due to recurrent ovarian cysts with excess estrogen
production, and treatment usually includes aromatase inhibitor (letrozole) and/or
selective estrogen receptor modulator (tamoxifen). In contrast, precocious puberty
is much rarer in boys, occurs due to testicular enlargement with excess testosterone
production, and can be managed with combination of androgen receptor blocker
and aromatase inhibitor (letrozole). If these children subsequently develop central
precocious puberty, then leuprolide therapy may be effective. Thyroid disease usu-
ally occurs as nonfunctioning goiter or as autoimmune hyperthyroidism, although
both might occur simultaneously in which case the best course of action may be a
total thyroidectomy. Radioiodine ablation should be avoided in these cases due to
concern for uptake of radioiodine by mutation-bearing tissue which may lead to
increased risk of malignancy in the remaining gland. FGF23-mediated phosphaturia
can lead to hypophosphatemia necessitating oral phosphorous and calcitriol supple-
mentation. Unlike other disorders of FGF23 excess, bone turnover markers are usu-
ally constitutively elevated in FD and do not help in guiding response to therapy.
Acromegaly due to autonomous growth hormone secretion from anterior pituitary
tumors can lead to growth of FD bone lesions due to excess IGF-1, necessitating
timely diagnosis and management. Medical therapy with octreotide and/or growth
hormone receptor antagonist (pegvisomant) is recommended initial management
because pituitary tumor resection is usually fraught with technical difficulties and
complications in cases of craniofacial FD. Growth hormone excess is usually
accompanied by hyperprolactinemia (due to co-secretion) which can be managed
with dopamine agonists (bromocriptine and cabergoline). Hypercortisolism has
been rarely reported in FD/MAS and if present, it usually presents in the neonatal
period [14]. Definitive treatment includes surgical adrenalectomy but medical ther-
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apy with metyrapone can also be used. Some cases have shown spontaneous remis-
sion [14], likely due to fetal adrenal involution.

There is currently no medical therapy that will alter the disease course of FD,
particularly pertaining to skeletal lesions. Treatment should take into account the age
of the patient and the site of skeletal involvement for impending fractures or nerve
impingement. As previously noted, craniofacial disease can be aggressive, causing
pain and compression of vital cranial nerves and other neurological structures.
Surgery is usually reserved for lesions in bones with impending fracture such as the
proximal femur, in which case insertion of an intramedullary nail is the preferred
intervention. Surgical measures are also used to treat limb length discrepancy and
spine deformity. For craniofacial involvement, surgery may be required if there is
impending loss of vision or hearing. The risk of FD recurrence into the grafted bone
needs to be kept in mind [14]. For this reason, cosmetic surgery should be approached
cautiously and only after thoroughly discussing the risk of disease recurrence with
the patient. Prophylactic surgery to guard against vision loss is usually not advocated
given its high failure rate and the risk of graft resorption [15]. Surgery could be con-
sidered for rapidly expanding aneurysmal fluid-filled bone cysts that form within
highly vascular lesions of FD associated with visual loss in <5% of patients [16].

Medical therapy for FD is focused on symptomatic pain management. Pain con-
trol and physical therapy are a major part of long-term management of patients.
There is anecdotal evidence of bisphosphonates decreasing bone pain and biochem-
ical markers of bone turnover and in a number of cases improving the radiographic
features of FD [17]. Both pamidronate and zoledronic acid have been used to treat
FD involving craniofacial bones or the proximal femur [18]. Chapurlat et al. [18]
suggested superiority of zoledronic acid (at a dose of 4 mg every 6 months) over
pamidronate in reducing pain and bone turnover markers after patients with FD
were switched from pamidronate therapy. Oral alendronate therapy has been shown
to reduce the NTX bone resorption marker, but improvement in pain was only mod-
est when compared to pamidronate in a series of six adults [18, 19]. Boyce et al.
similarly showed in a randomized clinical trial a reduction in NTX and improve-
ment in areal BMD but no significant change in pain or functional parameters with
alendronate therapy [20]. With the currently available data, we can infer that intra-
venous zoledronic acid appears to be the most effective bisphosphonate for pain
control as well as reducing bone resorption in patients with FD. Bone histopathol-
ogy examination can show changes related to vitamin D deficiency and hyperpara-
thyroidism [21]; hence, it is important to screen for vitamin D insufficiency/
deficiency and ensure adequate provision of calcium and vitamin D. Phosphorous
supplementation is only necessary in patients with significant hypophosphatemia. If
acromegaly is present, its management is essential to prevent the effect of excess
IGF-1 on the growth of FD bone lesions.

Presently available medical therapies have been largely ineffective in altering the
disease course of FD. Osteoclastogenesis observed in FD lesions is dependent on
the secretion of IL-6 by osteogenic cells and the upregulation of RANKL caused by
the GNAS mutation. Tocilizumab is an antagonist of IL-6 approved for the treatment
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of rheumatoid arthritis, and denosumab is a monoclonal antibody against RANKL
approved for treatment of osteoporosis and cancer-related bone metastases. Boyce
et al. [22] described the case of a 9-year-old boy with severe FD involving a rapidly
expanding femoral lesion and marked RANKL expression on pretreatment bone
biopsy, who was treated with monthly denosumab injections for 7 months leading
to a marked reduction in pain, bone turnover markers, and tumor growth rate.
Studies to explore potential new therapies for FD are indeed needed.

Case Management

The patient in this clinical vignette had (a) “ground glass” expansile lesions in the
skull base, clivus, and facial bones on plain radiographs and CT scan, (b) corre-
sponding replacement of normal marrow signal seen with MRI, and (c) hypermeta-
bolic activity on PET scan all highly suggestive of the diagnosis of FD. Although the
involvement of the clivus, skull base, and maxilla did not produce any cosmetic
abnormality, it contributed to the patient’s headaches and retrobulbar pain. The
elevated CTX and normal BAP suggested uncoupled bone remodeling (i.e., an
increase in bone resorption out of proportion to bone formation) and supports
increased osteoclastogenesis that occurs in FD lesions. There were no serum phos-
phate or other laboratory mineral abnormalities noted. The patient was treated with
5 mg intravenous zoledronic acid, which led to significant symptomatic improve-
ment within a few weeks. A second 5 mg dose of zoledronic acid 6 months later
resulted in complete resolution of his symptoms.
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Chapter 14
Osteochondrodysplasias

Jad G. Sfeir, Anupam Kotwal, and Daniel L. Hurley

Abbreviations

AHO Albright hereditary osteodystrophy

FOP Fibrodysplasia ossificans progressiva
MCTO Multicentric carpotarsal osteolysis syndrome
PHP Pseudohypoparathyroidism

PPHP  Pseudopseudohypoparathyroidism

SEDC  Spondyloepiphyseal dysplasia congenita

Case Presentation

A 21-year-old Caucasian woman presented for musculoskeletal evaluation. She first
noted deformities of her fingers and difficulty extending her wrists in her childhood
years. She had gradual progressive flexure deformity of her fingers limiting exten-
sion. In addition, she became unable to flex her toes and fully extend her elbows and
ankles. Her past history was remarkable for several teeth pulled with a graft to her
lower gingiva at age 14 and a history of papilledema treated with acetazolamide.
She denied a history of fractures. Physical examination was notable for mild propto-
sis, small ears, a small and slim nose, and joint range-of-motion limitations consis-
tent with her history. Her mother, 9-year-old brother, maternal uncle, and maternal
grandfather have a similar but milder phenotype. Her grandfather has kidney dis-
ease of unknown etiology.

Radiographs of her hands and feet (Fig. 14.1) revealed the absence of the major-
ity of carpal bones. There was also a focal absence of multiple metacarpals and
proximal phalangeal heads as well as an absence of the distal phalanges of the left
third, right fourth, and both fifth toes. Axial bone mineral density measurements
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Fig. 14.1 Radiographs of patient’s hand and feet: absence of the majority of carpal bones with
focal absence of multiple metacarpal and proximal phalangeal heads as well as absence of the
distal phalanges of the left third, right fourth, and both fifth toes
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were normal (Z scores of +0.1, +0.6, and +1.9 at the left femoral neck, left total hip,
and lumbar spine, respectively). Chemistries to include electrolytes, creatinine,
minerals, parathyroid hormone, and urinary protein were normal.

Introduction

Skeletal dysplasias are a heterogeneous group of over 430 heritable disorders that,
even though individually rare, collectively culminate to an incidence of about 1 in
every 5000 live births [1].

As the name osteochondrodysplasia indicates, they affect the bone (osteo) and/or
cartilage (chondro) leading to deformities in the limbs and/or the axial skeleton that
commonly result in short stature. There is, however, significant heterogeneity in the
clinical presentation, radiographic features, genetic basis, and mode of inheritance
of these disorders. Disease severity and age of presentation also vary widely; some
dysplasias are lethal prenatally or at birth, whereas others can be asymptomatic and
discovered incidentally in adulthood. Improvement in diagnostic imaging as well as
a better understanding of these disorders allow for a number of them to be diag-
nosed in utero [2].

Over the years, there have been significant efforts to classify the numerous osteo-
chondrodysplasia disorders. Although initially categorized by phenotypic and
radiographic description, the classification system has increasingly recognized sub-
groups of genetically related disorders through genetic mapping and molecular
diagnostics that complement the wide range of clinical presentations [3]. The most
recent 2015 revision of the nosology and classification of genetic skeletal disorders
is included in Table 14.1 for a complete list of disorders. It identifies 42 groups of
diseases as follows:

* Groups 1-8 based on a common gene defect or pathophysiologic pathway

e Groups 9-17 based on radiographic changes localized to particular bone struc-
tures (vertebrae, epiphyses, metaphyses, etc.) or segment

e Groups 18-20 based on macroscopic radiographic and clinical features

e Groups 21-26 and 28 based on defects in bone mineralization

e Group 27 based on skeletal involvement in lysosomal storage diseases

* Group 29 based on developmental disorganization of skeletal components

e Group 30 based on overgrowth syndromes

* Group 31 based on skeletal involvement in inflammatory diseases

e Groups 32-42 based on the various dysostoses

The following text describes only a few of these disorders that are more com-
monly encountered clinically. We then discuss the approach to patients with skeletal
dysplasias.



3 (DAAS) wuasuod
o ud3e[[0d T odAT, IVZTOD|  006€81 av eise[dsAp [easAydidooApuodg
% uagdeoo g odAL, 1VZT10D 019002 av s1sauagorpuoyoodAH
o) (41 dnoig) sersejdsAp 2dAy ooue1Io],
- onsejdsApojApuods 9109A9s OS[e 99§ uage[[oo g odAJ, 1VZ10D 01CIST av ‘ersedsAp orjApuodsAyerq
(ourpres—1o3ue]
uageoo 7 adAL IVZI0D | 01900C av | zodv) ¢ 2dk sisaussorpuoyoy
dnoa3 uageyjod 7 adLy, 'z
adfrouayd
DI04 CY D) 42yioup 10f [ dnossd ul auospuds (Jq VT SP []om Sp ‘SuouvinuL .40, 03 payul] SAULOLPULS SaS0ISOULSOIUDLD L10f €€ dnotd os|p 22§
BLIAILID
O1SOUSEIP UIe1IAdUN (SNOAUT0IIAY
A1qeqoxd ‘¢¥IDA 01 payurun (s)erserds&p
nq eisejdorpuoysodAy oy re[rurg ds ‘av ay1f-eisejdoipuoyoodAHq
(THSLVD)
QWIOIPUAS
SSO[ SULIBAY puUB ‘SISOI[0JS
uonEInu SUNeANORU] €440 4ADA | $LYOT9 av ‘amels qres ‘Aikroepordure)
€440 €4494 | 0009%1 av ersefdoipuoyoodA
€454 E4ADA 008001 av eise[doIpuoyoy
(NVAQVS) suedusIu sisoyjuede
pue Ae[ap rejuawdoroaap
€454 £4ADA 009L81 av A erse[dorpuoyde a1eAeg
(zaw)
€444 €494 | 109L81 av |~ gadkeisedskp otoydojeueyy,
(1awn)
ad£) 03a1(q ueg snoraaxd sopnjouy IO SHADA 00981 av 1 2d4) erserdsAp ouoydojeueyy,
dnoa3 ersejdsApoapuoyd ¢ 491 T
SOJON urRlold | QudZ 10 SNO0T | "ON NI | 9oueILIyuf 19pI0sIp Jo dwreu/dnoin

196

SIOPIOSIP [BID[AYS o1AUAS JO UONBIYISSe[d put AS0[0SON ST0Z T'H1T dIqeL



14 Osteochondrodysplasias

(panunuoo)

Z dnoud ui [ ad€) autoapuds 12)yo15 0S|p 22§

(¢ 2dKy

QUIOIPUAS I[N ‘QUIOIPUAS
IQ[[NWAIMZ—IdUIBqUISSIOAY ) 2dK)
yueurwop ‘(qAINSO) erse[dsAp

ureyd z-eyde uaSeqjoo 11 odAy, ZVITTI0D 019LLT av [eesAydide-e3ow-ojApuods-010
adKy
QAISSA02I ‘(QHINSO) erse[dsAp
ureyo g-eydpe uagey[oo |1 odAJ, TVITT10D 0SISIT AV reasAydide-e3ow-orApuods-010
ureyo g-eydje usseq[oo || adAL TVIII0D |  ¥esv19|  av av
ureyd [-eydpe uadeiod 1 ad4T, IVITIOD | 0T$8TC v SISOUASOIPUOYD0IqT]
(re[Nd0-UOU)
ureyd g-eydpe uadeiod 1 ad4T, TVITTOD | 08181 av ¢ od £y owroIpu£s 101yoNg
ureyo [-eyd(e uage[[oo [ adAL IVITTOD | 08LFSI av SWOIPUAS [[BYSIBIA
ureyd [-eydpe uageyod [ adAL, IVIITOD | 18709 av ¢ 2d£y swoapuAs ropjong
dnoas uadeq[od 1y adA], °¢
IV610D
PUue ‘ZVI17T0D ‘TVIIT0D OS[e 238 uadeod 7 adAL IVZI0D | 00€801 av 1 2d£y swroipufs 1oppong
(erserdsAp yoaz) Aj1ourioy)
ua3e[[0d 7 odAT, IVZTOD| 791609 AV | Suluoloys [esIeielow Pis Jas
SISOIYLIR
uade[[0o g odAL, IVZ10D av | esuo ameward yim S PIIA
ud3e[[0d 7 odAT, IVZTI0D | 00LILT av erse[dsAp [eroydrredojApuodg
ua3e[[00 7 odAL IVZI0D | 0SS9SI av erse[dsAp ysaruy]
wng[ea
nuag AI0AdS YIM (IS JOULIO]
pue s1sojewoIpuoydu0[ApuodssAq
‘adfy ad£y yormpnns (QINFS) eiseldsAp
ueLd[y NS snotaaid sopnjouy uade[oo g odAL, 1VZ10D 0STH81 av [easAydejswrdaojApuodg




J. G. Sfeir et al.

198

suoupo0]s1p 2pdynu ym suonpuod 12y1o 40f 0z dnois puv ; dnois ospp 2ag

QuIoIpUAS j00jqn[D)

QSBIQJSUBIOJ[NS-{ UB)BULIOP

(Juerrea
[eroaysonosnu,,) od£1 1 LSHD

—quIny ], pajonppy sopnjoug ‘1 9seIgjsuenoj[ns aJeIpAyoqre) $1LSHD 9LL109 AV ‘QuIoIpuAs sojued—sIa[yg
ad£y ew @S pue ‘s1so3sosAq (QWOIPUAS UISIBT QAISSIIAT)
[eurdS—oIowny ‘QWOIPUAS 9SBIQJSUBIIOJ[NS-Q UNIOIPUOYD adKy ¢ LSHD ‘suonesofsip jurof
UQSIE] QAISSI0AI SIpN[oU] ‘¢ oseIoJSUBIOJ[NS AJeIPAYOqIE)) ¢LSHD L£9809 AV | 1enueSuod Y erserdsAporpuoy)
asejeydsoyd (euwoipuAs
owid-¢ 9yeydsoyd ownid-g AYI[-OZUBIA—[IB)) SOpN[ouT)
autsouapeoydsoyd switid-¢ 1309 IAVdINL | 8LOVI9 v od£y 4qvds3 erseds&porpuoy)
erujoAyoeiq jo sadA) yoeqoy
pue op9[o], sopn[oul A[qeqoid T 9se1oqIuAs Sdvd 7SSdvd L¥8T19 AV ad£) aarssasalr ‘erwjoAyorrg
(g1 dnoig) dnoi3 qQINAS
0S[2 935 /dA) rueise,, A[19ULI0g T 9se1yUAs Sdvd TSSdvd |  L¥STI9 qv 2d4) 7SSdVd ‘ANES
(6 dnoi3)
dnoi3 ersejdoipuoyoeopnosd
pue seiserdsAp (FINad ‘aaay)
eesAydide ordnnu osye 29§ 19u0dsuen areyns 79z 1S 1sara 006922 R\ ad£y aA1sS90021 [RWIOSOINE ‘QHIA
Ioyodsuen a1ey[ns 7¥9zI TS LSard, 0092ce v (@rq) erserdsAp srgdonser
erse[dsAp snoasso
[ereuoau,, pue ‘erse[dsAp I9SITYOIN
‘erse[dsAp oqjodey) e[ op sopnjouy Jouodsuen ayeyns 79z 1S 1sara 0S09ST R\ (ZOV) 7 2dA) s150ua309150[01y
SISQUAZ0IPUOYOE (d190V)
2d£) oreoor,] st umouy A[IOULIO 10)10dsuen Aejns 79z 1S 1sara 7L6009 AV dq1 2dA) sisoua3orpuoyoy
dnoa3 siapaosip uoneyng
SOJON urRjord | ouaS J0 snoo | "ON JNIIA | ouelLIayu] IopIosIp Jo oweu/dnoin

(Ponunuod) [pY AqEL



199

14 Osteochondrodysplasias

(panunuoo)
g uneyry N4 0820S1 av (JuBUIWIOP) SWOIPUAS USSIET
€ urwe[L ANTd| 124801 av| (€ov) ¢ 3d4) sisauagoqsofary
erse[dsAp
(1199 JueId) [erowjorownyojApuods
pue ‘eise[dsAp uroydorg
‘erse[dsAp Suerowooq sapnyouf | utweyty ANTA 02L801T av (TOV) T 2d4) s1s0ua309)5010)Y
(adaowl) s1eyep Areyuowdid
V urreqiy VN4 71200¢ ATX | YA erse[dsAp Snoasso [euriiiof,
(zado)
v unweLy YNTd|  0TIv0E a1X | ¢ od& swoipuks rensiporeedoin
(1ado)
V UTWe[L] VYNTI|  00€IT€ ATX | 1 2d& oworpuds [eysiporeredoi
V urreqiy VN4 05€60¢ ATX | SPIPRAN-YIU ‘AserdsLpoaisQ
suoneINW YN JOr[ SOSLd dWOS V UIwe[Lj VNI 029S0¢ aix eise[dsAp [easAydejowojuorg
SIIPIOSIP pIjeal pue dnoid urwey ‘L
uedI33y 100V 008591 AV | SUBOISSIP SHLIPUOYDO0)SO [BI[TWE,]
ue0aI33Y 10OV | €I8T19 qv 2d) uedaUFTY ‘ANAS
ued2I33y 100V | 19€809 av adfy Asprequiny ‘ads
dnoi3 ueda133y 9
erse[dsAp uoymg snoraard (AydonsAporpuoyd oruojoAur)
SOPN[OUI ‘SULIOJ QIIAS PUE P[IA ueodRd | (zOdSH) D1d 008SST AV QuwioIpuAs [odure—zyremyos
2d£y stonbngseg—pueoy
ueodlRd | (ZDdSH) O1d | 00¥#T qv ‘eise[dsAp [puowdassLq
2d£) IoyyRWPUBH—UBULIOATIS
ueodlRd | (ZDdSH) O1d | 01T qv ‘eise[dsAp [puowdassLq

dnoas ueddId{ °s




J. G. Sfeir et al.

200

(jo Sojowoy)
08 Modsuen refjaSepenuy 08.LAI 160€19

souad

umowy Ay} 0} pAYUI[uN UrRWaI Yloq
JO SwI0J owos ‘(IIV Pue ¢/1ddS (JJowneN—BULISA /UBUOON
uaam)oq defroao [ed13o[o1pel —ouipres) ¢/1 2dA1 (SIAS)
puE [eO1UI[O JUBOYIUSIS ST AIY], | | ureyop Aaeay ‘g orwuse[doyfo ‘uroukq THZONAQ 00S8027 MV wopuAs A[L1oepAtod qur 1oyg

TRUB DAL OAd
¢ dnoi3 ur s150Js0SAp ([eIUSpOIOE) (ProAaI)) ueA-sI[[H)
[B19BJOIOR SIOAIAN OS[E 998 1 auaS DAH 10Ad 00SS2T AV e1se[dsAp [ewIopolod0IpuoyD)
JUIWIIA[OAUL [BJI[3YS Jolewr ypim satyedorfr) 6
 IoqUIW ‘A A[TWIRIQNS ‘TouuRyd K1KyoepAyoeiq
uoned [enuojod 10)deoar Judrsuel], yAILL G€8909 av | ym Agedorygire [en3ip erwe]
§ IoqUIOW ‘A A[TWIBIQNS ‘Touueyd adKy
uoned [enuajod Joydesar jusrsuery, PALIL 00S€ETT AV | Jueurwop [ewosone ‘eruoAyoerg
 IoqUIOW ‘A A[TWIBIQNS ‘Touueyd ad£) nysmorzoy
uoned [enuojod 10)deoar JudIsuel], AL 7STH81 av | ‘eiserdsAp [essAydejowojApuodg
(
2d£) swoipuAs ombiojy-opnasd)
00891  JoquIduw ‘A A[rurejqns ‘[ouueyd ad £y xneajorey ‘ersedsAp
NTIN) onewwansered sapnjouf uoned Tenuojod 10)deoar Juarsuel], yAIL S6081 av [eesAydejowndeojApuodg
SULIOJ [eyIQ[UOU $ IoquIow ‘A AJIureiqns ‘[ouueyd

pue 1ey)9] , onserdiadAy,, sopnjouy uoned Tenuojod 10jdesar Juarsuel], AL 0£S9GT av eise[dsAp ordoneioy

dnoas pAJAL 'S

SUOIDI0]SIP pdnnuL YIm SUORIPUOD 40f )7 dnoud pup uoIpuls uasivy 2aissadal 4of  dnoid osip 22§

YSSLL dcaxXdeHS | 0Th6veT AV QUIOIPUAS IeeH 1o)-yueL]
NI 0) payUT[UN SASLD AUOS g uruerry aNTd|  09%TLT AV | erserdsp [esrer-redres-ojdpuods
SAJION urajo1d QUa3 10 SNO0TT | "ON JNIIN | Qoue)LIayu] I9pI0sIp jo awreu/dnoin

(panunuod) ['p1 dIqeL



201

14 Osteochondrodysplasias

(panunuod)
QUIOAPULS ADINQIPUDIUL-0]S0I-01qa12D PUD [ (IJ[] [PU1230d OS]D 20§
(soureq)
09LL81 av | erserdsAp osiajodo3ukiejooeioy],
¢4 wodsuen refedeyenuy CYIAL
61 urdjoxd Sururejuod-yeadar m 6TdAM | 660719
¢¢ uajoad Sururejuod-jeadar qm SeIAM | 0T9€19
7 ‘1 2dA) (JOUUQIQUISUIS—UIADT)
71 Modsuen refeSegenuy 7T 1AL 0€€81C qv eise[dsAp [euLIopojod0IULID)
(D{smoleN—IYOIA) §
€ Joquuou “AJIue) OIuo1d, ENLOL 09885C AV | 2dA swoIpuAs [ensip-eroej-[eiQ
61 uraoxd Surureyuos-yeadar qm SEAAM | T60¥19 v ¢ adk) S4¥S
Ayyedorro uaaoxd 104 JON 09869C AV (1owoaq) 4 2dA) SIS
1 oseuny
Ppare[aI-e QU SISO U JOAIN ISIAN
1 ureyo Aaeay ‘g drwse[dofo ‘uruiq THCONAQ | 0TS£9T qv (Dismofey) ¢ 2dA1 S4¥S
01 Modsuen tefeSegenuy OF1.LAl
L1 1odsuen reasegenuy TLIIAT
61 urjoxd Sururejuod-jeadar 61dAM
dq1¢ uroyoxd Sururejuod
-urewop jeadar opndadoornenay, q120LL
¢ urjoxd Sururejuod-jeadar g POAAM
(Jo
Sojowoy) (g 1odsuen rejoSeyenuy 08ILAT
(ounaf ‘qLV)
1 ureyop Aaeay ‘g orwse[dojLo ‘uroukq THZONAQ 01S€9C My | eisedsAp oroeroy) SunerxAydsy
¢ urojoad Sururejuod-jeadar g EAAM




J. G. Sfeir et al.

202

eIse[dsAp onjoxneue sapnjouy

H 2sVNY Jo 1uauoduwiod YN

JINYT

0620s¢T

qv

(edfy
oISN3[OIN ‘eise[dsAp [eesAydejow
‘HHD) eisejdodAy arey-oSenie)

IVOI10D

0059ST AV (SON) 2d&y
pruyos ‘erse[dsAp reasAydeoy

sersedsAp [easAyde)dq 11

dnoas 2112u0490 2y ul (JFJSY SP 1]oM S» ‘dnois
UP22L3ISV Y] Ul SUDIISSIP SYLIPUOY021S0 [pIUDf (# dnoas) siapiosip uouvfins ul (FNAA ‘dAWL) 2dK71 241552024 ‘D1sv]dsAp asydida ajdipmu os]p 22§

(poopy—AI1moT)
snwde)sAu pue Areydadorotuu yjm

ureypd [-eydpe O uaSe[o) 09692 v erse[dsAp [easAydido apdny

seby | 699TpI av | (soynoq) erserdsAp diy qerrureg

¢ pue 7 sdnoi3 osye 99§ ureyo [-eyd[e g uage[o) 1V6T10D 012021 AV | 2dA) 9AISS202I ‘QUIOIPUAS IO[ONS
SQUa3 umouy sad&) 110 ‘(QIIN)

0) PUI[UN $ASLD M-I QWOS eise[dsAp [easAydide opdnnn
(9INaA) 9 2d&y (@aN)

ureyd [-eydye ¢ uage[jo) V610D | 0120TI av erse[dsAp [easAydido opdniny

(SINaa) s 2d& (@am)

€ uILye N ENLVIA | 8L0L0O9 av erse[dsAp [easAydido opdninyy

(eNaa € 2d& (@am)

ureyd ¢-eydye ¢ uage[o) EV6TI0D | 696009 av erse[dsAp reasAydido opdnnyy

(znaad) ¢ 2d& (@@

ureyd g-eydpe ¢ uage[o) TV6T10D |  $0T009 av erse[dsAp [easAydido opdniny

(nam 1 2d& (@@

dINOD dINOD | 00¥TET av erse[dsAp reasAydido apdniny

dINOD dINOD | OLILLT av| (HOVSd) eisejdoipuoyoeopnasq

dnoas eisejdoapuoydeopnasd pue eise[dsAp [easAydids sydnnyA 01

SAJION urajo1d QUa3 10 SNO0TT | "ON JNIIN | Qoue)LIayu] 4 I9pI0sIp jo awreu/dnoin

(PoNUNUOd) 'pT AqEL



203

14 Osteochondrodysplasias

(penunuoo)

Aqrurey reurSuo ay) jou Inq

ad£y axmyoery

1V 10D 01 POYUI QI8 SISBD QWOS SSTHST av I0u109 J0 2d£) AI[INS ‘IS
09C¥81 ¥V | (@DAO) erseds&porpuotooiuopQ
(Y609 INIIN)
erse[dsAp [eesAydejoworApuods
pue Ajunwwioine
s KdusroyapounuwL (dvdL) (@ONAds)
pauIquIod Sapnyouf asejeydsoyd proe juesisar-ajenie], SdDV 0SSTLT AV erse[dsApoipuoyousojApuodg
(QINS) seise[dsAp [easAydejowojApuods 71
eisejdodAy Arefjrxew
7 10108] uondirosueny paje[aI-juny TXNNYA 015951 av yum eise[dsAp reasAydeiojy
eisedsApeue adKy
QAISSI021 [RWOSOINE SAPN[OU] ¢1 oseurjordoreow XImej CIdNIN 0010ST AV 1yedg ‘ersejdsAp [easAydelopy
6 9seurajordofelowr XA 6dININ €LOET9 MV | 7 2dA eiseidsApeue [easAyderojy
ad£) oSSt QINAS sepn[ouf ¢1 oseurajordoferowr XA CIdININ 111209 AV ‘aQv | 1 odA) eisejdsApeue [easAyderojy
(sags
‘QUIOIPUAS puoweI(J—UBIpOg
—uewyoeMyS) eruadonnau
o1104d pue Aouaroyjnsut orearoued
urajord Sags sags| 00v09t v s erserdsAp reasKyderopy
(g7 dnoi3) erserdsAp puensworg
0S[e 99s ‘suonen JuNeAnOY [ 103dooa1 JIHId/HId NHIL 200009 N\ eise[dsAp uoyig
(g7 dnoi3) erserdsAp puensworg adKy
0S[e 998 ‘suoneIN JUNBANOY 1 103dooar JIHId/HLd ¥MHLd 004951 av uosuey ‘eise[dsAp [easAyderoy
adky 1dod
VN Josanoaid jo 3urssasoig 1dod AV | ONI-HHD ‘erserdsAp easAyderojy




J. G. Sfeir et al.

204

01ZdVIND ‘ay-01¢ ‘urajoid
PAIRIO0SSB-[NQNI0IIIUI-IS[0D)

[REGIR: NP

00900C

qv

(VIDIV)
V1 2dA) s1soua3orpuoyoy

seise[dsAp onse[dsApo[Apuods 319A3S T

[€ dnous ui (yppdosyriv aaissatdosd
Ynm qgs) @ydd Sv jjem sv ‘4z dnoad ui suonyipuod 42y1o pup ‘(awoipuds ombiop) ¢ 2d41 sisoprivydovsSjodoonut ([ dnosd) visvjds{poussisdo osjp 22§

1 9sepndad NO'T IdNOT|  €L£009 qv awoipuks SYA0D
©109)1odwr stsouago[owe
912109 UV | ynm (erwjoAyoeiq) AjApuodsiieq
0ISTLT qv eise[dsAp FNTILSYNOIS
QwoIpuAs sojueq
€1dIZ 11odsuen ourz €IV6EDTS | 0SE€TI9 qv —s1opyg onserdsdpojApuodg
ul[pas 1ags 00¥¢1e ATX | (IX-AdS) paull-X ‘epler qdS
17 dnoi3 ur Surpddns 7 Toquiowr ad£y uoneoyrored
ym seise[dsAp Io4)o os[e 99§ ‘Apurey 103dadar urewop uIprodsi(q odada G991.T N\ [ewIouqe-quiif 110ys ‘qNAS
01 dnoi3
Ul 4N pare[al-ul[LOell OS[e 99§ ¢ ul[tneN ENIVIN 8CL809 qv od&y urjLews ‘qNAS
¢-oseury
eydye-g 10108} UOIIENIUT UONR[SUBLL, eAVdId 0869CC qv odAy uosI[[ed—N0d[OM ‘AdS
1 urajoxd oYI[-y A[Tuurejqns uneuwoIyo (ouryds)
Jo 101851 PAIL[I-INS/IMS I"IVOAVINS 006CHC qv eise[dsAp snoasso-ounurwy
(92€L09 qgeqer uraoxd pajeroosse
-SVY dE€dVa TeTs19 NIV (OWQ@) erseids&p
eIse[dsAp JI0DON—ITWS Sapnjouy urpPawA(q WAQ 008€72C AV UasNe[D—IOIYI[N—ASSAQ
(a@(DAS) seisedsAp [eas£yd-(eyaur)-ids-ojfpuodg ¢
spupLDA (S JO siiodat jonpraipul Kuvwt 240 242y) [ dnotd ur ad€1 uvpy3opag IS S 112 SO (FAJYL dnotd) 1ysmoj20y S oSIp 22§
ad4) erxe
12209 qyv ‘UONEIOUDSAP [RUNAI PIM (TINS
[ osexojsuen[A[ApnAd aeydsoyq VILADd |  0¥6809 v AydonsAp por-ouod mrm NS
SOJON uRjord | ouaS 10 snoo | "ON JNIIA | ouelLIoyuy IopIosIp Jo oweu/dnoin

(ponunuod) [°pY AqeL



205

14 Osteochondrodysplasias

(panunuoo)
[ uI[uqLy INGA av TUesaydIBIN-[[IoM
ersedsAp ooyeJ, 10 ersedsAp
pues Asejue, se umouy A[snoraaid
‘erse[dsAp [eaSukreo1or sapnjouy 1 UI[[LqLy INGd 0LET0T av eIse[dsAp oLoIWOIOY
[ uIuqlq INGA S8IY¥19 av
QUAF 1010 0) PAYUI[UN SULIOY SUIOG zujod oNI-SLAVAY | TISLAVAY | 0S0TET v erse[dsAp orsAydoafon
SoyaSpay uerpuy HHI 81LL0O9 MV eise[dsAp [eiowojoyidesoroy
g7 dnoi3 ur s9s0IS0Xa | QWOIPUAS UOIA[OPOIDIA | UISOISOXH 1LXd (uorparn—Io3ue) g 2d£)
snourge[naed o[dnnur ose 29s pue 10108} uondrosuen) 123Uy dury pue 1SIAL 0£20ST v | ersedsAp eeSuereydouryioyonry,
¢/1 sodKy
10)08) uonydrosuen) 1o3uy oury ISIL 0S€061T v | ersedsAp eeSuereydouryioyony,

seise[dsAp JI[PuoIY ST

(g dnous) visppdsAp ordo.gpiau pup (f dnoss)
g1 2dA; sisauadoipuoyon (¢ dnosd) sisauadoipuoydoiqyf (g dnoas) vispjdsdp aouv.tiqp puv 7o)y ([ dnoid) z puv [ sadqy vispjdsdp orioydoipupyy osip 22§

91 Jojow eise[dsAp
PoIBIOOSSEASEIO[SURT) 90udnbasalg SYINDVIA AV [2I9[S pate[al SYINDVIA
[ o3I
S9Sed Jop[Iw pue [eyle[ sopnpouy | -asejeydsoyd oeydsoydAjod [ojisoug T TddNI 08%8ST AV erse[dsApowsisdp
(o1 ueneySepag QINIS) erse[dsAp
Iea[oun [[1s uonouny ‘Quasd Sqgs sags AV [easAydejowojApuods a1oaag
ad£) ueneysepas
 aseprxorad suornyeInin $XdD 0220ST AV | ‘eiserdsAp [easAydejowojApuodg
Jo110dsuern)
[enp aurwesojoe[eI[A100eN
-dd)/p1oE druomon(3-4dan
{1 JoquIaw G¢ AJIuuey JOLLIED 9)N[0S 1AssD1S 052692 AV eise[dsAp uoyooquayouydS




J. G. Sfeir et al.

206

d1

SOI[EWIOUE [BIIUAT

10ydooar urdyold onouasoydiow suog a1riddinNg 17609 R\ ynm eise[dsAp OI[oWOSIWOIOY
(ueq nQq) ATKyoepAyoeiq
(¢ dnoi3) sarjA1oepAyoeiq os[e 998 G 10J08BJ UOTBIUIAIJIP PUB [)MOID) ¢idn 006822 MV | xordwos pue eisejdodAy rernqgry
(¢ dnoi3) sorjk1oepAyoeiq
os[e 99s ‘ad£) uosdwoy—1o1uny
eIse[dsAp o1[owosawoIor sapnjouy G 10J0®J UOTJRUIRIIIP PUB (IMOID) s1don 00L00T AV eise[dsAp 2qa1n
(INAINY) 2dA1 xneajorey
7 I0ydaoar opndad onjarnineN TIAN G/8709 AV ‘erse[dsAp orowIosoWOIOY
seise[dsSAp JI[ouoSaWoIY ‘9]
(1€ dnoud) dnosd K1o0pLyon.q ospp 22§
1 opndadAjod
s150)s0sApoydAosoIoe Kyanoe Junemnuns-eydpe ‘urojord KydonsApoaiso
JO SISO QUIOS SIpN[OU] SuIpuIq-oproa[onu AuIUEND) SVYND 08S€01 av Axreyiparay WSLqIy
D 2dAy A[KyoepAyoerg (@adsyV) eiserdsAp reasAydide
0] JI[2[[B 10 pAJe[I A[qISSOq GE/SOT av -o3uefeyd padeys-[a3uy
eydpe ‘1 odA) ‘A101R[N3oI
9uapuadop-dwes ‘aseury urejold VIIVIId
S150)s0sApoydAosoroe
Jo saseo awios sapnpou] | oyroads dures ‘(qy aseidsarpoydsoyq ardad 008101 av SIS0JSOSAPOIOY
+ ‘Jo Sojowoy ‘e[iydosoip
‘ordordeiuadesap jsureSe SIOYION YAVINS 0126¢€1 av erse[dsAp a1gAN
7 urdjoid 3urpuig-ejoq I03oR)
IMOI3 Suruioysuer) Jue| 7d4ar1
L1°01 ‘Jnow | 2dAy urpuodsoquioryy
m aseurojordorrejowr LISLANVAV
pue OYI[-ULISIUISIP v/ 0ISLAVAV qv
SOJON urRjord | ouaS J0 snoo | "ON JNIIA | ouelLIayu] IopIosIp Jo oweu/dnoin

(panunuod) ['p1 dIqeL



207

14 Osteochondrodysplasias

(panunuoo)

(erserde
eise[dsAp Ienqy — eiqn Jen3uern) od4Ay
J[93I0ARIN 0} paje[aI A[QISsod suonofap ¢'zzdg L7509 dS | uekeiueaeg ‘eise[dsAp OI[owWOSIIA
1VS Joquiaw Afrurej 1oyrodsuen) (odKy 1x3101g
soua3 juaoelpe om) uorue d1ue3I0 IALLIED N[0S pur IVSODTIS — PIAB(J—SQ0[I3A ) SOSOISOUAS
SUIAJOAUT QWOIPUAS UOTI[OPOIDIA | [ SEIRJ[NSOpU-9 ajey[ns ueredoy pue [410S €8€009 av [exoe yim eise[dsAp O1[owosaA
ad£) uopieay
01L6¥T AV | —1sMmo[z03 ‘eIse[dsAp dI[owosajy
adKy
00¥€91 AV | RS10A3IN ‘eIse[dSAp OI[QWOSIN
od£y uearoy] adAKy
‘erse[dsAp orjowosow sapn[ouy | 19Isn[o duas (TXOH ut suoneordng 7€79S1 av | enndejuey ‘ersedsAp o1[owosIN
[ Pa[eAdysIa I'TAd SoE109
BG JoquIawW ‘A[Turey adKy
1S uoneI3aul Ayt 9dAI-ssa[SuIAn VSINMA 00L081 av JUBUTWOP ‘QUOIPUAS MOUIQOY
q 2dKy K1K10epAyoeiq
0S[e 995 {(BI[OWIOSIW (IIM
J03J9p UOT)BIUAWITAS [BIQJIIA0IS0D) 7 10ydadar adKy
INAASTAOD snotaaid sopnpouy | ueydio ayi[-oseuny aursoik) 103dodoy J90d 01€8927 AV QAISSIOI ‘QUWIOIPUAS MOUTIQOY
C po[zzllg cazd SYLY9L av Jueunwop ‘erserdsApourQ
9-ueordA1H 90dD |  SI1€8ST qv eise[dspowQ
(S1509)S0IPUOYISAP
QUA3 X0qOWOY 2INIL]S 1I0YS XOHS 00L6%T | dV-opnasd sno3Azowoy) adA} 1o3ue]
007161 WIW ‘etseidsip
IOJ19Jd—IPIequIdy sopnjouf Quag X0qoJWOoY aINnye)s 10YS XOHS 00€LT1 | Qv-opnasd | ([[ToA\—119T) SIS09)SOIPUOYISA(
serse[dsAp J1[ouI0SIUWI-0ZIYI PUE JI[PWOSIIAl *LT
ad£) Turpuowray—proqesQ
016211 av ‘erse[dsAp orfowosawWoIdy




J. G. Sfeir et al.

VY Toquiowt
‘111 Krerruars oouanbas yim Ajruue VIIIINVA 19€209 av SISOURISOIUBIOOAIS)
VY Toquiowt
111 Aurepiuts oouanbas yim A[rure. VIITINVA |  000LCT av eisedsAp LoeD—Auuay
ULIOJ JUBUIWOP ) ST Yorym
Aajye) pue Auuoy] Aq paqLIOsap
I9PIOSIP 9y} 0} puodsarIod Jou S0P
nq | 2d£) se NTINQO Ul 0} PaLIojoy q suoradeyd oyroads-urnqny, 9091 09911C AV eise[dsAp AopyeD—Auuay]
g urajoxd
SUIUTEIUOD-UTEWOP [109-PA[I0) 82ADD |  SOTYI9
1 NI
-uLmnosqQ
111S40 | 126219
QUWIOIPUAS 2INJBIS 1I0YS JNYBA pue
eise[dsAp orjApuodsoydrjop sapnfouy Lurm) LI0D | 0SLELT av SWOIPUAS I-¢

dnoa3 ersejdsAp suoq J9pud[S 61

ZHADA 01 payul] SAULOIPULS SISOISOULSOIUDAD L0f £€ dNOS 0S]D 22§

208

SUIIO.
Snooua3019)9y A[qeqoid 0SE112 [e10Aas ‘eise[dsAp o:oEos&vw
7 2d4) g[S 10 sworpuAs jodurep
—Z)JIeMUOS [EIBUOIU JOULIO) sopn[ou] | 10Jdooar J030e] A103IQIYUT BILIAYNO] MATT 6SS109 AV e1se[dsAp UURWOPIIA\—OATIS
urqoy—alield
pare[ost
pue (961709 INIA) e1sedsAp
orfewodured priuwr (V) eise[dsAp
orpowodwes orpowodwese sopnjouy 6 X0Q-X IS 6XO0S 06211 av (@D) erserdsAp orjowodure)
SIIPIOSIP pIjefal pue eise[dsAp srppuwodwe)) Q1
SOJON urRjord | ouaS J0 snoo | "ON JNIIA | ouelLIayu] 4 IopIosIp Jo oweu/dnoin

(panunuod) ['p1 dIqeL



209

14 Osteochondrodysplasias

(panunuoo)

¢ Joquioul A[TUIey ursauryy

[44:10:!

9¥S€09

av

adAky

[1eH 1o d11410eporda] (I-AINHS)
Ayrxeq yurol qym INHS

081¥9¢C

qv

eise[dsAp orydonserpopnasq

[ oseIojsuen[ASO[AX

[LTAX

LLLST9

qv

7 2d£) eisejdsAp stonbngsoq

[ 9SEpPHoo[oNU PAJBATIOR-WNII[E)

LILNVD

0Sv1ST

qv

(odKy wiry]) seFuereyd
poje3uola pue sjedieoejowr
J10ys yim eise[dsAp stonbngseq

[LNVD 03 payuiun
SIOJUQD UOTIEOYISSO AI0SSA00R
INOYIIM JO YIM SIUBLIBA JOUIQ

] 9SEP1O9[oNU PAJBANIB-WNIO[Ed
TLNVD 0S¥1ST ¥V (¢ 131p

UT IOJUQD UOTEOYISSO KI0SSa008
ym) eisedsAp stonbngsoq

suonyedosip jyurof aydnmnur yyim sersedsA( ‘0z

p1sp]dsAp [p1SIP-04Y1ID-01G212D OS]V 29§

K[uo ased
Quo ur payrodar [y[D U SUOLBINIA

001v€C

qv

QWIOIPUAS JJronS—uueuLId[[EH

SN0AUAZ019)Y A[qISsod

D1 Ioyquyur aseury juepuadop-urof)

DINMAD

CeLY19

av

(sa1pewoue [eyuad

pue ‘ersedodAy Teuape ‘ersedsAp
[easAydeiow ‘uonepre)ar yymoi3d
QULIINENUI) QWOIPUAS IOV AL

T ULUAdLIdG

CLNDd

0CLOIT

qvV

(2d &y mysmalel ‘TAdOIN)
7 2dK) wsyremp erprowrtid
onse[dsApoa)so o1eydad0IoTA

ersedsAp Tejoroysoreydad
Iopur-1q&e], sepnjoug

Jea[onu [[ewWs VIV VNI

OVIVYONY

01L01C

qv

(1adow)
¢/1 2d&) wsyremp [erprowrid

onse[dsApoa)so o11eydod0IoTjy




J. G. Sfeir et al.

210

£ dnous w1 adq uonIfid[nd uLloUqGD-quIl] 110YS (TS SP ]]oM SD S1S0]01ISOUSIP OS]D 22§
$42Y10 puv 2ndO—1JWaT-YInus 1282M]]27 SD YONS SIUOIPULS [D42AIS PUD dSDISIP dUNUWIOIND [DULIDUL UL 41ID0 UDD Sutjdds jpy1 210N

Ieopoun eise[dsAp

31oquaain o3 pue [Q 0} diysuoneoy b\ eIse[dsAp [[epuas[—Aopsy
ure)Iedun snjyejs J130[0SON 1S9811 AvV/av ad£) redresejow-reiqn Jaqo
(SdDV)
asepuAs apeydsoyd ouoIadA[SIANY SdOV | 1T1009 v ¢ 2d&y g@D orewozIyy
(IVAVHQ) ose1ojsuenjioe
areydsoydouoiasedxoIpAyi IVdHA | $9.TTT v 7 2dKy 4@ srewoziyy
10)d0221 7§ Ld [EWOSTXOTo] LXdad|  001STC v 1 2d£) 4@ orewozIyy
erse[dsAp TeasAyderp
porddep pue (WHH) erse[dsAp
douereadde uajed-yoWw UONELOYIOED | 9SBIONPAL ~(47]) BI[OP [0IAISAXOIPAY
o1doyoo-sdoapAy sapnjouy -81aq-¢ ‘103dooar g urwre| N1 ovISIT MV erse[dsAp 31oquoain
proe orwueIn[3AX0qIed-BWWeS XINBIA dOIN 0SISHT AV QUWIOIPUAS [INAY]
(8109)9p
urojoxd quuIy ‘SIsoAyIyor ‘ersedsApruroy
a1[-eseua50IpAyap pro1als H(dAVN THASN 05080¢ aIx [eITUR5U02) I TTHD
(I1Xdao)
ad £y or3uereyderaAyoeiq
o osejej[ns[Ary q84v 05620¢ d1X ‘QAISSOA PANUI-X ‘dAD
(zxdad)
ad£) uuewIOUNH-IpeIUO))
urajoxd Surpuiq ruredoury d4g4d 09620¢ aIx “JUBUIWOp PaYUI-X ‘ddD

dnoas (D) wyeyound ersejdsApoapuoy) g

(£ dnous) autoapuds uasip puv ¢ ad«j s15au2302150]21p ( dnoasd) ad€y CISHD ‘SUODI0]SIP PIUIEUO0D YIIM (JHS OS]D 228

9 apndadAjod ad&y uowseg (I-AINGS)
oseIajsuen[Asoloe[es-¢ [-e1og 9LTVOEd | 0¥91LT v Kyrxeq yutol qum QINAS
SAJION urajo1d QUa3 10 SNO0TT | "ON JNIIN | Qoue)LIayu] I9pI0sIp jo awreu/dnoin

(panunuod) ['p1 dIqeL



211

14 Osteochondrodysplasias

(panunuoo)

(11 1oquow ‘ATrurejradns

pue3I| 10)ok] SISOIOAU Jown)) puesi| (TTASANL) (29d.1dO) 100d-15€[009150
g-eddey-gN jo 10jeAnOR 103d000Yy TINVY 01L6ST AV | w0y arerpauriojul ‘stisonadodlsQ
(¢41dO)
eise[dsAp [euoxernou [nuejur urajold QueIqUIdWISULRI) JUSUWIOAJOAUT WIA)SKS SNOAIIU
M S150112d09)S0 JOULIO) SIPN[OU] | PAJRIN0SSE-S1S0112d021s0/[ey19] Avin) IINLSO 0TL6ST AV | ynm ‘wog spnuejul ‘sisonadodlsQ
(89.1dO) surioy Spnuejur
01 uIxau 3unios 0IXNS G80S19 AV | 10 ‘[er1RuOaU A19AS ‘sisonadoalsQ
(791dO) surioy Spnuejur
L [oUuByd 9PLIO[YD LNDTID 06v119 AV | 10 ‘[erRuUOaU A19AS ‘s1sonadoalsQ
(191.dO) surioy Spnuejur
dwnd uojoid aseq 1y jo 1ungng 1D¥IDL 00L6ST AV | 10 ‘[eIRUOaU A19AS ‘s1so1adoalsQ
SIIPIOSIP paje[aI pue sis0)adodlsQ ‘€7
[Z dnous u1 sqq) puv visvjdsKp 1ppuay;— apisy osjp 22§
(sw1o0j [eyra[uou
SISBO [BYIQ[UOU PUB [RYI] SIPN[OU]  urojoxd Xew unua(g D0TINVA SLL6ST qv pue [ey)) eise[dsAp ourey
(39suo [eyeuard ym
000111 AV | siueLeA 910A9S) eise[dsAp Aoge)
(74 (suwioy
dnoi3) soua3 | uade[[0o 0) pAje[al porenuane pue ‘o[nuejur ‘[ejeuard
©100)1odWI SISOUAT0)SO OS[B 99§ ureyd [-eyde ‘1 uade[o) IVITOD 000%11 av urpnpour) aseasip Aogge)d
SUONIPUOD PAB[AX 9SBIONPAI-{,Z-BI[OP
WISI[OgeIaW [0I9)S Y0 OS[e 99§ [0191SAX0IPAY-BIOQ-¢ Y2IDHA 86£209 AV SISO[0J9ISOWSd
erse[dsAp uosue[ pue
eise[dsAp uayIg os[e 29s ‘suonenw
SuneAnoRUI AISSIII AQ pasne)) 1 101doo31 JIH 1d/H.Ld 1¥HLd SH0S1T AV eise[dsAp puensuworg

seise[dSAp 21)0.19[0S09)S0 [BJBUOIN 7T




J. G. Sfeir et al.

212

erse[dsAp s1so[10d0o9)so
Qu0q SUISOIA[OS PaxXIW SOpN[ou] ¢ Surureyuoo-urewop N1 CANA1 0S6SST av )IM SISOISOQUIO[QIA
(00L991 NIIN) Swoipuss
JJIOPUL[[O—ydsng sepnjduf ¢ Surureuod-urewop 4| CANAT 0S6SS1 av siso[py1odod)sQ
3 ursdope) SISIO | 00859T v SIS01S0SApOUAJ
zuyoud | (144DOVAIRD) UOISOUPE 9)K000N3[ QAP YIIM
Surseaar-opnoaponu [Auens sey 7d4oSvi 0r8219 AV uLIoj derapout ‘sisonadoarso
(cav
(CANT) UOISAYPE 9)K000NA[ dATIIAJOP 1M
(¢ urpursy) ¢ UNIuLI] ELINIHA 0¥8CI19 qav w0y Aesopou ‘sisonadoaisg
(@rvaa1o)
JO 9seury Ioduryud Qud3 (OINEAN) 109jop Qunuwiwit pue eise[dsAp
apndadAjod 1y eddey jo 10nqryuy oI 10€00€ X [eWIap0302 I s1so1do)sQ
(TVLAO) T 2dAy
[ TeuURYd 9pLIo[yD) LNDTD 009991 av WI0J Jasu0-a3e] ‘stsonadoa)sQ
(0SLY#T INIIND ¢ urjoxd pajejar (1VLdO) 1 2dKy
SIS0I9[0809)80 adA) YrIoAp Sopnjouy -10)dooar urayordodry Aysuop Mo SdA1 +€9L09 av ULIOJ 19sU0-31e] ‘stsonadoalsQ
(£41dO) stsoproe
7 9seIpAyue oruoqIe)) ra'4e) 0€L6ST MV | Iegn) [euar i sisonadoalsQ
(¢VLdO)
dwind [auueyd spoy) INDTD 01L6ST MV | wiIo) srerpauLaiur ‘sisonadoalsQ
1 Joquiow
‘N ATruey ‘urejoad Surureyuod (991dO)
-urewop A3ojowoy urnsyo9[d ITINHA1d L6¥119 MV | wioj 9jerpaundjul ‘sisonadodisQ
(L41LdO)
(87 dnoig) Kouaroyep urngojsounwuwr
dnoi3 s15A[02150 uT SISK[09)50 (VITASYANL) ym 100d -)s8[009)S0
orisuedxa [eI[IWE] OS[e 995 g-eddey- N Jo Iojeanoe 101daoay SINVY 20€219 Y ‘w0 a[nuejur ‘sisonadoaisp
SIION urdjoIg Quag 10 SNO0TT | "ON NN | QoueiLIayuy JI9pI0SIp Jo dwreu/dnoin

(panunuod) ['p1 dIqeL



213

14 Osteochondrodysplasias

(panunuoo)
UnsoId[og LSOS 00569C av av SIS09)SOIR[OS
(aseasip
1a8e( oqmuaan() eisejeydsoydiodLy
unregojo1doays 0doO 0006€T AV JIA BISBIO001SQ)
aoao ad&y a1989s (QOQO)
priw jo wioj snogAzowoy A[qIssoq 1-eydre urajord uonoun( den 1VID 0S8.ST AV erse[dsAp snoasso-o0juap-o[noQ
ad&y priw (@OdO)
1-eydre urajord uonoun( den 1VID 002+91 av erse[dsAp snoasso-o0juap-o[noQ
Iegpoun (yueurwop [ewosoine ‘Arewtid
(Kouaroyop dOJH ‘0016ST INTIN) ‘Ayyedoxyyreoayso orydonodAy)
ULIOJ 9AISS9091 0] diysuone[oy 001L91 av sisojsorradouropAyoeq
s1sojsorredourepAyoed
QAISSI03I JO SISBD pUE 9seud3oIpAyap
AyredoIyire09)so-oTueId Sapn[ouf urpue3eysordAxorpAy-eydpe-g 1 aodH 0016ST AV Ayredoryireoaso orqdoniodAy
[esoyd
] 9SBYIUAS Y QUBXOQUIOIY ], 1SVXdlL S601¢€T AV ‘erse[ds£p [easAyderporewoy
uuewIUg-NeInuwe)
1 ©19q 10308} YIMOIT SurIojsuel], 19401 00€TET av eise[dsAp [easAyderq
Quad 2d£y yueurwop [ewosoine
SUOTIBINW UOTIOUNJ JO UTRD) | (SISO[AYUR) I[NV snow Jo So[OWof] HINV 000€21 av ‘erse[dsAp TeasAydejoworuer)

SIIPJIOSIP dU0q SUISOIIIS JAYIQ b7

s

5047202150 Jo uLiof v juasaidat {vw si1souydosauioaisQ) 210N

(19110dsuen
9pISod[oNU) G A[IWey IOLLIED 9IN[0S EV6ZDIS 00£¥CT AV SISOIO[0S0)SOSA(]
IeJ 0S paynuapt
suoneInw ¢INGT Qul] WIds oN ds SISOISOQUIO[IA
(SDS0) s1so110s
deCINVA XIM €LE00E aTx [eruesd yim eietns ergiedoasQ




J. G. Sfeir et al.

214

(MO[2q) QWOIPUAS JonIg OS[e 998 urdjoid pajeroosse-age[nie) EVAR®)
TVIT10D (¢ 2d£110) wIoy (e
IVITOD MV ‘QV | ereurad ‘ejosyraduur sisauagoa)sQ
ureyo g-eydpe [ ueSe[jo) TV 110D
(1 2d£y 10) wiI0j SuTWLIOJOp-UOU
Qe19[0s an[q Apuysisiod yim wiIoq ureyd [-eyde 1 uageo) IVIT0D av ‘e1oayradur s1soua3oaIsQ

dnoas £)1Sudp Juoq paseaIddp pue eIIJIddul SISAUIZ03ISQ ‘ST

00659C qv aseasIp J[Ad
ad Ay yayosur,
976509 av —unexg ‘erse[dsAp reasAydeloN
eise[dsAp
1 aseyyuks aurrasiApneydsoyq 1SSALd 0SOTST ds onojsoradAy nysmafejN-zua
eisejdodAy
200€1T AV | TB[[2qo100 IIM SISOID[OS [2A)SOPUH
erse[dsAp ad£) suoq uerurIop
O[O T-ZMeMUDS Se UMOUY 0S|y 8T11S19 AV ‘erse[dsAp [eesAydejoworue)
QATIESU JURUTWO(] UnSOIdOS 1SOS 0982Z1 av erse[dsAp TeasAyderporuer)
BWOIAO0NSTY
SnoIqy JueuSIew YPIm
Q[ISEOPIBH SE UMOuy 0S|V 0SZTIl av s1soud)s Are[npaw [easAyderq
ad£) aa1sS9001 [RWOSOINE
1-eydre urejoxd uonoun( den IV[D 00¥81¢ AV ‘erse[dsAp [eesAydejoworuer)
€ X0QOaWOY SSI[-[LISIT £X1d 02€061 av eIse[dsAp SN0asSO0IUAPOYOLI],
LSOS Jo ad£) wayong
weansumop uonoep qy ¢¢ dyradg urjsoId[OS 1SOS 0016€C AV ueA ‘s1s0jsored£y [ea)sopuyg
 uroyoxd pajerar
-101daoar urjordody Ayisuop-mo AT SOEPT9
SOJON urRjord | ouaS J0 snoo | "ON JNIIA | ouelLIayu] IopIosIp Jo oweu/dnoin

(panunuod) 'Y dqeEL



215

14 Osteochondrodysplasias

(panunuod)

( 2dA1 10Q) wI0] 9reISpOW

IVI10D AV ‘av ‘e109p1oduwr sisouadodsQ
a
Toquuat “AfIurey oUds paje[aI-yzIHS avrecods
SISVO 11€49dD
8¢ urojoid oueIquIoWISURI], ASSINAINL
Ioquiaw ‘AJIurey a)1s
uoneI3aur A LINIA 2dA1-sso[Suip TLNM
(x11935()) 10308] uondriosuery, 1LdS
[ Joquiou
J opepd Joyqryur asepnded urdiog TANId¥HS
T 9SBIAX0IPAY [ASA] uagde[joooid 7dO1d
01 uroi0xd SupuIq-90S N 01dg31d
1 urayoxd oneuaoydiow auog 1dNg
I Ioquiow
‘H opepd ‘Tonqryur asepndad urdrog THNIJIAS
dldd
194491
dVLIO
[44(00)
(¢ 2dKy
10) 2dA} Suruiojop A[earssaigoxd
IVITOD AV ‘av ‘ejoayradur s1s0ua30915Q
(g urrydora£o)
g oserowost [Ajoxd[Apndog q1dd
1 (ueoardar) ueoA[309101d
payoLue-aurjoxd aurona 199491




J. G. Sfeir et al.

216

s1so1odoa)so
payurf-x sdeyrod pue oua3
ST 2y) ul suoneInw sno3Lzorajey

s paytodar syuaned swog 0SL6ST dS | stsozodoaiso orruaan( oryyedorpy
Aypidery ouoq
0569T1 AV |~ IM SUOIS[ JNUYSNOp [ELIeA[e)
Sdu1 av s1sorodoayso Arewrid ST
QWIOIPUAS
¥ pue ¢ sod£) [0 ot Aej ¢ urojoid pojerar 103doodr-q] Sdy1 0LL6ST AV ewor3opnasd-sisorododisQ
T 9Se[AX0IpAY [ASAT Ua3e[[0201] 7do1d 022609 AV (zS9) 7 2dK) sworpuAs yonig
pajuawndop [Sd pue €10
u2am)aq A)I[IqeLIeA [RI[IUIRJRIUL
$0A0QE ‘T QAISSIIAI [EWIOSOINE 9OS 01 urayoxd Surpuiq-90GL o1dId 0S+6ST AV (1S9) 1 2dA3 oworpuLs yonrg
(0SL6STINTIN)
s1sorodoayso oryredorpr
Q[IUAAN[ S QuEs ) 9q ABJA] ¢ unselq €S1d 01600€ X s15010d09)S0 PYUI[-X
(¢ ad&y 1O) snyed
orydonredAy 1o/pue soueIqUIaW
G urgoid SNOJSSOIANUI Y] JO UONROYIO[RD
QUBIQUISWISURL], POONPUL-UOIJISIU] SINLIAL 196019 av i eooyredur s1sauaSoalsQ
LdS
[INM
[ANIdIIS
01dg>4d
dldd
dVLIO
[ewIOU A[[BIoUQS JRIS[OS V110D
SOJON urRjord | ouaS J0 snoo | "ON JNIIA | ouelLIayu] IopIosIp Jo oweu/dnoin

(panunuod) ['p1 dIqeL



217

14 Osteochondrodysplasias

(panunuoo)
JUBUTWOP [BWIOSOINE
€T 10308) YIMOIT 1SB[QOIqL] €2ADA | 001€61 av ‘s1oxoLr orwareydsoydod Ay
oseojoid oueiquiowr JUBUTWOP PUI[-X
erwajeydsoydodAy payur-x XdHd | 008L0€ a1x ‘syoxjotr drwaeydsoydodAy
(d'TVSNLL) dymoadsuou swiog ynpe
eisejeydsoydodAyojuopo sopnjoug anssn ‘osejeydsoyd aureyy 14TV 00€911 av | pue ‘oquaan( ‘ersejeydsoydodAg
SwIoJ
(dTVSNLL) dytoadsuou oiueAn( pue ‘a[nueyul ‘Yo
K)I[IqerIeA [er[iuuejenuy anssn ‘esejeydsoyd sureyy 14TV 00S1+2C MV rereurad ‘erseyeydsoydod A
dnoa3 uonezijeIsaunU [EULIOUQY 9T
05TT81 av eise[dsAp ualRN-U0I[SUIg
wnonse[dsApoo)so (owoIpuAs unys AULIA)
BULIOPOIDT pue S prorosord ¢V nungns gA 00c6lC (VZTO¥V) v 2dk) ‘wioy
yum Surddeproao sammyea) [e10[yS | ‘TewososA| ‘Suntodsuen dH ‘osed Iy IVOA9dLY 0ST8LT AV QAISSI0QI [RWOSOINE ‘BXB[ SN
wnonse[dsApoolso
rUIOpOIad pue S proregoxd (gZ1DY9VY) 9 2dA) ‘wiog
s Surdde[1ono sanjeay [e1e[eyS | [ 9Selonpal 9Je[AX0qIBI-G-oUT[OLIAJ NDAd 0v6219 AV QAISSQ0QI [BWIOSOINE ‘BXE[ STIND)
T urejoxd Surpurq [TXDS avioD 0L01€T qv wmndnse[dsApoalso euaporan
Kouaroyop
aseIaysuen[Asojoe[eseIaq-y w0y proxagoxd
urajo1d[Aso[Ax LITVOYE|  0LOOET v ‘owoIpuks SO[UB—SIO[YH
J[qIpUBW Y} JO SUOISA]
092991 av Jueon[orper yism eruadoarso
SNOAUAZ010)aY
K1qeqoid g aserojsuenAsojAx I IAX 778509 AV eise[dsAp 1e[noo-ojApuodsg
0¢ dnoi3 ur sowoipuAs (stsojsouksorued yym Aisey
SISO)SOUASOIURIO OS[E 99§ jiungns-ejoq ‘Ose[AxX0IpAy-1 [A[01d dHvd oveeIl av quoq) eise[dsAp 1uadie)-o[0)




J. G. Sfeir et al.

218

asejeyIns ejns ueredoy

SSH

006¢SC

qv

(v oddryues)
v ¢ 2dA) sisopreyooesAjodoony

asejej[ns-g-ayeuotnpy

N

00660¢

AIX

(1uny)
7 2d£) s1soprieyooesAjodoony

asepruoinpi--eydyy

vdal

¥10L09

qv

(CIEIGN
‘91OYdS—I9LINY “IOIINH) ST/HI
ad£y stsoprreyooesAjodoonyy

(dnoa3 xapdnnu SIS0)SOSAP) JUIWIA[OAUI [BII[IS YIIM SISBISIP IFBI0)S [BWOSOSA] *LT

pi1sv]dsAp uayry puv visvjds p uasuvf os|p 22§

(¢ dnoi3
ur eise[dsAp [easAydejoworuesd

Quag

7 2d£) (s1sourdresoIpuoyd
[e1[wey) aseasip uonisodop

90S) SUOIBINW UONOUNJ JO SSOT | (SISO[AYUR) B[NV 2snoul Jo So[oWoH HINV 009811 av eydsoydoidd wniore)
wsiproiAyjerediod£y [ejeuoou

JUATSUR) IIM BTWAO[RIIdAY

10)dooa1 Sursuds-wniofe)) ASVD 086SH1 av ounroedodAy ferjruue

ULIOJ QI9AQS

10)dooa1 Sursuds-wniofe)) ASVD 0026€C AV ‘wistprosAyjerediod£y [ejeuooN

(HYHH) 2AISS2021 [BWOSO)NE

‘ermioredrd Ay yim syoyoL

19110dsuenood areydsoyd-wnipog EVHEDTS 0ESTIHT VY orwdreydsoydodAy Areyiparoyq

QAISSOOQI pAYUI[-X ‘BLINIo[edI1adAY

x9[dwoo 9seasIp s jua( Jo Med G [QUURYD ApLIO[YD SNDID $5500€ AIX |y sioou orwereydsoydod A
(TIHYY)

1 asexasarpoydsoyd 7 2dA) ‘oA1sS20a1 [RWIOSOINE

/eseyeydsoydoikd apnjoeronuoiog 1ddNA ZIE€T9 AV ‘syoyorr orwayeydsoydod Ay

(T4HYVY)

I 1 2d4&) ‘oarssadar [ewosojne

urajordoydsoyd orproe xmmew unuag 1dINd 02S1vT AV ‘syoyour orweleydsoydodAH

SAJON urRloIld | Qud3 10 SNO0T | "ON INIIA | 9oueILIyuf J19pI0sIp Jo duwreu/dnoin

(panunuod) ['p1 dIqeL,



219

14 Osteochondrodysplasias

(panunuoo)

syunqns
e1aq eydre ‘oserojsuenoydsoyd

ad£) eyoqeydre

-] -ouIuesooN[3[A1298-N GVIIND | 00STST AV | (aseasip [[eo-]) [T stsoprdrjoany

[-10J0B} SUIKJIpOwW-OseIRi[ng TdNNS 00cCLe qv Kouaroyap aseeyins o[dnny
urajoid aAno9j01d aseprsojoees-elog g0dd 01S95T MV | SULIOJ [BIOAQS ‘SISOPI[RISOJOR[RD)
(Ass) aseasip

(1010dsuen proe oIfers) urfers SVLIDTIS 0C669C qv 23e10)s POk OI[Ers d[NUEJU]
(sepI[els) dsepIuIeININ ININ 08696¢ qv SULIOJ [BIOASS ‘SISOPI[RIS

SuLI0J

asepisojoe[es3-elog 191D 00S0€T AV [eI0A3s ‘sISopIsol[3ues [AD
aseprururesoon|3-jA)edsy VOV 00¥80C AV eLINUTWES0ON[I[A)Iedsy
JsepISOuURW-BIOg ANVIN 0158t AV SISOpISOUURW-BIg
osepisouuew-eydy VNVIAN 00S8¥C qv sisoprsouuew-eydyy
aseprsoonj-eydry vond 0000€C qv SISOpISOoN{

(£19)

asepruoInon|3-e1og dasno 072€ST AV £ 2dAy s1soprreyooesAjodoonyy
(AwreT—xneajoIen)

g oserejns[Ary qasiv 002€ST AV 9 ad4) s1soprieyooesAjodoony

(g ombIopA)

asepIsojoe[e3-e1g 191D 010€ST MV | g 2dAy sisoprreyooesAjodoonyy

(v ombIopA)

9sejej[ns AeJ[NS-9-oUIWELSOIOR[RD) SNIVD 000€ST MV | v 2dAy sisoprreyooesAjodoonyy
(q oddiyues)

Jse)eJ[ns-g-ourwesoon[3[A)ade-N SND 0v62ST MV | g 2dAy sisoprreyooesAjodoonyy
9SBIQJSUBN[AJQ0BN (D oddryues)
aprurwresoon|3-eyde 1y 0D-0y IVNDSH 0£62ST MV | D€ 2dAy sisoprreyooesAjodoonyy
(g oddyues)

JSEPIUIES0oN[3-(-812qQ-0V-N NIOVN 0262ST MV | g€ 2dAy sisoprreyooesAjodoonyy




J. G. Sfeir et al.

220

¢ uraro1d Surpuiq-urewop ¢HS CddeHS 00¥811 av WSIqnIsy?)

100[/SUa3 IoY)O JI Jea[ou) 602009 AV | € sesoisoxe snourde[nied a[dniny
Z-UIS0JSOXH IXd TOLEET AV | 7 s9s01s0xa snourSenres sidnmin

[-UIS0JSOXH 1LXA 00LEET AV | 1 s9so1soxa snoure[nred aidnnia

dnoas syusuoduwrod [eIRPRYS

Jo yudwdo[aAdp pazrue3iosi(q "6T

25NDI KW SUONIPUOD I1

§0]04M2U [D1242S :2JON "AUOIPULS UILII P —U0JD]SUIS PUD |

MNM%NQwthQ.\UG

21nay pun ‘visv]dsp prunidop1a]d ‘sisoisos{poudfd os|p 2ag

q urayoxd
‘A[Tuuey Qua30oUO BWOIIBSOIqY

Ayredorydou
INOYIIM PUB YIIM SISA[09)SO

onoinduodeornosnu jew-A dAVIN 00€991 av [esIe)-fedred ormuaonNA
QwoIpuAs Adupry onskokjod
-e[nqy dunuadies sopnjouy THOION THOION |  00STOT av awoIpu£s Louayd-npley
(91509 INIIN) dwoIpu£s s1s£[09)s0
—Ayyedoxy)re—siso[npou sapnjouy 7 9seurajordofrerowr XM TdININ 00965 v QUIOIPUAS I3)SAYOUTA\—3I0],
adky
O/ urue | VNINT|  OL99LT av PIOJ[ID—UOSUIYIINY ‘BLId501]
aseurjordoeow dury YCALSANZ | T19809 UV | g edi eiserdsAp [eroeonqipueiy
D/V umue| VNINT|  0OLESHT av | v ad& erserdsAp [eroeonqrpuey
(080209 INTIN) erseieydsoydradAy
[eroreys ofisuedxa sapnyouf (VITASYANL) SINVI| 0184LI av SISAJ09)S0 o[Isuedxa [eIfIure]

dnoa3 sis£[031sQ) ‘8T

2158yd02]28 pup uonv]Ls0(]3 Jo siap.io0.

SIP [DITUDSUOD :SISDISIP 2SDL0LS SUNQUIDSIL SUOLIIPUOD AYI()

jiungns ewiwes ‘oserojsuenoydsoyd

ad£) ewwe3 ‘(AydomsApAjod

-] -ouIIIEs0oN[3[A1098-N DLIND §09TsT AV | IOENH-0pnasd) 1T stsoprdrjoony
sjunqns
e1aq/eydpe ‘eserojsuenoydsoyd ad£y eyoq seydre ‘(AydonsApAjod
-] -oUIIESOIN[S[A1298-N GVIIND | 009TST AV | I9EMH-0pnasq) [T stsoprdrjoanjy
SOION uorg | ouas J0 snoo | "ON JNIIA | douelLoyu] IopIOSIp Jo dweu/dnoin

(panunuod) ['p1 dIqeL



221

14 Osteochondrodysplasias

(panunuoo)

ZI dnosd u1 visppdsdpospuoyouaojpuods pup (¢ dnois ur 2uiopuss snajoig osyp 22§

JNOIS—WEYIOD)

09€LET av/ids SISOJEWIOIPUOYS0UIL)
BLINPIOR JLIBIN[SAX0IPAY-Z-
T ‘1 2seuaSoIpAyop 91enIo0s] CHAI ‘THAI SL8719 dS | i sisojeworpuoyd [easAydelojy
(100NJJRIA)) BIRWOISURWIAY
Tea[oun [[1s 9[01 ‘ATUO SIsBD M STSOJEWOIPUOYIUD
M3} & Ul punoj suoneinw [JHLd T ‘1 9SeUa50IpAYap ALNIO0S] CHAI ‘THAI 000991 ds puE (191[Q) SIsorewoIpuoyduy
(e[oyeH—NSEN SISO
urdjoid urpurg-oseury auIsoIk} QUOq YIIM BrIUQWAP dtuasaid)
urdjold QYA L ‘7 S[[99 profeAw JdJIO¥AL Ayredoreydaousoynoy yirm
uo passardxe 103dooar Furra33uay, TNTIL OLL1TT MV | AydonsApoayso snouerquiowodr|
(I0AQI],) BOI[QWIWAY
008LTT ds steasAydido erserdsAq
(ewoIpuAs uowey) SISOJRWOIqY
04799 v [ATSUIS [ITA WISIqNIAYD)
0T8LT1 AV | SIS0JeWoIpuoyd02)so [esiejodre)
UroIqyoInaN AN 00¢2o1 av | (1dN) 1 2d4 sisoreworqyomaN
(dOx]) earssaigord
Joydaoar (1 odK) JINE) V UIADOY TIADV | 00ISEl ds‘av sueoyIsso eise[dsApoiqry
0¢ dnoi3 ur soworpuAks
SISO)SOUASOIURIO OS[B 99§ 1 Joydaoar 10308] YIMOI3 JSe[qOIqI] IRNEi%] 052991 av erse[dsAp oruoydo[3o91sQ
11 2d&y-103dosaruou
asereydsoyd ourso1k) urjoid 1INdLd 0ST9S1 av SISOJBUWIOIPUOYORIIA
g91 urajoid oueIqUIDWISURI], A9TINTIAL 092991 av eise[dsAp [eesAyderpoyieun
1 yungns A)1anoe Sunenuns-eyde
Sunuuduwr 0 302[qns ouon) | ‘ureyoid Furpurq-oprIod[onU AUIURND) SVYND 0S€991 v | eise[doidloy snoIsso JAISSAIZOI]
euowouayd | | jrunqns Ayanoe Sunenums-eydye (y31IqIy—ounDIA) WIOF
Sunuuduwr pue wsoresow onewos | ‘urdjold Jurpuig-opnoa[onu duiueno) SVYND 008TLI ds onojsoAjod ‘ersefdsAp snoiqry




J. G. Sfeir et al.

222

uonouny jo ures 7YdN pue

¢ 10ydosar opndad onainineN TIAN av K[K3oeporoewt YIIm YIMoISIAQ
DddN Jo uoissardxaroao SUONEOO[SURI)
Aq pasneds Ajqeqord yymoisIoaQ D Josinoaxd opndad onernimeN DddN dS | Lgbz yim owoipuks yymoisioaQ
918¥19
S6LET9
ceRqADL d4o.L 08¢€019
¢ urjoxd pajear-vVINS CAVIAS L96809
7 yungns 1oydedar €12q 40, 4494D.L 891019
¥ € ‘dT ‘v dl
[ 3unqns 10}dodar ejeq 0T, IREEN 761609 av | ‘v1 sedAy swoipuAs zyo1(—s£20]
K1Kyoepouyoere
¢ uruqiy <NdA 0S01CI av [INIORIUOD [E)UGTUOD)
[ uruqry INgd 00LYST av owoIpuAs ULyIey
eydpe ‘onkrereo
‘aseuty-¢ [oysour[Apneydsoyq VOedld 816219 ds SHAOTO
Qua3 NH.Id 9y} ur suonenu 1 Sojowoy auagoouo
QARY SISBD AYI[-SNDJ0IJ SWOS [BIIA BWOWAY) SULINW J)e-A 1LV 0T69L1 ds QWIOIPUAS $NAY0IJ
(9A0qE 295) QWOIPULS
$010S M de[IoAo [eo1UI[d QWO X/I 10)0v] Iea[onu XIAN GE6709 ds QWIOIPUAS YIWS—[[CYSIBIA
7 urojo1d Sururejuod-urewiop 10§ 7axrdas av QWOIPUAS YI[-S0I0S
(owoipuAs 1 uroyoxd urewop
IWS—[[BYSIBIA] 93S) suoneInw XBIOU)LI} PUB “9)SIZ JO IdUBYUD
XIAN 2ABY AU S9SBD QWIOS ‘IeA-ns 3urpuiq-10)dooar rea[onN IASN 0SSLIT av QUWIOIPUAS S0JOS
(SWIOIPUAS $010S 993S) suonEINW 7 Sojowoy
LASN Ym payrodar saseds owos ‘errydosolp ‘919z Jo 10ouryUY 7HZA 06SLLT av/ds QUIOIPUAS JOABIA

JUIWIIA[OAUT [BJI[IS Y}IM SIWOIPUAS (3INJEJS [[€)) YIMOIZINAQ "0

SAION

uro)oig

Quas 0 SO0 | "ON JNIIA | doue)LIoyuy 4

I9pI0sIp jo awreu/dnoin

(ponunuod) [°pY AqeL



223

14 Osteochondrodysplasias

(panunuoo)

QWOIPUAS d130Ind pue (00987
IH() sisorewoiqr auifeky
Q[TUSAN( ‘SISOUT[RAY] OTWIISAS
J[nueju] Se umouy A[SnoIAdlg

7 10ydadar urxo) xenpuy

CIXINY

06179¢¢

qv

QUWIOIPUAS SISOJeWOIqL dUI[eAH

€ oseIojsuen[AUTIIES0)oR[eI[A1208-N
opndadA£jod :ourwesojoeed
--eydre-[£1008-N-ddn

EINTVD

€019

qv

QWIOIPUAS
erurayeydsoydiad Ay sisoisorod A

¢ uidry

CNIdT

879609

qyv

(owoipuAs pasfe|y ‘VAD Ym
OIND) erwaue onarodoryiA1asAp
[e1Tua3U0d YIM SHI[AWO)SO
[e20J1[NW JULINDAI JTUOIYD)

jstuoSejue 103dooar J-urynapIaiuy

NATTI

6L9LY1

qv

(3MH-ATNON/VINID)
sisofmsnd pue ‘snnsorrad
‘SIITOAUIO)SO [BIOJN[NW J[LIAIS

urikdoA1))

ISVID

SITLO9

av

(AINON)

QSBASIP AIOJRWIWRUT W)SAST[NW
JOSUO-[BIBUOU/QUWIOIPUAS
(VDONID) Ie[nonae snodueind
o130[0INAU J[TUBFUT JTUOIYD)

¢ urjord
Kemyed 3urpeusts ojqronpur-1 INM

£dSIM

0€280¢

qv

(Ayredoxyire aarssardoxd

Pis QdS ‘a¥dd) erseds&p
projewnayiopnasd 9AISSaI30I1d

sanpjedoay).reod

7SO I[-PI0JEWNIY.I/AIOJEUIWIRUI IJIUIL) [ ¢

dnou3 s1501s0uLs01UD.LD UL 2WOIPULS S12qpP]oD—UdZJuUlLdyS OS|D 22§

(s)adKyouayd [ererays snonordsuoo
1nq IBI[OUN SNIBIS JISO[OSON

dsS

(wsnuesiS [eIPUOyo0pu IPIUYIS
—eInwIysIN) eise[dsAp [eje[ays
)M QWOIPUAS YIMOISIOAQ




J. G. Sfeir et al.

224

(owoipuAs
[219[YSOULIOPOUOZNOI)))

uonenw SUBOLISIU SISOYIULOR [)IM
A16EV €440 dyroads £Aq pauyaq ¢ 101dodar 10308) 1M0I3 1SB[qOIqI] 4404 L¥TT19 av SISOJSOUASOIURID AYI[-UOZNOID)
7 10ydooar 10308 YIMOIT JSe[qOIqT] 79D 76S¥19 av eise[dsAp ouoq juog
7 10)doda1 10308] YImoI3 1Se[qOIqL] 9404 00S€T1 av QWIOIPUAS UOZNOID)
(UOSUdAS—IRAY)
7 10)doda1 10308] YImoI3 ISe[qOIqL] 79404 06LET1 AV | BIRIAS SIINO )i SISOISOULSOIuLID)
7 101d2a1 10108) Y1m0I3 1SB[qOIqL] 79404 002101 av QwioIpuAs 1ady
(m0[9q 993s) suoneinux
794D Aq pasned sjueLIeA
To[xrg—Aepuy pue (0STETT NTIN)
QWIOIPUAS SSTOA—UOSYOB[ SIpN[ou] 7 pue (pare[al-1YdDd)
uonenul Ygeed 1dAD- 9ABY ISON [ 103dooar 10308} YIMOIT ISE[QOIqL] | TYADT ‘THADA 009101 av QWOIPUAS IOJJ1a] ]

SIWIOIPUAS SISOJSOUASOIURI)) *€€

[ [ dnoiny w1 visvjdodqy Limppixour ynm visvjdsAp pas{ydpiow osip 29§
$421J0 [D1242S pUD ‘Qui0Apuds uys Kpyurin ‘sisoisos{pouddd ospp 2ag

7 X0qoawoy Judw3os
opsnw ‘gX S ‘(€ dnois) |

ad£y eisejdsAp [eseuojuol) os[e 99§  OYI[-SSa[RISLIY PXIV 005891 av (PaR[OST) BUILIRIOY [BIALIE]
¥DI4 0r€91¢C qv eise[dsAp uorep-stung

(uondnio urys ‘serjewIout [BIIUAZ

‘snue 9yetoyroduwr ‘eurueioy

[e3otred 0Insoro [ouLIuoy

paKe[op ‘SISOISOUASOIURID)

911¢09 qv swolIpufs SHOVAD

7 J0yoe} uonduosuen paje[aI-juny| XN 009611 av eise[dsAp [e1ueIo0pId[D)

SIIPIOSIP PIje[Ra pue eise[dsAp [BIUBIIOPR) *TE

SAION

uro)oig

Quog 10 SNJ0T

‘ON INIIN

Qoue)LIYU]

I9pI0sIp jo awreu/dnoin

(panunuod) ['p1 dIqeL



225

14 Osteochondrodysplasias

(panunuoo)
(1a410) 1
G owrely Surpear uado ¥ swosowoIy) SIIOXD 00211¢€ AIX | 2dK) swoipuAs [enSip-feroe)-feiQ
D spndadAjod T (WN) osesswikod D1¥T0d
@ apndadAjod | (VNY) dseiowkod any1od
(UI[3[—111AYISAIURL] ‘SUI[[0D)
| QwoIpuAs qv 19yora1])
1RYISOURII—SUI[[O]) ToydBal], 1400L 00S¥S1 ‘av ‘av SIS0JSOSAp [RIoRjO[NqIPUBIA
JUIUIIA[OAUI [BIDRJOIURID JueUIWOPaId [IIM $350)S0SA(T “pE
6€ dnous u1 (uoypo1dnp gHJ) s1501s0uULS01UDAD
ad(g-viydjapoiiyg puv ‘p¢ dnotd ur 2uoLpuks [PSPUOTUOLIOTUDLD pUD ‘67 dnoss ur 2uwoipuks SOV ‘+g dnotd ui auospuds 1ajuadin)—2]o) os|p 22§
10108] Jossaidar zS1H 494 SLLO09 av sisojsouksorued xa[dwo)
71 Jojoey uonduosuely, 71401 16519 av SISOISOUASOIURIO [BUOIOD)
8ADHIIN 9L6Y19
£cdvd 00010C qv awoIpuLs royuadre)
ploIoD—I3[[eg JO $asLD
[[€ 10§ JUNODE 10U JYSTW # [OIHY # ai-uraloxd OOHY 710084 00981¢C qv SWOIPUAS ploIdD—Ia[[eg
IS DIS|  Tlces! av | ouwoipuks Srogpjon-ueziutdyg
LSIML [LSIML 00%7101 av QUWIOIPUAS UZIOYD—OIYIoLS
SoI[IWER} 0M)
' Ul uoneinw {81 J sno3Lzoiey TXSIN TXSIN LSL¥09 av ad£) uojsog ‘stsojsouksoruer)
QWIOIPUAS IO}
JO sjueLIBA 9q ABW SAI[RUIOUE
[BITUA3 INOYIIM I[XIg—AdpuY
se NN Aq payIsse[o suonenu
TIADA YIMm SISBD Je[Iulg 9SBIONPAIOPIXO ()Sd AWOIYI0ILD) d0d 0SL10T qv QWOIPUAS Io[X1g—Aapuy
uonenw
M0STd 9494 dy1oads Aq paugag ¢ 101dodar 10108] 1M0I3 IsB[qoIqI] 6+8209 4404 av ad &) oyuanyy ‘sisoisouksoruer)




J. G. Sfeir et al.

226

Lds-jo-100ueyud-pue-Airey LSHH |  989¢19
a3uLyy oneun| ONJT|  €18609
¢ Jowa)sod ULIPOSAN TdSHIN| 189809
‘(#OADS) ¥ 2dA (€0dDS)E
ad£y “(z0ads) ¢ 2d& (10adns)
€ I-BIRed €TTd|  00€LLT AV | 1 odA s1soysosp [eisooofdpuodg
69H 9ua3 X0qoawoH 69X TH| OSHILI av peL) ouLIRLIND

JUIWIIA[OAUT [B)S0D JNOYJIM PUE YIIM [BIGIIIIA

jueuruwopaxd yIIm saso)sosA( *S¢

dnoud juauiaajoau vy

2]12ys 1olvur ynm saryindoi)1d ay1 ui p 2dK1 2wopuks [pISIP-1PIODJ-]DLO OS|D 228

7 Sururejuod-urewiop Areydesorotu

Surpuiq-di3 m 1030y UONELIUOH Tanidda)  9€S019 AV | WM SISOISOSAp [eIorjo[nqIpueA

adKy

0L110T MV | Zon3LIpoy ‘SISOISOSAP [BI10BJOIOY

arunqns ‘¢ 1030ey Surordg vAEAS | 00bST AV/AV | 2d4) 103eN ‘s1s01s0sAp [eroejoroy

(S1501S0SAP [e1ORJOIOR

9seua30IpAYPp 2)810I00IPAYI(] HAoOHd 0SL£9C7 AV rerxeysod) owoOIPUAS ISIIA
Snoduagorelay A[reonauds Ajqeqoid
‘wnoads [e1q)I0A—0[NOLINE—0[NO0

puE QWOIPULS JeYUIP[OD) SOPNJOU] 01291 av/ds BIWOSOIOIU [BIORJIUSH]

[ OYI[-SSa[RISLIY IXTV |  9SHET9 v ¢ odAy ‘erse[dsAp [eseuojuorg

#-OI[-SS[BISLIY vXIV |  ISPEI9 v 7 2d4) “erserdsAp reseuojuorg

€-1[-SS9[BISLIY EXTV 09L9¢€1 qv [ 2d£) ‘erse[dsAp [eseuojuor]

1g-utydyg TaNIH 011+0¢€ aTx QWIOIPUAS [ESBUOJUOLJOIULL)

(00

oseury [[90 [eunsaiu] SIDI 1S9219 AV | e1se[dsApoe)so-01qores-aurIoopuy

COAH SIS0ISOSAp

dnoi3 Ayjedor(o osfe 99§ urajoid | p[eAar) UeA-sI[g 1DAA 0€SE61 av ([eIUOPOIIR) [BIOBJOIOR SIQAIA

SOJON urRjord | ouaS J0 snoo | "ON JNIIA | ouelLIayu] IopIosIp Jo oweu/dnoin

(PoNUNUOd) 'pT AqEL



227

14 Osteochondrodysplasias

(panunuod)

1 J0yoe} uondrosuen xoqoawoy AT dIXINT 002191 av QuwioIpuAs e[jered—[reN
 9Ud3 X0q-L, $X 4L
168LY1 AV (Swoipuds efjayed
[rews) ersejdsAp reroyedoryosy
$3S0)SOSAp Je[[9e ] ‘9¢
/£ dnoud u1 visvpdsAp psivjodivooj{puods osip 2a§
(QININS) erserdsAp [easAydejowr
T X0qOdWOH ¢3N TEXDIN|  0€€€T9 v -TeasAydidoesouwr-ojApuodg
10)R[NS2I
SIS0ISOSAp POALIdP-10S1N031d [[99 [BI[oyIOpUd
[eurdsoryost yyim sdefroao £[qissod | Jurpuig-urojord onousdoydiow suog NAdNG 720809 R\ s1so)sosApojApuodsoueyderq
1 xordwoo $109JOp [BIQRIIAA [JIM QWOIPUAS
311 2dKy DD Se payisse[d os|y 13[0D) d1WoSI[0 Jo Juduodwo)) 190D 602119 AV YI[-TB[NQIPULW-0)S0I-01qId))
qwiid-g pue g opndadAjod (ewoIpuAs des qur) swoIpuAs
urajordoa[onuoqL reaonu [[euls ddANS 0S9LI1 av IR[NQIPUBW-0)S0I-01qaId))
[ X0qoawoy AWAYOUSSIN IXOdN 00€r1c qy
¢ 10108) UONBNUSIOHIP pue YIMOID) 9= (€(9)] C0LET9
JIea[oun sIS0JSOSAp
oroeIoyjo[Apuods jueurtiop uorewIOj[ewW [ea3ukIe]
ur suoneinul 94dDH JO 9[0Y | 9 10158} UOHENUSISHIP PUB [IMOID oddo 006811 av Pa Ajewoue [r4—foddry
£ -1ds-jo-1o0ueyue-pue-AIeq LSAH
douenouad o[qerrea
M (SISOI[0DS TRITUATU0D)
7 Jo119)s0d ULIOPOSIIN TdSAN av 109JOP UONBIUAWISIS [BIQIIIOA
(ars
7 Jo1191s0d WISPOSAA ZdSAN R\ SI1S0JS0SAp d1orIoyjo[Apuodg
(Soads)
9 X0g-[, oXdL|  009CTl av | ¢ adA sisojsosAp [e1sodofpuodg




J. G. Sfeir et al.

228

(QWOIpUAS s}00D)

suonenw A10Je[N3oY 6XOS G66901 av eryoAuoue yim K[A1oepAyoerg
€1 X0q0dwoH €IAXOH |  00€€lT av g 2d&) AfoepAyoeig

(d¥HLd ‘opndad

paje[a1 suouwrtoy-proifyered)
QUOULIOY AYI[-oUOWLIOY PIoIAYIeIeq HTHLd 00€ETT av q 2dKy A1K10epAyoeag
€1 X0qOaWOH €IAXOH |  00TEIT av @ 2dky Afrephyoerg

SIOPIOSIP GAJD Ioylo

pue (41 dnois) qAJSY OS[e 99§ | € 1010v] UONRNUAIIIIP PUE Y1MOID) SHan | 001€ll v ‘av D 2d&y AK1epAyoerg
uIs3oN DON| LLETI9 av 79 2dK K[KoepAyoerg

INHASTAOD g 10ydooar
/OWOIPUAS MOUIQOY OS[e 23S | ueydio ayI[-oseurny aursoik) 103dodoy J0d 000€T 1T av g 2dKy A1K10epAyoerg
G 10108} UONENUAIDHIP PUE YIMOID) SIan |  009¢Il av TV ady AifioepAyoerg
suoneinut £10)e[n30y | ¢ 9dA ureyoid onoueSoydiow suog dINg 009211 av Vv 2dAy K1K1oepAyoerg

a1
10ydooar urayoid oneuadoydiow suog ariIdNg 009211 av 7V 2dKy K1KoepAyoerg
av 1v 2d£y K1K30epAyoerg
Soyaspay uerpuy HHI| 00SCTII av 1V 2d& K[K1oepAyoerg

(suorje)sajiuew [B)I[dYSe

1)X9 JNOYIIM) SA[A)depAYdRIY] *LE

pi1sp]dsAp drjuiodum? Jo uoissa.idxa pjuu sp visv]dsAp 4vjjaipd-21qndoiydst sv jjom

sp saunyo avjjaivd yim

suoyIpuod 10f dnois (I os|p 2§

90ddO S08¢19
1LAD 08€19
90d0 €08¢19
j78):(0} 008€19
(U110D—1919A])
xa[dwod uonIu3092I UISLIQ 10¥0 069t2C AV | QwoipuAs amjess uoys-e[[red-req
9LV | 0L1909 av awoIpu£s refjaredojiuan
SOJON urRlolg | Quad 10 sNd0 | "ON NN | QoueiLIayuy JI9pI0SIp Jo dwreu/dnoin

(panunuod) ['p1 dIqeL



229

14 Osteochondrodysplasias

(penunuod)
+ dnoi3 ur odKy
ddVvds eisejds£poipuoyo os[e 99§ 9seIRIPAYRP 9 9s0on[S-d(A.L SanL S#1919 AV QWOIPUAS AYZUBIN—[oIED)
1504 L6TST9 qv
d9d VI8¥19 av
93100d 61Cr19 qv
[£dVOHYIV 00€001 av IOAI[O—SWepY
QWOIPUAS SLIIS—UYJOD) JO
sisougerp e yym syuaned ur poyrodar
u29q aAey XI[dwod INS/IMS U}
Jo sjuouodwod SNOLIBA UT SUOTIBINIA] 006S€T AV ] QWOIPUAS SLIIS—UYFOD)
0S¥eIl av K1f1oepAyoriq odKy-uensty)
[ 9SBYIUAS 2)BJ[NS UNIOIPUOYD) IASHD 787509 AV adKy Awreywiay, ‘AjL10epAyoerg
aX-00¢ ‘urerord Surpuiq-y g 00€dd | 678081 av QWOIPUAS 1qART—~UT)SUIqNY
urdjoxd SuIpuIg-gaYD ddgaadD | 6¥8081 av SWOIPUAS 1qAB-UIsuIqny
€1V X0qoowoy £IVXOH 0000¥1 av QWOIPUAS [BIIUST-100]-pueH
(ewoIpuAs pjo3ure,])
QuwioIpuAs [euaponp-eageydoso
3UAT0OUO DANU NDAN | 08TH91 av -0Y31P-0[n20-ATeydad0IoIN
(ueImuI[Ig) QWOIPUAS
V¢ oserdsarpoydsoyq vedad 01¥TIT av uorsuaadAy—A[L1oepAyoerg
(z oserojsuenAsouueur 90®J JOUNSIP pUE
1dD) urajoad A SSe[o SISayjuAsoIq ‘A3ueeydereiAyorIq ‘uorepILIaI
uedA[3-[oysourjApneydsoyq ADId AV [ejuow ym eisejeydsoydiodAH
(ewoIpuAs uonerap L¢bz
“IY0) SoUaT snonJrjuod JUIAJOAUL QUWIOIPUAS
suone[apoIdIll 2ARY Sjuaned owog { 9se[£1208ap QUOISIH $OVAH 0€+009 av | uoneprejar [ejuow-A[A10epAYdRIg

(Suone)SIPIUBU [BJI[ASLIIXA PIM) S[A)oepAyoeaq Q¢




J. G. Sfeir et al.

230

oua3 (HHS)
SoyeSpay oruog jo uorssardxd
Sunooge uonep [YFIN'T [EnIed urajord 1oydesar aaneing TIGINT|  00S00T v erpodorroyoy
adKy quiny) [eaSuereydin
IouIopp eise[dsAp orjowosow os[y SYZ-HHS 0vLS81 av | -A1f1oepuksKjod-erpowrnuay [e1qiy,
0TCSLT qv BI[WIWRY [BIqL],
(EATAHS) Aouaroyap auoq-suoj
suoneardn(g 6VHTHY 9LSTI9 AV | |Is uoneuIofew Jooj-puey idg
Z-UoISay0d
JO JUQWIYSI[eIS JO SO[OWO 700S4d 00£89C AV QUWIOIPUAS 11Oy
G1 Quasg x0q-[, SIXdL 09909¢ qv QWOIPUAS UISNOD)
(Arewoue Aex
7 NTVS YTIVS €CEL09 AV | [eIpeI-ouLN(]) SWOIPUAS OO
G dua3 x0q-[, SX4L|  006THI av swoIpuks weiQ-oH
SUOTISN[D00 IB[NOSeA JO ouanbasuod $309Jop quuI|
se pajermsod $109jop quuIj [BISI unarodoquioay, OdHL av [EISIP 1M BIWAY)A00qUIOIY ],
(avL)
VNG 000%LT AV | sniperjuasqe-eiuadoifooquioryy,
soua3d

pue sdnoi3 uoneyuowa[dwod [B19A9S (Te10ARS) 0S9L7C MV | (M0[9q 910U 998) BIWAUE TUOIUR,]

8OVAH 78800¢ X

1cavd 10LY19 av

EIOINS 6SL619 av

VIDINS 06500€ X
oyi[-g-paddiN T4dIN | 0LvTTl av awoIpuLs o3uer] op
€ Qua3 x0q-], €X4dL 0SH181 av QUWIOIPUAS Arewwuew-reuy )

dnous s39959p uononpas—eiseidodAy quiry ‘6

da) 213unpyda)a18yov.aq sv jjam sv KoVPAYIVLG YIIM SUOUIPUOD L2Y10 L10f ()7 dnotd os|p 29§

SAION

uro)oig

Quag 10 SNoo| 7 ON INTIN 7 Qour)LIdYU]

I9pI0sIp jo awreu/dnoin

(panunuod) ['p1 dIqeL



231

14 Osteochondrodysplasias

(panunuoo)

(10g8) 1 2dA)
QwoapuAs ojered 33010 vise[dsAp

006621 av [BULIOPOID-A[K10BpONdq

(€0d4) ¢ 2dKy

QwopuAs ajered 33910 vIserdsAp

¢£9d urejord rouwmy, (€9d1) €9d | T6TH09 av [BULIPO3OR-A[A108pONdH
(Oav) aeed/di 1yoyo eiseidsAp

¢9d urejord rouwmp, (€9d1) €9d| 092901 av [ewIopodR-toreyda[qo[ AUy

SUOI)B)SIPIUBW JIYJ0 INOYIIM PUE PIM A[A)9epondy “0p

spisojdsAp d1jauio.

SIULOLID PUD D1]PULOSIUL Y] pub ()7 dnous ur qIIHD 0SI» 22§

(mouasoy)
0SS691 av eise[dsAp oerji-oindeog
suoneordi 6VHTHE |  0ST8TC av Buegjiom—dofion
(erjfyoepodAy-erssoj3odAH)
00£€0T av awoIpuAs JreyueH
(0d:D
00282C dS QWIOIPUAS BU[N-R[NQU-INWIS]
(m0[2q) SWoIpuAsS (SANH) 2WOIPUAS SAoR]
N s deproso ordKjousyd owog 08LYET Lav/ds rensnun-ersejdodAy [erowoq
pue[od
¥ oi-urejord OOHY 10084 08¢99¢C qv QwoIpuks ONI'TIAVAY I
VL Joquuow ‘A[Turej 9)1s
uoneI3aur A LINIA 2dA1-sso[3urp VLINM 0£682C AV QWIOIPUAS UUBULIYN]
VL Joquuow ‘A[Turej 9)Is eisejde-eisejdodAy siajod-quuiy
uonerSoiur A LINIA 2dA1-ssa[Suip VLINM 0T89LC qv PIIYISYIOY-SeLY-IPeMY -V
059201 i 109JOp 9SIOASURI) [BUILLIQY,
€ Joquuow ‘ATrurej 9)1s
uonerSoyur A LINIA 2dA1-ssa[Suip EINM | S6£€LT v erjowe-enay,




J. G. Sfeir et al.

232

QWIOIPUAS

¢ 1oquiowt Arwrey [oddnry-110 5@ 00LSLI av K1KyoepuiksAjodoreydods 3roin

(radd)

¢ Toquiour Arurej [pddnry-1 10 €D | 00LPLI av  odky A1froepAiod [erxearq

(€add)

009%L1 av ¢ odKy A1K1oepAtod Terxearq

qwopuAs A[L)oepAod

uoneinu A10)e[n3ay Soyagpay druog SYZ-HHS |  00StLI av ~(Ld.L) qumnty reaSuereydrry,
xordwo))

g 2d£y K1K10epAjod [erxeisod

PoJB[aI CITD) JOU QI8 SASBD JSOJA ¢ roquiowt Arurej oddnry[-1 10 IS@rs) 00CHLI av v 2d&) A1KyoepALiod Terxersoq
(1add

uonenw A103e[N3oY Joye3pay oruog SYZ-HHS 00¥ LI av 1 2d£y K1K10epAjod [erxearg
dnoa3 wsidueeydrn-A[£)oepuss-L[£)oepijod ‘1H

1 101d9031 10308] Y)MOI3 ISB[qOIqL] 1404 S9¥S19 av QWOIPUAS ploysie

VL Toquiowt ‘A[rurej 9)1s (SINAHS) S 2dA) ‘wroj pajejost

uoneISAul A LINIA 2dA1-sso[Surp dOTINM | 80L909 v av ‘uoneuLIoj[ew Jooj-puey 3dg

(EWAHS) € 2d4) ‘utiog pajejost

suoneoridn(y bop 09S9¥C av ‘uoneuLIof[ew 100§-puey 1[dg

9 X0qoAWOY SS-TeISI(T 9X'1a (TNAHS) T 2d4) ‘wiioy pajefost

¢ X0qoawoy sso[-[BISIq SX'1d 009¢81 av ‘uoneuLIof[ew 100j-puey 1[dg

(YINAHS) ¥ 2d£) ‘wwioy pajefost

¢€9d uroroxd rowmy, (€9d.L) €9d 68CS09 av ‘uoneuLIof[ew 100J-puey 1[dg

(oworpuks [ TNAV Surpnpour)

¢od urajoxd Jowny, (€9d1) €9d |  €LTE09 av awoIpuAs Arewruew-quiry

(NHH) QwoIpuAs

AydonsAp rejnoew-eise[dsAp

¢ uLaypen ¢HAD 08cSce qv [ewWIap03oa-A[A10BpONdT

SOJON urRjord | ouaS J0 snoo | "ON JNIIA | ouelLIayu] IopIosIp Jo oweu/dnoin

(ponunuoo) 'Y dIqeL



233

14 Osteochondrodysplasias

(ponunuod)

(suoneuwojew
[eUSI PUE -OUE ‘SNYIULIAQ) S0}

V8SINVA | LOLOOS IX | Jo A1f1oepuks) swoipuks YVLS
6VHTHE | TEV609 av| od& unpiog-yieN AK10epuks
(1e} 0S AJUO 9SBD QUO UI PIAIISQO)
190[ 10q Jo uones1dnp SI[A[[EOUOIA [ UIWWIOA ‘T ufuialn | [NINA ‘TINTID (¢av) ds AKyoepuds o[ ZuST-TURUD)
 urajoxd pajererroydadar
urojoxdodi Aysuap-mo| A1 08.21C AV K1K10epUAs zZuo-TueUd))
(ewoipuAs
payuIun MOIpURS —ULINET) J99] pUE Spuey
SISO QWIOS ‘suonenw A10Je[NIY Soya3pay oruog SYZ-HHS 0SLSET av Jo A1K10epAjod oFewI-10LITIA
9 Joquiow ‘A[rurey (woIpuAs )
suonenw A101e[N3Y | 1S uoneIIAUI Ajwt 2dAI-sSo[FUIAN 9LNM 01S201 av | erserdsAp [e1q9119A-010300d-010y
196509 av QuwIoIpuAs [e1030ad-010Yy
L Toquuour A[rurej ursaursy LA 06600C qv SUWIOIPUAS [ESO[[EI0IOY
(agv1) 2woipuAs
0T 10198] (IMOIT ISL[qOIqL] 01454 0cL6Y] av [eIISIP-0JUSP-O[NILINE-OWILIOL ]
(a@av1) 2woipuAs
¢ 101dod0ar1 10J08] YIMOIST 1SL[qOIqL] CIIDA 0€L6VT av [e31SIP-0JUSP-0[NOLINE-OWLIOR |
(a@av1) 2woipuAs
7 101dooar 10308] YImoIS Ise[qOIqL] 4D 0€L6VT av [e31SIP-0JUSP-O[NOLINE-OWLIOR |
(SWOIPUAS [BIpEI-[RUB-TBI-[BUI)
1 N-TVS I'TIVS 08%7L01 av QWIOIPUAS $YI0IF—SAUMQL,
€1d X0qodwoy €EIAXOH | 000981 av A1froepAjodusg
(pajeroosse-|
1 u1nqig INTEd | 081809 av | unnqy ‘xajdwoo) Af1epAjoduig
¢ Joquuawr Ajrurey pddnry-119 el'1D 01S9¥1 av owoIpuks [[eH—1SI[[ed




J. G. Sfeir et al.

G 10)0BJ UOT)BNUIQJJIP PUB [)MOID) ¢Iao 008581 av | ¢z odA wsiduereydwAs [ewrxoig
uIsSoN DON 008581 av | 1 od& wsiSueeydwAs fewrxoid

¢ odKy

64D 6dDd | 196219 av |~ dwoipuks sasoisouks adninjy

$950JSOUAS pue uoreurIoy yuiof ut s)o3Ja( Th

dnoasd §Jys ay1 osip 225 K)K1o0puds 1o/pup K1K100pAjod ynm juasatd und awospuds 2jdO—1waT-yinus ay J :2J0N

vededd ¥8CC19
TIdIIDdd 196119
06CddD Yelll9
LONHAINL 19€L09
9ICINAINL 761€09
ISMIN | 0006+C AV | 9°S'H'¢T’1 2dA) awoIpuKks (o0
(owoipuAs
MI-¢ 1ddiyrg) uoneprejar [ejuow pue
urdj01d pajRIOOSSE UOJI[AYSOILD) TedVID ovyTLT AV Aeydooorotu yim A[K10epuis
(od£y erydiopeiyqd)
suonenw A103R[NIOY Soyadpay uerpuy HHI 006S8T AV | s1sojsouksorueId ym K[K1o0epuig
9[ 10308} YIMOIS 1SB[GOIqL] 91454 0€960¢ X | QwoIpuAks uoisny - [edreseldo
uoISnj [esIejelow
€IAXOH |  00£981 av | pue edmroow yim £Koepuks
suonenw A103e[NIOY Soya3pay druog SYZ-HHS 002981 av ad£) seey A[L1oepulsg
(A—AI) ¢ 2d&y K1K10epukg
urjoxd [-eydpe uonounf den IVED| 006581 av ‘erse[dsAp [eIS1poIuapo[noQ
suonenw A103e[NIOY Soye3pay uerpuy HHI 006S8T av uoyonT odA) A[K)oepuks
SOJON urRjord | ouaS J0 snoo | "ON JNIIA | ouelLIayu] IopIosIp Jo oweu/dnoin

234

(ponunuod) 'Y dqeL



235

14 Osteochondrodysplasias

uorssturdd yim pasn [Gg] “Joy woiy paonpoidar pue payIpoA

$.2Y]0 pup ‘SaS0ISOULS 010D YJ1M DISDIASAp d1j2ut082u1 ‘DIsD]ASAp [0SADI-]DdADI-0]Apuods os|p 22§

SUONBULIOJ[BW qUIT| 1 10joey uonduosuen
/A1K10epATod Yiim suLioy sapnjouy UIBWOPOAWOY YI[-palled IX1LId 008611 av 100} qN[o [eIuasuo))
1 10joey uonduosuen suoneinw
UIBWOPOAWOY YI[-palred IX1Id 0SS981 av | AiorenSey sworpuks Sroquaqgar
eruadojfooquioay)
onkooAreyeSowre
[TV X0qoowoH [ TVXOH (43250 av 1M SISOISOUAS JRU[NOTPEY




236 J. G. Sfeir et al.

Achondroplasia

[The child] has a very unusual, peculiar appearance. It is of the female gender... It is very
fat and round, but the upper and lower extremities are very much too short... The stripped
bone of the forearm, elbow and wrist, I find knotty, misshapen, bent and the substance
almost similar to that of a rachitic child. So that this deformity seems to me to be a true bone
disease [4].

Abbildungen und Beschreibungen Einiger Missgeburten, 1791

Samuel Thomas von Soemmerring (1755-1830)

Classic heterozygous achondroplasia is a common type of dwarfism and is by far
the most common type of short-limb dwarfism [5]. Achondroplasia is typically evi-
dent at birth, although prenatal ultrasound can identify short femora at 24 weeks of
gestation. It is characterized by rhizomelic dwarfism, trident and stubby hands, and
a disproportionately large head with characteristic facies that includes a prominent
forehead, mild midface hypoplasia, and depressed nasal bridge [6]. There is signifi-
cant kyphosis at the thoracolumbar junction in infancy and increased pelvic tilt that
leads to prominence of the buttocks and abdomen.

On radiographs, the calvarium is enlarged with shortening of the base of the skull
and a small foramen magnum. Tubular bones are short with metaphyseal flaring,
small sacroiliac notches, and square-shaped iliac bones. Spine films typically iden-
tify progressive caudal narrowing of interpediculate distance of lumbar vertebrae
(normally, the distance increases distally) leading to narrowing of the lumbar spinal
canal. Short pedicles are seen on lateral spine films [5].

Back pain is the most common complaint of both older children and adults due
to the exaggerated lumbar lordosis. Nerve root compression occurs commonly in
the thoracic and lumbar spine. Narrow respiratory passages can predispose patients
to recurrent infections, obstructive sleep apnea, and increased risk of cardiorespira-
tory failure [7].

Hypochondroplasia

Hypochondroplasia is another form of dwarfism that can resemble achondroplasia.
However, it has a milder phenotype and many children have body measurements
within normal range and thus remain undiagnosed until school age, although prena-
tal diagnosis is possible. Macrocephaly sets hypochondroplasia apart from constitu-
tional short stature [5].

Affected children can have bowed legs but they may tend to straighten spontane-
ously. There is mild shortening and relative squaring of tubular bones with a short
and broad hip femoral neck shape. An increase in lumbar lordosis leads to a protu-
berant abdomen. Vertebral pedicles are short, and lumbar vertebrae have increased
dorsal concavity.

Patients usually have a normal life expectancy. Mild joint pain may occur during
activity in adulthood. There are reports of an increased incidence of cognitive impair-
ment compared to the general population, but the etiology remains unclear [6].
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Spondyloepiphyseal Dysplasia Congenita (SEDC)

In contrast to the above forms of short-limb dwarfism, spondyloepiphyseal dyspla-
sia congenita (SEDC) is a form of short-trunk dwarfism characterized by a short
spine and a short neck. These disorders can be detected by prenatal ultrasound and
are evident at the time of birth.

Patients have an increase in the anteroposterior chest diameter and the formation
of a barrel chest. Other features include a flat face, occasional cleft palate and rela-
tively normal hands and feet except for possible equinovarus deformity. Myopia
develops in up to 50% of patients [6].

Findings on radiographs are related to the patient’s age and stage of develop-
ment. In infancy, there is delayed ossification of the skeleton with absent ossifica-
tion of the upper cervical spine. Thoracic and lumbar vertebrae are small and
dorsally wedged with a characteristic “pear-shaped” appearance. Later in child-
hood, vertebral bodies flatten with hypoplasia of the C-2 odontoid process [5].
There continues to be slowed ossification of the hip femoral head and neck along
with varying degrees of epiphyseal and metaphyseal abnormalities of long tubular
bones [8]. Hands and feet are typically normal except for possible delayed appear-
ance of ossification centers of carpal and tarsal bones. In adulthood, the spine is
short with moderate kyphoscoliosis and accentuated lumbar lordosis. Due to the
hypoplasia of the C-2 odontoid process and laxity of transverse ligaments, patients
are predisposed to atlantoaxial subluxation and compression of the spinal cord [7].

Albright Hereditary Osteodystrophy (AHO)

Albright hereditary osteodystrophy (AHO) represents the physical findings of
patients with pseudohypoparathyroidism (PHP) . It is characterized by short stature,
obesity, cognitive impairment, and round facies with a possible depressed nasal
bridge. The classic presentation also includes short fingers, often asymmetric, due
to underlying short metacarpals, particularly affecting the fourth and fifth digits.
When a fist is made, the affected digit(s) will have the appearance of a dimple
instead of a knuckle. Other hand bones are less frequently affected in
AHO. Subcutaneous calcifications occur in up to 50% of patients with basal ganglia
calcification in some, as well as occasional exostoses and generalized coarse skel-
etal trabeculations [5, 9].

PHP type IA includes the AHO phenotype and end-organ resistance to parathy-
roid hormone. Resistance to other hormones can also occur, presenting frequently as
hypothyroidismandoccasionallyashypogonadism.Pseudopseudohypoparathyroidism
(PPHP) shares the same GNAS coding region mutation with PHP type IA but has
normal end-organ response to parathyroid hormone and thus normal calcium homeo-
stasis and normal serum calcium. Individuals within the same family could have
different phenotypes due to genetic imprinting [10].

Biochemical features of PHP, if present, rarely occur before the third year of life,
whereas skeletal osteodystrophy can develop at various stages and as late as adoles-



238 J. G. Sfeir et al.

cence and typically more severe in females. A short proximal phalanx of the great
toe may be the only sign of PHP in an affected male. PHP is discussed in further
detail in Chap. 6.

Ellis-van Creveld Syndrome (Chondroectodermal Dysplasia)

Ellis-van Creveld syndrome is a form of disproportionate short-limb dwarfism that
is diagnosed at birth but can be detected as early as 15 weeks’ gestation due to the
presence of polydactyly and short extremities. Affected individuals have hypoplastic
or absent nails, dental abnormalities such as enamel hypoplasia and small teeth, a
short upper lip connected to the alveolar ridge, a narrow thorax leading to pulmonary
hypoplasia, and congenital heart defects (up to 60%) with atrial septal defect being
the most common. Hydrocephalus and renal abnormalities may also be present [6].

Developmentally, there is progressive acromesomelic shortening of the extremi-
ties as well as genu valgum. Polydactyly occurs with or without fusion of metacar-
pals and cone-shaped epiphyses of middle and distal phalanges. Furthermore, there
is premature ossification of femoral capital epiphyses and a characteristic appear-
ance of the tibia (i.e., hypoplastic lateral aspect of proximal tibia with medial diaph-
yseal exostoses).

This disease is autosomal recessive and results from the founder effect such as
seen in the Amish community. There is a high rate of infant mortality due to cardiac
or pulmonary complications. Individuals may have significant disability in ambula-
tion due to the knock-knee deformity [7].

Osteopetrosis

Osteopetrosis is a group of disorders characterized by defective bone resorption due
to a decrease in the number and/or function of osteoclasts. They are often associated
with widened metaphyses of the tubular bone. The delayed onset adult type of
osteopetrosis is autosomal dominant and is separated into two types. Type 1 has
pronounced sclerosis and widening of the cranial vault with only mild hyperdensity
of vertebral bodies, whereas in type 2 disease sclerosis can occur with a typical
“bone-in-bone” appearance primarily involving the base of the skull, vertebral end
plates, and iliac crest. Radiographically, both types share highly variable degrees of
asymmetric increases in bone density, a normal trabecular skeletal pattern and signs
of fluctuating activity of the sclerotic process (such as transverse bands) [6, 11].

Clinically, type 1 osteopetrosis can be relatively asymptomatic with occasional
bone pain or hearing loss. In contrast, fractures occur in up to 80% of patients with
type 2 osteopetrosis, and patients may also have cranial nerve impingement (com-
monly VII or VIII), osteomyelitis of the mandible, anemia, and extramedullary
erythropoiesis, the latter which may reduce life expectancy [11].
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Melorheostosis

Melorheostosis has a very wide range of clinical manifestations. Patients rarely are
diagnosed at birth. Children may be asymptomatic or have localized pain with scle-
rotic dermal changes and joint contractures. Disease involvement can occur in a
single bone (monostotic), a whole limb (monomelic), or multiple bones (polyos-
totic) and can lead to discrepant limb length with increased circumference and curv-
ing or angulation of affected limbs [12].

Affected joints can develop swelling and chronic pain and may be misdiagnosed
as arthritis. Skin overlying affected joints may be tense, shiny, and erythematous,
and the subcutaneous tissue can be indurated and edematous. Skin abnormalities
can appear prior to the bone changes [7].

Radiographically, bone lesions are unilateral, irregular linear areas of increased
density that follow sclerotomes and appear to be flowing down the long axes of the
tubular bones to give the appearance of “dripping candle wax.” These osteophytic
periosteal excrescences tend to progress and can cause significant muscle weakness
and atrophy as well as joint disability [6].

Osteogenesis Imperfecta

Osteogenesis imperfecta is discussed separately in Chap. 10.

Hypophosphatasia

Hypophosphatasia is discussed separately in Chap. 9.

Hypophosphatemic Rickets

Hypophosphatemic rickets is discussed separately in Chap. 4.

Multicentric Carpotarsal Osteolysis Syndrome (MCTO)

Multicentric carpotarsal osteolysis syndrome (MCTO) with or without nephropathy
is an autosomal dominant disorder, familial or sporadic, that typically arises in early
childhood with pain and swelling of peripheral joints and may be misdiagnosed as
arthritis. Joint involvement may be asymmetric, and deformities affect primarily the
wrists and feet with possible later progression to the elbows and knees [13].
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Characteristic radiographic signs include destructive lesions starting at carpal
and tarsal bones with possible extension to adjacent portions of the proximal meta-
carpals and metatarsals diaphysis. Imaging typically shows progressive erosive
destruction and distortion of bones [14, 15].

MCTO is a noninflammatory osteolytic process characterized by missense muta-
tions in the MAFB gene; the latter has been shown to be involved in negative down-
stream regulation of RANKL-mediated osteoclast differentiation [16]. Furthermore,
MAFB is expressed in the kidney and responsible for the nephropathy present in a
large proportion of patients with MCTO.

Fibrous Dysplasia

Fibrous dysplasia is discussed separately in Chap. 13.

Fibrodysplasia Ossificans Progressiva (FOP)

Fibrodysplasia ossificans progressiva (FOP) is a rare autosomal dominant disease,
with an estimated prevalence of about 1:1,000,000. Heterotopic ossifications occur
and typically proceed in a direction from axial to appendicular, dorsal to ventral,
cranial to caudal, and proximal to distal, leading to widespread rigidity and pro-
found disability. There is preferential involvement of the paraspinal, limb girdle,
and mastication ligaments and muscles. Furthermore, exostosis at ligamentous
insertions appears with progressive fusion across apophyseal joints of the cervical
spine. Ossifications are noted clinically as soft-tissue swelling that might be mis-
taken as an inflammatory process; however, biopsy for diagnostic purposes is con-
traindicated as it exacerbates the disease process [6, 17].

The pathognomonic feature of FOP is a short great first toe with a short or absent
proximal phalanx and short metatarsal. A similar process can involve the thumb but
is less common and may not be clinically prominent [7].

FOP is progressive and debilitating with at least some form of restrictive ossifi-
cation occurring in up to 80% of individuals by age 7. By young adulthood, most
patients are chair-bound, and respiratory function may be impaired [6].

Camurati-Engelmann Disease (Diaphyseal Dysplasia)

Generalized and bilateral symmetrical dysplasia of bone characterizes Camurati—
Engelmann disease. Age of onset is variable, although symptoms usually become
manifest after the second year of life. Mild forms of the disease can present in
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adulthood. There is wide variability in the clinical expression of the disease, even
within the same family of affected individuals [6].

Prepubertal muscular pain and weakness are associated with characteristic tubu-
lar-shaped legs leading to a broad-based waddling gait and difficulty running.
Patients develop failure to thrive with loss of body fat and muscle mass leading to a
thin body habitus and progressive disability. Rarely, macrocephaly and a prominent
forehead are present [11].

Skeletal imaging shows cortical bone thickening and narrowing of medullary
cavities. Sclerosis occurs in the diaphyses of long bones with endosteal and, to a
lesser extent, periosteal proliferation and sparing of the epiphyses. Osteosclerosis is
irregular and heterogeneous with variable involvement of the base of the skull.
Occasionally, there is spontaneous improvement during adolescence, while others
have progression to include cranial nerve impingement and sequelae, notably optic
atrophy and impaired hearing [5].

Approach to the Patient with Skeletal Dysplasia

Most of the skeletal dysplasias present during early development, either in utero or
during infancy or childhood. Prenatal ultrasounds can detect defects in skeletal
development, sometimes leading to recognition of specific entities or groups of dis-
orders based on pathognomonic features. During infancy and childhood, a clinical
presentation with short stature, bony deformities, or fractures should raise suspicion
of an underlying skeletal defect. The pattern and progression of prenatal and post-
natal growth and development is essential for the clinician to narrow the list of dif-
ferential diagnoses for skeletal dysplasias [18, 19].

Obtaining an accurately detailed and extensive family history pedigree (at times in
consultation with a clinical geneticist) is also essential. This includes all history of
skeletal defects and fractures as well as related disorders such as retinal or renal dis-
eases. This detailed history is not only important for diagnosis but also provides clues
as to the prognosis of the phenotypic gene expression in a particular family. Some
genetic defects can manifest differently clinically, but generally speaking, the prognosis
of an individual can be predicted from the history of affected family members [19, 20].

A thorough medical examination is a cornerstone in the appropriate evaluation of
a patient with suspected skeletal dysplasia. Body measurements should include
limb measurements to determine discrepancies and disproportions, chest measure-
ments to identify abnormal anteroposterior dimensions, and skull measurements to
detect micro- or macrocephaly. Skeletal examination aims at documenting the pres-
ence or absence of polydactyly and brachydactyly, joint hypermobility, widening of
metaphyses and growth plates, bowing of extremities, and spinal deformities such
as scoliosis or kyphosis [18, 19].Other areas important to examine include facial
features, the nasal bridge, and fingernails; the latter can be hypoplastic or absent in
such disorders as nail—patella syndrome or Ellis-van Creveld syndrome [18].
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A full skeletal survey is extremely useful in patients with suspicion of skeletal
dysplasia. Despite advances in bone imaging and micro-architectural assessment,
plain radiographs remain the foundation for skeletal evaluation of these patients.
Historically, radiographic features have been essential to identify and classify these
disorders; many well-known “identifiers” and pathognomonic features can provide
aradiographic “spot diagnosis.” It thus becomes important to visualize the complete
skeleton (i.e., skull, entire spine, pelvis, all long bones, hands and feet) to examine
all bone structures and growth plates [21].

Diagnosing the specific type of skeletal dysplasia is important from therapeutic
and prognostic standpoints. With molecular advancement, targeted treatments for a
number of these disorders are increasingly available with the potential to significantly
reduce disability and possibly improve survival. However, for many patients, treat-
ment is at best supportive or directed to symptom relief. Still, accurate identification
of the disorder and the underlying genetic defect provides insight for patient progno-
sis and life expectancy as well as genetic transmission and progeny counseling [22].

Many of these disorders remain poorly understood and have limited treatment
options. Nonetheless, experiential expertise in rare bone diseases can lead to accu-
rate and earlier diagnosis, provide both proficient and empathic patient care, and
help direct early access to available state-of-the-art therapeutic options and clinical
trials. Patient care may overlap disciplines in pediatric/adult endocrinology and
rheumatology, medical genetics, molecular biology, radiology, and one or more sur-
gical subspecialties depending on the underlying disease. For these reasons, referral
to medical centers with providers having multidiscipline expertise in bone disorders
and skeletal dysplasias is recommended for most patients in an effort to limit dis-
abilities and improve quality of life.

Case Management and Discussion

The patient described in this clinical vignette underwent genetic consultation (see
Fig. 14.2 for family pedigree) and testing that confirmed the presence of a heterozy-
gous ¢.161C>T (p.Ser54Leu) mutation in the MAFB gene consistent with MCTO
syndrome. Interestingly, this patient’s mutation has been previously reported in two
unrelated families that had MCTO without nephropathy [23, 24].

There are very limited treatment venues for patients with MCTO, particularly for
skeletal disease modification. One could postulate that increased RANK signaling
due to the missense mutations in MAFB would be reduced using RANKL monoclo-
nal antibodies (such as denosumab) and significantly limit osteoclastogenesis and
restore, to some extent, the balance in bone remodeling [16]. However, there have
been no reports to date of denosumab use in patients with MCTO.

The patient received four courses of pamidronate (45 mg infusion for 3 days
each) 3 months apart, and treatment was then switched to zoledronic acid (5 mg
infusion) of which she received two infusions 12 months apart. She noted a signifi-
cant decrease in pain following zoledronic acid infusions.
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d. 60s d. 50s
kidney dialysis lung cancer
tumor formed around his port smoker
some curling in fingers Caucasion
German
no info 44 40 37
African American scoliosis 40 healthy healthy

Acro Osteolysis
records sent to Dr. Wermers
hands curl, hyperthyroid

, vyl

16 13 10 16 13
-21- 1 noinfo  a/w alw alw a/w
Acro Osteolysis very tell, lanky
hand/wrist issues
fingertips curl

Fig. 14.2 Family pedigree with descriptive details on involved family members (index patient
identified by black arrow)

References

—

10.

11.

. Baitner AC, Maurer SG, Gruen MB, Di Cesare PE. The genetic basis of the osteochondrodys-

plasias. J Pediatr Orthop. 2000;20(5):594-605.

. Alanay Y, Rimoin DL. Osteochondrodysplasia. In: Rosen CJ, American Society for Bone and

Mineral Research, editors. Primer on the metabolic bone diseases and disorders of mineral
metabolism. 8th ed. Ames: Wiley-Blackwell; 2013. p. xxvi, 1078 p.

. Warman ML, Cormier-Daire V, Hall C, Krakow D, Lachman R, LeMerrer M, et al.

Nosology and classification of genetic skeletal disorders: 2010 revision. Am J Med Genet A.
2011;155A(5):943-68.

. Huth EJ, Murray TJ. Medicine in quotations: views of health and disease through the ages. 2nd

ed. Philadelphia: American College of Physicians; 2006. p. xvi, 581 p.

. McAlister WH, Herman TE. Osteochondrodysplasias, dysostoses, chromosomal aberrations,

mucopolysaccharidoses, and mucolipidoses. In: Resnick DLAK, Mark J, editors. Bone and
joint imaging. 3rd ed. Philadelphia: Elsevier; 2005.

. Spranger JW, Spranger JW. Bone dysplasias: an atlas of genetic disorders of skeletal develop-

ment. 3rd ed. Oxford: Oxford University Press; 2012. p. xxiii, 802 p.

. Kozlowski K, Beighton P. Gamut index of skeletal dysplasias. London: Springer; 2001.
. Sheridan BD, Gargan MF, Monsell FP. The hip in osteochondrodysplasias: general rules for

diagnosis and treatment. Hip Int. 2009;19(Suppl 6):S26-34.

. Rubin MR, Levine MA. Hypoparathyroidism and pseudohypoparathyroidism. In: Rosen

CJ, Bouillon R, Compston J, Rosen V, Bauer DC, American Society for Bone and Mineral
Research, editors. Primer on the metabolic bone diseases and disorders of mineral metabolism.
8th ed. Ames: Wiley-Blackwell: ASBMR; 2013. p. xxvi, 1078 pages.

Juppner H, Batsepe M. Pseudohypoparathyroidism. In: Rosen CJ, Bouillon R, Compston J,
Rosen V, Bauer DC, American Society for Bone and Mineral Research, editors. Primer on the
metabolic bone diseases and disorders of mineral metabolism. 8th ed. Ames: Wiley-Blackwell:
ASBMR; 2013. p. xxvi, 1078 pages.

Whyte MP. Hereditary disorders of the skeleton. In: Jameson JL, LJ DG, De Kretser DM,
Giudice L, Grossman A, Melmed S, et al., editors. Endocrinology: adult and pediatric. 7th ed:
W.B. Saunders; 2016. p. 1173—-1183.e4. https://doi.org/10.1016/B978-0-323-18907-1.00068-8.


https://doi.org/10.1016/B978-0-323-18907-1.00068-8

244 J. G. Sfeir et al.

12. Kotwal A, Clarke BL. Melorheostosis: a rare sclerosing bone dysplasia. Curr Osteoporos Rep.
2017;15(4):335-42.

13. Hardegger F, Simpson LA, Segmueller G. The syndrome of idiopathic osteolysis. Classification,
review, and case report. J Bone Joint Surg Br. 1985;67(1):88-93.

14. Castriota-Scanderbeg A, Dallapiccola B. Hands. In: Castriota-Scanderbeg A, Dallapiccola B,
SpringerLink (Online service), editors. Abnormal skeletal phenotypes from simple signs to
complex diagnoses. Berlin: Springer-Verlag Berlin Heidelberg; 2005.

15. Thomas CW, Bisset AJ, Sampson MA, Armstrong RD. Case report: multicentric carpal/tarsal
osteolysis: imaging review and 25-year follow-up. Clin Radiol. 2006;61(10):892-5.

16. Cuevas VD, Anta L, Samaniego R, Orta-Zavalza E, Vladimir de la Rosa J, Baujat G, et al.
MAFB determines human macrophage anti-inflammatory polarization: relevance for
the pathogenic mechanisms operating in multicentric carpotarsal osteolysis. J Immunol.
2017;198(5):2070-81.

17. Kaplan FS, Pignolo RJ, Shore EM. Fibrodysplasia ossificans progressiva. In: Rosen CJ,
Bouillon R, Compston J, Rosen V, Bauer DC, American Society for Bone and Mineral
Research, editors. Primer on the metabolic bone diseases and disorders of mineral metabolism.
8th ed. Ames: Wiley-Blackwell: ASBMR; 2013. p. xxvi, 1078 pages.

18. Krakow D, Rimoin DL. The skeletal dysplasias. Genet Med. 2010;12(6):327—41.

19. Unger S, Andrea S-F, Rimoin DL. A diagnostic approach to skeletal dysplasias. In: Glorieux
FH, Pettifor JM, Jiippner H, editors. Pediatric bone. 2nd ed. London: Elsevier/Academic Press;
2012. p. 1.. online resource (volume).

20. Offiah AC. Skeletal dysplasias: an overview. Endocr Dev. 2015;28:259-76.

21. Alanay Y, Lachman RS. A review of the principles of radiological assessment of skeletal dys-
plasias. J Clin Res Pediatr Endocrinol. 2011;3(4):163-78.

22. Ireland P, Johnston LM. Measures of self-care independence for children with osteochondro-
dysplasia: a clinimetric review. Phys Occup Ther Pediatr. 2012;32(1):80-96.

23. Zankl A, Duncan EL, Leo PJ, Clark GR, Glazov EA, Addor MC, et al. Multicentric carpotarsal
osteolysis is caused by mutations clustering in the amino-terminal transcriptional activation
domain of MAFB. Am J Hum Genet. 2012;90(3):494-501.

24. Temtamy SA, Ismail S, Aglan MS, Ashour AM, Hosny LA, El-Badry TH, et al. A report of
three patients with MMP?2 associated hereditary osteolysis. Genet Couns. 2012;23(2):175-84.

25. Bonafe L, Cormier-Daire V, Hall C, Lachman R, Mortier G, Mundlos S, et al. Nosology
and classification of genetic skeletal disorders: 2015 revision. Am J Med Genet A.
2015;167A(12):2869-92.



Chapter 15 )
Malignancies of the Bone

Check for
updates

Megan R. Crawford, Susan E. Williams, Leila Khan, and Angelo Licata

Abbreviations

ASCO  American Society of Clinical Oncology

BAP Bone-specific alkaline phosphatase

BMI Body mass index

Bpm Beats per minute

CT Computed tomography

CTX Carboxy-terminal telopeptide of type I collagen or C-telopeptide
dL Deciliter

DPD Deoxypyridinoline

EBCTCG Early Breast Cancer Trialists” Collaborative Group

ESR Erythrocyte sedimentation rate
FDA Food and drug administration
G Gram

GFR Glomerular filtration rate

h Hour

IGF Insulin-like growth factor

IL Interleukin

v Intravenous
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K Thousand

L Liter

Lb Pounds

mg Milligram

MGUS Monoclonal gammopathy of undetermined significance
mmHg Millimeters of mercury

mmol Millimoles

MRI Magnetic resonance imaging

Ng Nanogram

NTX Amino-terminal telopeptide of type I collagen or N-telopeptide
ONJ Osteonecrosis of the jaw

P1CP Procollagen type I intact C-terminal propeptide

PINP Procollagen type I intact N-terminal propeptide

PET Positron emission tomography

Pg Picogram

POEMS  Polyneuropathy, organomegaly, endocrinopathy, monoclonal proteins,
and skin findings

PTH Parathyroid hormone

PTHrP Parathyroid hormone-related peptide

RANKL  Receptor activator of nuclear factor kB ligand

RECIST  Response Evaluation Criteria in Solid Tumors

SPECT Single-positron emission tomography

TGF-p Tumor growth factor-f

TRACP5b Isoform 5b of the osteoclast enzyme tartrate-resistant acid phosphatase

U Unit

Case

A 70-year-old man is referred for hypercalcemia. His past medical history is perti-
nent for hypertension and hyperlipidemia, and he takes a beta-blocker and a statin,
respectively. During consultation, he reports a history of severe back pain that awak-
ens him from sleep for the past 2 weeks, with only minimal improvement with
ibuprofen. The patient denies any traumatic accidents or injuries and denies fevers
or chills. There was a confirmed weight loss of 7 1b in 2 months and decreased appe-
tite. He denies a history of nephrolithiasis or parathyroid disease and has no known
family history of calcium disorders.

On exam, the patient appears ill and weighs 157 1b BMI is 21.9 kg/m?. He has
had a 3 in. height loss since college. Heart rate is 85 bpm and blood pressure is
135/81 mmHg. Lungs are clear to auscultation bilaterally and cardiac exam is unre-
markable. The abdomen is soft and non-tender without any evidence of hepato-
splenomegaly. There is point tenderness on palpation of the spine at T6-T7. His
joints do not appear arthritic. Neurologic exam is grossly normal.
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Laboratory testing reveals the following:

247

Laboratory test

Reference range

11 months ago

Present day

Sodium 136-144 mmol/L 138 134
Potassium 3.7-5.1 mmol/L 3.6 3.8
Blood urea nitrogen 9-24 mg/dL 11 32
Serum creatinine 0.73-1.22 mg/dL 1.21 2.11
Estimated GFR >60 mL/min/1.73 m?> |59 33
Serum total protein 6-8.4 g/dL 8.2 11.0
Albumin 3.9-4.9 g/dL. 34 32
Serum calcium 8.6-10.5 mg/dL 8.7 11.1
ALT 10-54 U/L 27 38
AST 14-40 U/L 20 24
25-hydroxyvitamin D 31.0-80.0 ng/mL 19.8 20.1
White blood count 3.70-11.00 k/uL 5.12 6.51
Hemoglobin 13.0-17.0 g/dL 12.2 8.9
Hematocrit 39.0-51.0% 39 28
Platelet count 150-400 k/uLL 206 250
Intact PTH 15-65 pg/mL - 8
Erythrocyte sedimentation rate (ESR) | 0-22 mm/h - 41

X-ray of the spine subsequently showed a wedge-shaped compression fracture of
T7 vertebra as shown in Fig. 15.1. Baseline densitometry shows a T-score of —2.7 in
the vertebral spine and —2.0 in the left total hip.

Fig. 15.1 Radiograph of
thoracic spine, lateral
view, demonstrating
compression fracture of
T7 vertebra
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What are the diagnostic considerations that need to be made in this patient with
new metabolic findings and bony lesions on imaging? What treatment options
should be considered with regard to his vertebral fractures and pain symptoms?

Introduction

Skeletal malignancy may take the form of hematologic malignancy with bone
involvement, primary bone tumors, or metastatic bone lesions from extraskeletal
primary cancers. Both cortical and trabecular bone can be involved in malignancy
of bone in both a primary and metastatic fashion. Skeletal involvement from a
malignancy often leads to significant morbidity and carries a worrisome prognosis.

In the case described above, the patient has new-onset PTH-independent hyper-
calcemia, anemia, an elevated protein gap, an elevated ESR, and worsening renal
function. These lab abnormalities were discovered in the setting of painful vertebral
fractures of recent onset and associated red flags of weight loss and pain that wakes
him from sleep. This constellation of findings is characteristic for the presentation
multiple myeloma, and thus, the patient requires further oncologic workup.
Important considerations regarding malignancy of bone, including multiple
myeloma, will be discussed herein.

Discussion

Initial workup of skeletal lesions includes thorough clinical history, physical exam,
imaging, and laboratory testing. The differential diagnosis of bone pain and/or
pathologic fracture (Table 15.1) is broad, but certain lab abnormalities and skeletal
imaging characteristics enable the clinician to narrow the list. The age of the patient
may also provide clues to diagnosis, given that bone tumors often have a

Table 15.1 Differential  Trauma
diagnosis: causes of
painful fractures (list
not comprehensive)

Osteoporosis
Hyperparathyroidism

Primary bone malignancy

Hematologic or lymphoproliferative malignancies involving bone

Skeletal metastases

Osteogenesis imperfecta

Tumor-induced osteomalacia

Hypophosphatasia

Nutritional deficiencies/osteomalacia
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characteristic age-related distribution. The optimal approach to patients diagnosed
with malignancy that involves bone includes a multidisciplinary approach with a
variety of subspecialists including pathologists, radiologists, oncologists, radiation
oncologists, surgeons, physical and occupational therapists, and palliative medi-
cine. Presence of skeletal metastases may prompt a shift in focus of oncologic ther-
apy from curative to palliative approach, as there is generally a poor prognosis when
metastatic skeletal involvement is present.

Hypercalcemia in Malignancy of Bone

Hypercalcemia from osteolysis is described in cases of multiple myeloma and other
solid tumors which become locally invasive or metastatic or cause paraneoplastic
syndromes. In fact, up to 30% of patients with a malignancy may develop hypercal-
cemia at some point during their disease [1]. Hypercalcemia from neoplastic bone
resorption is often acute and severe, as in our patient’s case. Severe hypercalcemia
may lead to hypercalciuria, volume contraction, and impaired GFR. It is believed
that the mechanism of osteolysis in multiple myeloma and solid tumors stems from
the production of inflammatory cytokines (i.e., IL-11, IL-6, macrophage inflamma-
tory protein-1a) that increase expression of receptor activator of nuclear factor kB
ligand (RANKL) and its effects to increase differentiation and activity of
osteoclasts.

Myeloma cells are also often found proximally located to sites of bone resorption
suggesting that some direct cell-cell mechanisms may be involved as well in the
dysregulation of bone metabolism [2, 3]. Increased bone resorption and impaired
bone formation result in a net loss of bone via uncoupling of the normal balanced
osteoclastic and osteoblastic function [4]. Not surprisingly, bone formation markers
have been shown to be decreased in subjects with multiple myeloma [5].

Another contributor to hypercalcemia in hematologic malignancies including
lymphoma is the extrarenal production of 1,25-dihydroxyvitamin D via
a-hydroxylase produced by tumor cells. This vitamin leads to increased osteoclastic
activity, increased urinary calcium excretion, and increased intestinal absorption of
calcium [1].

Certain malignant cells, including squamous cell carcinoma and breast cancer
cells, also produce parathyroid hormone-related protein (PTHrP). Increased PTHrP
may further stimulate renal resorption and intestinal absorption of calcium by mim-
icking the actions of PTH. PTHrP may play a local role in bone resorption when
produced by neoplastic cells within metastatic bony lesions as well [6, 7]. (Please
refer to the chapter on parathyroid hormone-independent hypercalcemia for addi-
tional considerations regarding this subject). Rarely, undifferentiated tumor cells
can produce ectopic PTH, which has been described in case reports of squamous cell
lung cancer, papillary thyroid carcinoma, renal cell carcinoma, and ovarian cancer
among others [1]. Additionally, a patient with cancer may have pre-existing primary
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hyperparathyroidism that may worsen in the setting of dehydration or renal dys-
function and further aggravate the hypercalcemia in these patients.

Role of Imaging in Skeletal Malignancy

Imaging is imperative for diagnosis, surveillance, staging, and therapeutic monitor-
ing in the setting of malignancy of bone. Imaging also aids in differentiating frac-
tures of skeletal malignancy from those due to metabolic bone diseases.

All bone lesions that have features of malignancy may warrant further evaluation
with biopsy; but plain radiograph remains the initial recommended imaging modal-
ity in patients who present with skeletal-related pain symptoms. Radiograph is usu-
ally readily available, is cost-effective, and can provide information regarding bone
formation/destruction, margin of the lesion, and periosteal changes. Other forms of
imaging including computed tomography (CT) and magnetic resonance imaging
(MRI) are also used if additional anatomical detail is required. Advanced imaging
modalities including whole-body skeletal scintigraphy (bone scan), single-positron
emission computed tomography with fused CT (SPECT/CT), and positron emission
tomography with fused CT (PET/CT) are also employed in certain cases for staging,
surveillance, and posttreatment monitoring purposes.

To ascertain the degree of involvement of the medullary cavity and for presurgi-
cal planning regarding the relation of tumor to local soft tissue structures, MRI is
often done on patients with skeletal malignancies. Bone tumors in treatment-naive
patients appear isointense to muscle, have low signal intensity compared with adja-
cent bone marrow, and often enhance with gadolinium-based intravenous contrast
on T1-weighted MR images (Fig. 15.2) [8]. Normal bone cortex itself appears black
due to lack of MR-responsive protons in heavily mineralized material. Bone scan
employs technetium-labeled diphosphonates to evaluate a large anatomic area, but
it is important to note that uptake of this tracer can be seen in both benign and malig-
nant lesions; thus this imaging modality is most useful when evaluating for presence
of skeletal metastases or multifocal primary lesions in the presence of a known
malignancy [8].

PET/CT exploits the metabolically active nature of malignant cells to provide
functional imaging of neoplasms and can be used as an alternative to bone scintig-
raphy to diagnose and monitor therapeutic response in skeletal malignancies. Both
bone-specific ("®F-sodium fluoride) and tumor-specific (**F-fluorodeoxyglucose or
8FE-fluorocholine) tracers are currently available, and new gallium-labeled tracers
that bind to somatostatin receptors are currently under investigation to see if they
will have utility in bone malignancies (*Ga-DOTA-D-Phe'-Tyr*-octreotide) [9].
Though PET/CT can provide information regarding response to therapy given its
improved spatial resolution over bone scan, it is costly, and standardization between
institutions can be difficult. Also, current therapy-response protocols, such as
Response Evaluation Criteria in Solid Tumors (RECIST), rely heavily on tumor
size changes which are better ascertained via CT or MRI, than PET/CT [10].
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Fig. 15.2 T1-weighted
sagittal MR image of
lumbar spine depicting
multiple metastatic
lesions involving T12
spinous process (white
circle) and L1-L5
vertebrae demonstrating
low signal intensity
compared with bone
marrow; also shown is
compression fracture in
L2 and LS5 vertebrae as a
result of lytic lesions
(white arrows). Note the
thin black link
surrounding the
vertebral bodies which
depicts bone cortex

When evaluating positive response of a bone malignancy to chemotherapy and/or
radiation on imaging, most tumors also become more mineralized on radiograph
and CT and exhibit decreased T2 signal intensity and IV contrast enhancement
on MRI [11].

Pathologic Fractures in Malignancy of Bone

Pathological fractures lead to significant reduction in quality of life for patients due to
severe pain. Primary bone malignancies predispose to fracture when they exhibit sig-
nificant destruction of the local skeletal and alteration of local supportive structure,
thereby compromising the integrity of bone and ability to self-repair. The cytokine
cascade that has been described in multiple myeloma leads to weakening of the bone
structure from upregulated bone resorption and concomitant suppression of Wnt sig-
naling pathways for bone formation [12, 13]. Compromised bone integrity as a result
of multiple myeloma can decrease bone mineral density and cause fracture that can
mimic primary osteoporosis. Malignant bony lesions alter the ability of the bone to
withstand compression, torsion, and tensile forces that would otherwise be tolerated.
Malignant lesions of skeleton are classically described as an osteolytic or osteoblas-
tic, which result from alternative pathways of osteoblast and osteoclast dysfunction;
however malignant bone tumors often exhibit some degree of overlap of these two
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destructive processes. Predominantly osteoblastic metastases — such as those seen in
metastatic prostate cancer — involve pathologic bone formation attributed to factors
including platelet-derived growth factor, insulin-like growth factors, adrenomedullin,
and endothelin-1 [14]. Osteolytic bony metastases are more so associated with hyper-
calcemia and painful pathologic fracture via cytokine profiles described above and
unfortunately are the more common type of metastatic bone lesion.

Pathologic fractures due skeletal malignancy are often characterized by acute
onset, pain at presentation, and tenderness and swelling in the vicinity of the lesion.
Up to 67% of patients with skeletal metastases have associated pain symptoms [15].
History of malignancy led to a 33% posttest probability that new-onset low back pain
was related to malignant vertebral lesions in an emergency care setting [16]. Bony
destruction and fracture may also be associated with nerve compression depending
on the location. Spinal cord impingement resulting in symptoms of weakness or
paralysis can occur if a vertebral body metastasis exhibits epidural extension and can
occur in up to 20% of patients with spinal metastases [17].

Interventions to address pain and to prevent overt fracture where possible may
lead to better quality of life. Several definitions of impending fracture exist, with
recent criteria by Memorial Sloan Kettering as follows: (a) a painful lytic lesion of
the medullary cavity resulting in endosteal reabsorption of >50% cortical thickness;
(b) a painful lytic lesion greater than the cross-sectional diameter of the bone,
involving the cortex; (c) a painful cortical lesion that is >2.5 cm in length; or (d) a
lesion that exhibits functional pain after irradiation [18]. Treatment goals for patho-
logic fractures include pain control and optimization of function. Surgical interven-
tion (i.e., tumor excision, internal fixation, joint replacement) is often indicated in
the setting of impending or existing pathologic fracture — which can be present in
9-29% of cases with bone metastases — or threatened neurologic compromise from
a metastasis [19, 20]. Surgical intervention provides joint stabilization, improved
function, and pain control, though ultimately the type of tumor and time of survival
are likely the largest contributors to fracture healing. Kyphoplasty (insufflation of
balloon device sometimes followed by cement injection in compressed intraverte-
bral space) and vertebroplasty (injection of cement into compressed intravertebral
space alone) are percutaneous procedures shown in several studies to restore height
and decrease pain associated with vertebral compression fracture [21, 22].

Some surgical materials are able to be impregnated with chemotherapeutic
agents to control local residual metastatic skeletal disease following surgery; and
postsurgical adjuvant radiation therapy is often indicated for primary bone malig-
nancies [18]. Pathologic fractures due to multiple myeloma may have a better
chance of healing during a patient’s lifetime than a fracture due to metastatic breast
carcinoma [23]. Bone pain, fracture incidence, and hypercalcemia in patients with
multiple myeloma and some metastatic malignancies are improved with adequate
bisphosphonate therapy; however this class of medication does not promote bone
formation which is inherently impaired in these patients. The use of bisphospho-
nates in skeletal malignancy is discussed later in this chapter in further detail.

Glucocorticoids, adjuvant hormonal therapies, and gonadal ablation procedures
(i.e., oophorectomy, orchiectomy) indicated for certain malignancies may contrib-
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ute to premature bone loss in these patients, placing them at increased risk of frac-
ture. Hormonal therapies given for treatment of breast and prostate cancers,
including aromatase inhibitors, selective estrogen receptor modulators, and andro-
gen deprivation, lead to hypogonadism which in turn promotes bone resorption,
increased risk of osteoporosis, and fragility fracture [14]. Patients undergoing
cancer-related therapy who are at increased risk for bone loss and fracture should
have calcium and vitamin D status assessed and optimized as possible. Screening
bone densitometry should be done in cancer patients at the time of initiation of hor-
monal interventions and at regular intervals thereafter to allow for timely treatment
with antiresorptive therapy [14].

Primary Malignancy of Bone

In discerning the differential diagnosis for neoplastic skeletal lesions, the age of the
patient and the location of the lesion may provide important clues. For example,
knowing that Ewing’s sarcoma occurs primarily in children and adolescents, but
that osteosarcoma has peaks of incidence in both childhood and adulthood may
provide some historical clues for the diagnosis [24, 25]. Other primary bone malig-
nancies seen more commonly in adulthood include chondrosarcoma, fibrosarcoma,
and malignant fibrous histiocytoma. Imaging features often also provide consider-
able clues. Primary malignancy of bone is often characterized by a single, large soft
tissue mass with extension into surrounding tissue that has a lytic pattern of destruc-
tion, while metastases may be multiple, often are contained within the bone itself,
and demonstrate various degrees of margin definition. Ewing’s sarcoma usually
involves the shaft of long bones, while osteosarcoma primarily involves the metaph-
yseal portions of long bones. Chondrosarcomas and malignant fibrous histiocyto-
mas involve the pelvis and bones of the lower extremity (i.e., femur) most commonly.
Diagnosis and treatment of primarily bone malignancy require timely interventions
by a multidisciplinary team.

Hematologic Malignancy and Bone

On the spectrum of plasma cell dyscrasias, the diagnosis of multiple myeloma signi-
fies the presence of >10% clonal plasma cells on bone marrow biopsy and associ-
ated end-organ disease manifestations including low bone density for age, lytic
bone lesions, PTH-independent hypercalcemia, renal dysfunction, and cytopenias
(except smoldering myeloma which is primarily asymptomatic). Monoclonal gam-
mopathy of undetermined significance (MGUS) is diagnosed when <10% of clonal
plasma cells are seen on bone marrow examination and elevated serum M protein
(<3 g/dL) is present and by definition does not lead to disease-specific signs and
symptoms [26]. However, patients with MGUS are at increased risk of bone loss
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and vertebral fractures, and intermittent bone densitometry is warranted [27].
Patients with MGUS have 0.25-3% per year risk of progression to symptomatic
disease, so adequate follow-up with monitoring is currently recommended [26].

Solitary plasmacytomas are rare, comprising 5—10% of plasma cell neoplasms,
and present as a single destructive osteolytic lesion without the systemic manifesta-
tions or marrow involvement associated with multiple myeloma [28]. About half of
reported cases of solitary plasmacytomas involve vertebral bodies [29]. These
patients may not present with the typical monoclonal gammopathy features of
myeloma, though many will progress to overt myeloma without timely intervention
and occasionally progress despite appropriate therapy [30]. Another entity is osteo-
sclerotic myeloma which results from clonal plasma cell proliferation. Osteosclerotic
myeloma can be seen as a component of the paraneoplastic POEMS syndrome (poly-
neuropathy, organomegaly, endocrinopathy, monoclonal proteins, and skin findings).
Indeed, the diagnosis of POEMS syndrome requires presence of monoclonal gam-
mopathy and polyneuropathy [31]. Over 95% of patients with POEMS have bony
involvement, and lesions can appear lytic, sclerotic, or mixed on radiograph [31].

Other plasma cell dyscrasias are not often directly associated with bone-related
manifestations. Leukemia has also not been shown to have significant direct skeletal
manifestations, likely due to a different profile of cytokine/chemokine production in
these malignancies than in multiple myeloma or lymphoma. An exception to this is
plasma cell leukemia, seen in 2-5% of advanced myeloma cases, which is charac-
terized by aggressive bone marrow involvement and poor prognosis [32].

In the realm of hematopoietic malignancies that affect bone, lymphomas have
also been shown to have the capacity for bone resorption and can present with
osteolytic lesions associated with pain, palpable mass, hypercalcemia, and/or patho-
logic fracture. Both primary bone lymphomas, defined as lymphoma arising in bone
at least 4—6 months prior to extraskeletal manifestation, and secondary bony involve-
ment following diagnosis of extraskeletal lymphoma have been shown to occur
[33]. Primary bone lymphoma is a rare clinical entity, accounting for 3—7% of pri-
mary bone malignancies and <2% of lymphomas in adults [34, 35]. Primary bone
lymphoma is largely comprised of non-Hodgkin’s histopathological features, most
commonly diffuse large B cell lymphomas; however rare cases of Hodgkin’s lym-
phoma have also been described as primarily arising in bone [35-37]. Lymphoma
has also been shown to demonstrate metastatic infiltration of the bone marrow and
lead to compromised bone architecture in advanced stage disease; however lympho-
mas often demonstrate less focal destruction than sarcomas on bone [38, 39].

Metastatic Involvement of Bone

Metastases are the most common form of malignant bone tumor. Given the robust
vascular supply to bone, metastatic carcinomas often find their way to the skeletal
system via hematogenous spread. Once malignant cells arrive in the bone marrow,
they can express adhesive, angiogenic and bone-resorbing factors to promote
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their ongoing survival in the bone microenvironment [40]. Tumor growth factor-f
(TGF-p) is a bone-derived factor which has been found to be integral to the
destructive cycle of metastases within bone from breast, prostate, and lung can-
cers among others [41]. TGF-f inhibits epithelial cell growth as part of physio-
logic homeostasis; however this inhibition is lost in the case of neoplastic
infiltration in bone [42]. The bone matrix itself also houses many growth factors
including insulin-like growth factors (IGF) I and II, which have the potential to
induce further proliferation of tumor in the bony environment and contribute to
development of hypercalcemia in patients with skeletal metastases [43].

Clinically apparent bone metastases are common in the axial or proximal appen-
dicular skeleton. They are often locally destructive of bone cortices and extend into
adjacent soft tissues where new bone formation may cause sclerotic lesions on
imaging. Virtually every carcinoma has been documented as metastasizing to the
skeleton, but the most common are breast, prostate, renal cell, and pancreatic carci-
noma [44]. In addition, melanomas and extraskeletal sarcomas can exhibit skeletal
metastasis. A focused history and exam, imaging, and immunohistochemical analy-
sis of a pathology specimen may be of significant help in identifying the primary
neoplasm.

Bone metastases present unique and multifaceted challenges in the management
of patients with cancer. The presence of metastases to bone may prompt a shift from
curative treatment options to palliative management as survival is poor, with the
median survival time being around 24 months [45]. Goals of therapy include pain
control, maintenance or improvement of function, bone stabilization, and tumor
control; and the means employed to obtain these goals should be undertaken with
life expectancy in mind.

Role of Bone-Modifying Agents in Management
of Malignant Bone Lesions

Bisphosphonates inhibit osteoclastic resorption and curtail hypercalcemia of malig-
nancy. Structurally they resemble the naturally occurring inhibitor of bone metabo-
lism pyrophosphate but are not catabolized by endogenous pyrophosphatases; they
also affect cholesterol synthesis of osteoclasts, their longevity, and perhaps local
vascular activity [46]. More recently, another type of antiresorptive drug has
emerged which mediates osteoclast activity by inhibiting its regulator RANKL.
Denosumab is an injectable agent, and several trials have demonstrated that it may
be more efficacious than zoledronic acid in preventing skeletal-related events in
certain metastatic solid tumors [47—49]. Both medications are considered relatively
safe and have very few reports of associated osteonecrosis of the jaw (ONIJ), though
the risk is likely higher with use of high-dose I'V bisphosphonates.
Bisphosphonates are a key component of pain management for skeletal metasta-
ses of solid tumors alongside radiation, chemotherapy, and analgesic medications,
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but major guidelines do not currently recommend sole use of bisphosphonates for
the purpose of bone pain in malignancy. Many phase III trials have shown that intra-
venous pamidronate is able to reduce pain related to bone metastases in patients
with metastatic breast cancer and multiple myeloma [46]. In 2002, the FDA also
expanded the indications for zoledronic acid to include its use in skeletal-related
pain from multiple myeloma and metastatic breast cancer after a study demon-
strated non-inferiority to pamidronate [50]. While oral bisphosphonates appear to
reduce skeletal-related adverse events in patients with metastatic breast cancer com-
pared with placebo, a phase III trial demonstrated superiority of IV bisphosphonates
over oral ibandronate [51, 52].

The American Society of Clinical Oncology (ASCO) currently recommends use
of intravenous pamidronate or zoledronic acid every 3—4 weeks in patients with
multiple myeloma who have radiographic evidence of lytic bone destruction or
vertebral compression fracture even in the presence of osteopenia [53]. Appropriate
reduction in dose of zoledronic acid per package insert should be adhered to for
patients with renal dysfunction, though the reduction of intravenous pamidronate is
not as well-studied. It is recommended that these patients be evaluated for albumin-
uria every 3—6 months while on bisphosphonate therapy, with interruption of ther-
apy recommended in the setting of unexplained albuminuria. Treatment should
typically be given for at least 2 years, with consideration for further treatment
depending on stability/responsiveness of disease and clinical judgment [53].
Ideally, bone-targeted therapy is initiated soon after discovery of metastatic bone
involvement to avoid development of skeletal-related adverse events (i.e., patho-
logic fracture).

The American Society of Clinical Oncology (ASCO) recommends treatment
with denosumab, pamidronate, or zoledronic acid every 3—4 weeks if there is evi-
dence of bony destruction or metastasis-related bone pain from breast cancer [54].
The most recent guidelines do not recommend denosumab over bisphosphonate
therapy in this cohort; however when creatinine clearance is <30 ml/min or patient
is on dialysis, denosumab is preferred as it does not exhibit renal clearance. Renal
function should be monitored prior to each dose of bisphosphonate. Though profes-
sional societies do recommend regular monitoring of serum calcium, phosphate, and
electrolytes for patients receiving bone-modifying therapy, there is no consensus on
the optimal frequency of such monitoring. ASCO also recommends dental examina-
tion and optimal dental health prior to administration of either class of agent, and a
similar recommendation also is noted in multiple myeloma patients [54].

Controversy still exists about whether bisphosphonates have inherent antitumor
properties, and studies on this subject are lacking. Two large trials using clodronate
(currently commercially unavailable in the USA) in patients with metastatic breast
cancer showed no difference in skeletal or visceral metastasis burden after long-
term follow-up in treatment versus placebo arms [55]. The Early Breast Cancer
Trialists” Collaborative Group (EBCTCG) performed a recent meta-analysis includ-
ing over 18,000 patients to ascertain if bisphosphonate therapy had an adjuvant role
in breast cancer therapy. This study showed that bisphosphonate therapy reduced
breast cancer recurrence in bone and improved survival for postmenopausal women
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only [56]. Current guidelines do not routinely recommend use of bisphosphonates
in metastatic breast cancer without clear evidence of skeletal involvement [54].

RANKL is thought to play a role in tumor cell migration which has led to the
hypothesis that denosumab may have the potential to decrease metastatic potential
of cancer cells [57]. A recent prospective, randomized controlled phase III trial in
postmenopausal breast cancer patients receiving aromatase inhibitors demonstrated
improved disease-free survival in patients receiving denosumab versus placebo at a
median follow-up of 4 years, which was deemed similar to the disease-free survival
for bisphosphonates in similar cohorts [58]. Further, high-quality studies are needed
to evaluate the use of bone-directed drugs as adjuvant therapies for preventing skel-
etal metastasis in patients with extraskeletal malignancy.

Role of Bone Turnover Markers in Skeletal Malignancy

Various urine and serum measures of bone turnover are now commercially available
and may provide insight into treatment efficacy with antiresorptive therapy [59-61].
Bone formation markers include osteocalcin, bone-specific alkaline phosphatase
(BAP), and peptide cleavage products from the amino (PINP)- and carboxy (PICP)-
terminal ends of procollagen 1 [62]. Bone resorption markers that are commonly
used include deoxypyridinoline (DPD), isoform 5b of the osteoclast enzyme tar-
trate-resistant acid phosphatase (TRACP5b), amino-terminal telopeptide of type I
collagen or N-telopeptide (NTX), and carboxy-terminal telopeptide of type I colla-
gen or C-telopeptide (CTX).

Prospective studies regarding the use of bone turnover markers to quantify skel-
etal tumor burden prior to antiresorptive therapy, detection of early bony metastases
that are not visible on imaging, or progression of metastatic bone disease are scant.
However, the use of bone turnover markers for early detection, prognosis, and moni-
toring is increasingly an area of study. Several studies have demonstrated increased
bone resorption markers in the presence of metastatic disease to bone, and perhaps
even a correlation with degree of tumor burden, primarily for urinary marker NTX
[62-64]. A recent review of the literature also notes that NTX may be the most
accurate single marker for determining extent of bone involvement in malignancy
and most closely correlates with antiresorptive therapy response and clinical out-
comes in patients with skeletal malignancy [52]. One prospective study evaluating
50 postmenopausal women with early stage luminal-type invasive ductal carcinoma
of the breast showed that the combination of BAP + PINP + TRACP5b predicted the
development of bone metastases with 82% accuracy over the course of 50-month
follow-up [65].

The use of bone turnover markers in patients with known bone metastases on
bisphosphonate therapy has been evaluated in several studies, however, and suggests
these markers may have implications for prognosis in certain patient populations.
A recent retrospective analysis of phase III trials comparing IV zoledronic acid to
denosumab in over 5000 patients with metastatic bone involvement of a solid pri-
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mary tumor showed that urine NTX and serum BAP levels elevated above median
levels for the cohort after 3 months of antiresorptive therapy were associated with
decreased overall survival and increased risk of disease progression compared with
individuals who exhibited values less than the median for either assay [66]. There
are no current standard recommendations for the use of bone turnover markers in
the diagnosis or prognosis of metastatic bony lesions; imaging studies remain the
preferred diagnostic tools. Future research may carve out a role for bone turnover
markers as diagnostic or prognostic markers; however, their routine clinical use for
such purposes is not recommended at present.
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