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Common Clinical Problems

e Multiple vertebral crush fractures can occur in association with pregnancy, especially with lactation; pharmacotherapy has an
uncertain benefit in these cases.

e Physiological hypercalciuria during pregnancy will mask the diagnosis of familial hypocalciuric hypercalcemia (FHH), while
physiological hypocalciuria during lactation can mask the diagnosis of primary hyperparathyroidism.

e Mild primary hyperparathyroidism can cause a sudden hypercalcemic crisis in the third trimester or puerperium, as well as fetal
parathyroid suppression that leads to prolonged neonatal hypocalcemia.

e Hypercalcemia can also occur during pregnancy due to excess calcitriol (from 24-hydroxylase deficiency) or excess para-
thyroid hormone-related protein (PTHrP) arising from the breasts, placenta, or both.

e Hypoparathyroidism can improve during pregnancy (requiring less supplemental calcium or calcitriol), but in some instances
the condition can worsen (requiring increased doses of supplements).

e Lactation improves or normalizes mineral homeostasis in hypoparathyroidism, such that severe hypercalcemia can ensue if
supplemental calcium and calcitriol are not reduced or stopped.

21.1 INTRODUCTION

As discussed in Chapter 5, specific adaptations are invoked to meet the increased mineral requirements of the developing
fetus and neonate. Increased intestinal absorption of calcium and phosphorus is the main adaptation during pregnancy,
while increased skeletal resorption of minerals predominates during lactation. In turn, these adaptations can influence
the presentation, diagnosis, and management of disorders of bone and mineral metabolism that may predate pregnancy
or onset for the first time during a reproductive cycle.

For more detailed citation of more than 1000 papers of primary animal and human data relevant to this subject, the
reader is referred to a recent comprehensive review.' We have updated the results of this review with a systematic search
conducted in PubMed and Medline current to April 2018. Due to restrictions on the length of the reference list, only selected
recent papers will be cited herein.

21.2 DISORDERS OF BONE AND MINERAL METABOLISM DURING PREGNANCY

21.2.1 Osteoporosis in Pregnancy

The first description of osteoporosis occurring in association with pregnancy is often attributed to Albright and Reifenstein
in 1948, although low bone mineral density (BMD) and vertebral fractures have been recognized in Egyptian mummies
and other archaeological remains of women who were 16-30 years of age at the time of their deaths several millennia ago.’
Fragility fractures rarely occur during pregnancy, but they are somewhat more common during lactation, as described in
Section 21.3. Although fragility fractures may occur at any skeletal site, two presentations have generally been reported in
association with pregnancy: vertebral compression fractures and transient osteoporosis of the hip.*
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21.2.1.1 Vertebral and Appendicular Fractures in Pregnancy

Fragility fractures during pregnancy are rare, but among them, vertebral compression fractures have been described most
often. The condition may be underrecognized and underreported, given how often back pain is reported with pregnancy. In
general, case reports and series have emphasized women who presented with a cascade of multiple compression frac-
tures.”” However, one recent retrospective study spanning 17 years suggested that ankle and other lower limb fractures
(67%) may be more common during pregnancy, usually occurring with falls, whereas vertebral fractures occur without
much trauma.’

Pregnancy-related fractures typically occur in women not previously known to have any abnormality of bone or mineral
metabolism."”* Consequently, a BMD reading prior to pregnancy is usually unavailable. Investigations typically reveal
normal serum chemistries and bone-relevant hormones. However, BMD is usually low at diagnosis and shows spontaneous
improvement afterward, thereby implicating that transient bone loss occurred during pregnancy. Of the small number of
bone biopsies that have been reported, the methodology was not detailed, publication preceded the standardized histomor-
phometry nomenclature for reporting,” the timing since delivery varied, some had no tetracycline label uptake, and a few
reported findings consistent with mild osteoporosis.'’'?

Fractures may occur because skeletal fragility preceded pregnancy or significant bone loss occurred during pregnancy.
Table 21.1 lists the conditions that have been reported among women with pregnancy- or lactation-associated osteoporosis.

Insufficient calcium absorption can cause substantially increased skeletal resorption in order to meet the fetal and
maternal requirements for calcium. Poor dietary calcium intake, lactose intolerance, vitamin D deficiency, celiac disease,
and other malabsorptive disorders can all lead to the same outcome. For example, a woman’s habitual intake of only 229 mg
of calcium was likely a substantial factor resulting in high skeletal resorption, especially during the third trimester, to meet
her own calcium needs and those of her baby, and thus leading to the cascade of vertebral compression fractures experi-
enced during pregnancy.”

Parathyroid hormone-related protein (PTHrP) concentrations rise progressively in the maternal circulation during preg-
nancy. In some women, the release of PTHrP has been excessive, leading to high circulating levels, hypercalcemia, and
even fractures (a condition called pseudohyperparathyroidism; see Section 21.2.6). While this is a relatively extreme sit-
uation, it is conceivable that less marked elevations in PTHrP may also occur, thereby inducing bone loss without causing
symptomatic hypercalcemia.

The available data come largely from individual case reports, and mostly from small retrospective case, or case control,
series.*” Fractures typically occur in a first pregnancy, during the third trimester or the first few months in the postpartum
period; are not necessarily associated with higher parity; and have a low risk of recurrence with future pregnancies.*'* "’
For example, in a retrospective series of 52 patients with pregnancy-associated osteoporotic fractures, only 2 saw recur-
rence of a fracture during a second pregnancy.’ The low risk of recurrence may imply that treatable factors (such as nutri-
tional deficiencies) were corrected after the first pregnancy.

21.2.1.2 Transient Osteoporosis of the Hip

Transient osteoporosis of the hip is a rare condition causing skeletal fragility localized to one or both hips.*'® It may be a
form of chronic regional pain syndrome 1 or reflex sympathetic dystrophy. Risk factors include pregnancy, alcohol, nic-
otine, corticosteroid, abnormal vascularity, drugs, inflammation, metabolic derangement, mechanical injury, neurologic
deficit, and osteogenesis imperfecta.”'® Although the condition is more common in men, in women, it often onsets during
the third trimester or puerperium with unilateral hip pain, limping, or a hip fracture; it may be bilateral at presentation or
become so later. The femoral head and neck are osteopenic and radiolucent, while the hip BMD is usually quite low and out
of keeping with the lumbar spine measurement. Magnetic resonance imaging (MRI) studies have revealed an edematous
femoral head and neck. Prophylactic arthroplasties have been carried out in some cases. In women who were not operated
on and did not fracture, the MRI and BMD abnormalities typically resolved within 3—12 months, accompanied by
20%—40% increases in femoral neck BMD. The question of whether these changes in BMD represent real changes in
mineralization or artifacts resulting from changes in the marrow remains uncertain.

Several theories have been advanced to explain why pregnancy might increase the risk, including femoral venous stasis
caused by pressure from the pregnant uterus, reduced activity or bed rest, and fetal pressure on the obturator nerve. It is not
associated with systemic skeletal resorption, and thereby it appears to be distinct from the form of osteoporosis described
previously, which leads to vertebral compression fractures. It may appear in any pregnancy and can recur in the opposite hip
in a subsequent pregnancy. A few reported cases have involved women who had both vertebral compression fractures and
transient osteoporosis of the hip, and thus the two conditions may share some pathophysiology or risk factors.'® >
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TABLE 21.1 Conditions contributing to pregnancy- and lactation-related osteoporosis
Hormonal and endocrine disorders
Excess PTHrP-mediated bone resorption during pregnancy
Excess PTHrP- and low-estradiol-mediated resorption during lactation
Primary hyperparathyroidism
Hyperthyroidism
Cushing’s syndrome
Chronic oligoamenorrhea
Hypothalamic amenorrhea
Pituitary disorders leading to sex steroid deficiency
Premature ovarian failure
Prolonged lactation
Diabetes (type 1 and 2)
Hypophosphatemic rickets
Nutritional
Low dietary calcium intake
Dairy avoidance
Lactose intolerance
Low vitamin D intake/vitamin D deficiency
Anorexia nervosa
Mechanical
Petite frame
Low body weight
Low peak bone mass
Excess exercise
Increased weight-bearing of pregnancy
Lordotic posture of pregnancy
Bed rest
Carrying child
Prolonged lactation with insufficient skeletal recovery afterward
Pharmacological
GnRH analog treatment
Depo-Provera
Glucocorticoids
Calcineurin inhibitors
Proton pump inhibitors
Certain antiseizure medications (phenytoin, carbamazepine)
Cancer chemotherapy
Alcohol
High-dose thyroxine

Continued
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TABLE 21.1 Conditions contributing to pregnancy- and lactation-related
osteoporosis—cont'd

Cyclosporine
Heparin (long term)
Highly active antiretroviral therapy
Antidepressants (particularly selective serotonin reuptake inhibitors)
Excess vitamin A intake
Thiazolidinediones
Gastrointestinal
Celiac disease
Crohn’s disease
Cystic fibrosis
Other malabsorptive disorders
Renal
Hypercalciuria/renal calcium leak
Chronic renal insufficiency
Renal tubular acidosis
Primary disorders of bone quality
Osteogenesis imperfecta
Osteopetrosis and other sclerosing bone disorders
LRP5-inactivating mutations
Hypophosphatasia
Hematologic disorders
Thalassemia
Sickle cell disease
Leukemia
Connective tissue disorders
Ehlers-Danlos syndrome
Marfan syndrome
Rheumatological disorders
Rheumatoid arthritis
Systemic lupus erythematosus
Mastocytosis
Other nonspecified genetic disorders
Family history of osteoporosis or skeletal fragility
Idiopathic osteoporosis
Other
Hereditary hemochromatosis
Gaucher’s disease

Malignancy: breast cancer



Disorders of Mineral and Bone Metabolism During Pregnancy and Lactation Chapter | 21 333

21.2.1.3 Investigations and Overall Management Considerations

Table 21.2 lists suggested investigations for women who present with low trauma fractures during pregnancy (or lactation),
while Table 21.3 lists additional suggested investigations for women who present with multiple vertebral compression
fractures.” "

Because fragility fractures occur rarely during or after pregnancy, there are no randomized trials of management
approaches. Sound clinical judgment must be used to balance the potential benefit and risks of treatments, which are delin-
eated in Table 21.4. With both vertebral compression fractures and transient osteoporosis of the hip, spontaneous recovery
of bone mass and strength typically occurs (even when there were fractures), so watchful waiting may be the first approach.
Pharmacological therapy in the postpartum period and surgical intervention should be reserved for more severe or recal-
citrant cases, such as those who experience multiple vertebral fractures or persistent disabling pain or who do not achieve a
satisfactory spontaneous increase in BMD. The evidence regarding the safety and efficacy of drugs used during pregnancy
is quite limited and mostly based on experience from case reports and series.*

21.2.1.4 Nonpharmacological Treatment

Calcium and vitamin D intake should be optimized for all women. For calcium, this is a total intake of 1200 mg/day ele-
mental calcium from all sources, whereas for vitamin D, it is whatever intake is required to achieve a 25-hydroxyvitamin D
(250HD) level of at least >50—75 nmol/L (see the discussion of vitamin D replacement guidelines during pregnancy later in
Section 21.2.7.4).>* Reasonable weight-bearing physical activity should be encouraged, nutritional deficiencies should be
corrected, and reversible causes of bone loss or fragility discovered during the workup should be treated wherever possible.
Women who experienced compression fractures should avoid lifting heavy objects or other activities that may precipitate a
fracture. A supportive corset may be helpful for short-term pain relief. Breastfeeding for the first few weeks postpartum
may be allowed in order to optimize neonatal immunity through the transfer of maternal immunoglobulins. However, this
must be balanced against the progressive loss in BMD and transient increase in fracture risk that may occur with prolonged
breastfeeding, as explained in Chapter 5.

21.2.1.5 Pharmacological Therapy

It is tempting to prescribe antiosteoporosis medications immediately for women who fractured during pregnancy, but this
enthusiasm should be tempered by the realization that BMD normally increases during the subsequent 6—-12 months in
women who fractured, without any interventions. Indeed, BMD by dual X-ray absorptiometry (DXA) or quantitative com-
puted tomography (qCT) was shown to increase spontaneously by means of 20%-70% in such cases.'”'”*?° Fur-
thermore, the common antiresorptive treatments lead to a secondary reduction in osteoblast activity, which raises the
concern that such treatments could impair spontaneous skeletal recovery. Therefore, it would be prudent to delay the
use of pharmacological therapy for 12—-18 months until the extent of spontaneous recovery has been assessed.

Pharmacological therapy has been used in many women who presented with clinical fractures associated with preg-
nancy. This includes nasal calcitonin, bisphosphonates, denosumab, strontium ranelate, and teriparatide (see Refs. 1
and 4 for an extensive list of studies). The doses were typically the same as those for postmenopausal osteoporosis.
Treatment duration varied between 6 months and 23 years, and can extend to as much as 10 years.'*7~% *° Breastfeeding
was usually stopped during treatment, while subsequent pregnancies occurred as early as 3 months after pharmacological
therapy ended. All these reports are observational and lacked controls to determine whether the BMD changes exceeded the
substantial (20%—70%) increments that would have been observed with spontaneous recovery. These agents are generally
not indicated for premenopausal women, so any use is off-label.*”** In postmenopausal women, there are concerns about
potential long-term skeletal and nonskeletal adverse effects of bisphosphonates, denosumab, and strontium ranelate.” Cal-
citonin is available now only in injectable form for short-term use. Given the safety concerns, clinicians should carefully
consider whether a young woman should be committed to long-term treatment and what the end point might be.

Additional concerns are that bisphosphonates cross the placenta and theoretically could interfere with fetal endo-
chondral bone development. However, in a review of 78 patients in whom bisphosphonates were used during pregnancy,
no obvious problems were reported in most cases, with the possible exception of transient hypocalcemia in the infant with
bisphosphonate use during lactation.”> The number of pregnancies involving bisphosphonate use is too small to be
completely reassured about its safety. Denosumab should be avoided because it crosses the placenta and caused an
osteopetrotic-like disorder in cynomolgus monkeys and mice.’®*’ Teriparatide and abaloparatide are limited to 24 months
of lifetime exposure, and their use might be best reserved for older people, when fracture risk can be expected to be
substantially higher.
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TABLE 21.2 Suggested initial investigations
Anthropometric

Height by stadiometer

Weight

Body mass index (BMI)

Comparison to best recalled height or prior documented height
Radiological

Areal BMD by DXA (preferred use of z-scores)

Plain radiographs of thoracic and lumbar spine to assess for compression fractures

Radiographs of both hips (when presenting with hip pain or fracture)

MRI of affected hips (when presenting with hip pain or fracture)
Dietary assessment for nutritional deficiencies

Calcium intake

Vitamin D intake

Other nutritional deficiencies
Hematological

Complete blood count

Erythrocyte sedimentation rate (ESR)

Serum protein electrophoresis/myeloma screen
Biochemical

Electrolytes

Epidermal growth factor receptor (EGFR)

lonized calcium or albumin-corrected serum calcium

Serum phosphate

Serum magnesium

Alkaline phosphatase

25-Hydroxyvitamin D

TTG and antiendomesial antibodies
Hormonal

PTH

PTHIP

Thyroid-stimulating hormone (TSH)

Luteinizing hormone (LH), follicle-stimulating hormone (FSH), estradiol
(off hormonal contraceptives)

Prolactin
Urine

24-h urine calcium, creatinine, and sodium?

“Note that 24-h urine calcium may be high (hypercalciuric) during pregnancy and low (hypocalciuric)
during lactation; see Chapter 5.
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TABLE 21.3 Additional secondary investigations in severe cases
Radiological
Skeletal survey for evidence of sclerosing bone disorders
Radionuclide bone scan for evidence of myeloma or other pathology
Biochemical
Bone formation markers®—e.g., bone-specific alkaline phosphatase, P1NP, or osteocalcin
Bone resorption markers®—e.g., C-telopeptide (CTX), N-telopeptide (NTX), or deoxypyridinoline/creatinine
Ferritin or serum iron measurements
Tryptase, IgE levels
Glucocerebrosidase
Hormonal
Calcitriol
24-h urine-free cortisol
Late-night salivary cortisol
Other
Bone biopsy at hip fracture site
Tetracycline-labeled, transiliac bone biopsy

Genetic referral when family history of early or severe fragility present (low BMD and/or vertebral fracture, and/or multiple fractures) in the
absence of secondary causes, constitutional leanness, and late puberty

Gastroenterology referral for small bowel biopsy in those who have abdominal symptoms but negative celiac antibodies

“Note that there are confounding considerations if these are measured during pregnancy or lactation; see Chapter 5.

21.2.1.6 Surgical Therapy

Vertebroplasty and kyphoplasty introduce cement into a crushed vertebral body to treat painful vertebral fractures during
the postpartum period. The overall efficacy of these methods is uncertain, given that blind, randomized trials have found no
superiority over sham surgery or medical approaches in older subjects.”® *** Another concern is that the cement may
increase mechanical strain on adjacent vertebrae, thereby predisposing to more crush fractures.

For transient osteoporosis of the hip, the main consideration is whether to rod the affected femur or femurs prophylac-
tically or only to observe, expecting spontaneous recovery without fracture.

21.2.2 Primary Hyperparathyroidism
21.2.2.1 Incidence and Epidemiology

Hypercalcemia, which presumably and in large part represents primary hyperparathyroidism, has been found in 0.03% of
routinely screened, reproductive age women, but how often it is present during pregnancy is uncertain.' There are at least
several hundred cases in English-language medical journals, while the first author’s advice has been sought for several
cases each year by clinicians across North America. Two case series found that approximately 1% of all parathyroidec-
tomies were done during pregnancy,””*’ so the condition may not be as rare as previously thought. Similar to nonpregnant
cases, single adenomas are the most common pathology, followed by four-gland hyperplasia.

The dilutional fall in serum albumin and calcium that occur during normal pregnancy (see Chapter 5) may mask hyper-
calcemia, delay the diagnosis, and contribute to it being underrecognized. The albumin-corrected calcium or ionized
calcium should be used, combined with a nonsuppressed parathyroid hormone (PTH) level, to diagnose primary hyperpara-
thyroidism during pregnancy.'*'**
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TABLE 21.4 Suggested treatment strategy
For all women
Optimize calcium and vitamin D intake
Early mobilization; avoid bed rest
Encourage weight-bearing and muscle-strengthening physical activity
Consider shortening the duration of lactation (with pregnancy fractures) or weaning the baby (with lactation fractures)
Avoid lifting heavy objects
Avoid high-risk activities that include flexion, twisting, sudden loads, or risk of falls
Supportive corset (temporary) for vertebral fracture pain
Cane or crutches for transient osteoporosis of the hip without fracture
Assess spontaneous recovery of vertebral BMD at 12—18 months and reassess
Assess spontaneous recovery of hip edema (MRI) and BMD (DXA) at 12—18 months
For severe cases (Recurrent fractures, disabling pain, insufficient spontaneous regain of vertebral BMD)
Analgesia
Paracetamol/Acetaminophen
NSAID
Opioids
Antineuropathic drugs
Bone-specific therapy”
Estrogen replacement for oligoamenorrheic women
Bisphosphonate (e.g., alendronate, risedronate, zoledronic acid)
Denosumab
Teriparatide
Parenteral calcitonin—only short-term use for vertebral fracture pain relief, if at all
Surgical treatment’
Kyphoplasty
Vertebroplasty
Spinal fusion
For transient osteoporosis of the hip
Analgesia
Paracetamol/acetaminophen
Nonsteroidal antiinflammatory drug (NSAID)
Opioids
Surgical treatment’
Hip replacement/arthroplasty for fracture

Consider prophylactic arthroplasty or rodding for opposite hip if radiological features indicate low BMD with increased water content

“Drugs or surgical intervention should be considered only in severe refractory cases that do not improve with conservative measures because the safety and
efficacy of these approaches is not well established in these conditions.
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On the other hand, pregnancy can also worsen primary hyperparathyroidism because the physiological changes of preg-
nancy have their own effects to increase intestinal calcium absorption, hypercalciuria, and bone resorption. Indeed, primary
hyperparathyroidism during pregnancy is perceived to confer higher risks of severe hypercalcemia, pancreatitis, and kidney
stones. On balance, the transfer of calcium across the placenta and into the developing fetus should protect somewhat
against severe maternal hypercalcemia by creating an outflow for excess calcium. This likely explains why sudden hyper-
calcemic crises have occurred after delivery. Physical inactivity and bed rest during late pregnancy and the puerperium will
also increase skeletal resorption, which in turn aggravates hypercalcemia.

Maternal hypercalcemia has been shown in animal models to increase the flow of calcium across the placenta and sup-
press the fetal parathyroids. Fetal hypercalcemia in turn causes increased renal water excretion and polyhydramnios.

21.2.2.2 Clinical Presentation

Maternal hypercalcemia causes nonspecific, constitutional symptoms (e.g., nausea, constipation, fatigue, weakness, and
mental symptoms), which are difficult to distinguish from those of normal pregnancy. More severe hypercalcemia has been
associated with hyperemesis, weight loss, seizures, and preeclampsia. Additional maternal signs may include nephrocal-
cinosis, nephrolithiasis, urinary tract infection, acute pancreatitis, bone loss, and fractures. It can rarely present as brown
tumors of the jaw.** The serum calcium may be somewhat reduced initially due to the dilutional fall in serum albumin, but
the calcium may rise higher under the influence of the pregnancy-related increase in intestinal calcium absorption. A hyper-
calcemic crisis can occur during the third trimester or puerperium.

Risks to the fetus and neonate include miscarriage, stillbirth, intrauterine growth retardation, premature birth, transient
hypocalcemia, and rarely permanent hypoparathyroidism. These are discussed in Chapter 44.

21.2.2.3 Approach and Management

There have been four international consensus conferences on the management of primary hyperparathyroidism, but none
have addressed pregnancy.**

Localizing an adenoma preoperatively is difficult because radioisotope-based parathyroid scans must be avoided, ultra-
sound has limited sensitivity, 10%—20% of cases may involve hyperplasia of all four glands, and ectopic parathyroids occur.

Traditionally, parathyroidectomy has been done during the second trimester to avoid fetal and neonatal morbidity and
mortality, as well as maternal hypercalcemic crisis during the third trimester or postpartum period. Due to the rarity of this
condition, there are no randomized trials comparing medical vs surgical approaches. In a 1991 review of 109 cases, neonatal
deaths and morbidity were lower in surgically treated mothers than medically treated mothers, but the analysis was con-
founded by the undeclared circumstances that led clinicians to choose a particular modality in each case.*” If surgery is to be
performed, the second trimester is preferred for the lower risks of anesthetic or surgical complications, precipitated
delivery, and neonatal death, although other reports have defended the apparent safety of intervening during the third
trimester.

Modern cases of primary hyperparathyroidism are, for the most part, milder than the older cases in the literature. This
has led to the impression that the adverse effects of primary hyperparathyroidism may be lower for the mother and baby, and
that surgery may be safely delayed until postpartum. Analysis of a database registry found 1057 reproductive-age women
with primary hyperparathyroidism (60% had been pregnant before the diagnosis, while 15% had been pregnant after it) who
were compared to 3171 age-matched women. The rate of cesarean sections was doubled in women with primary hyper-
parathyroidism, there was no difference in the incidence of spontaneous abortions, and no data were available on other
pregnancy outcomes or neonatal complications.*” In another study, 134 pregnancies in 74 women with primary hyperpara-
thyroidism were compared to 431 pregnancies in 175 normocalcemic women."' There were no differences in the rates of
spontaneous abortions or pregnancy-related complications; however, neonatal complications were not reported.*'

Other recent cases appear to confirm lower rates of stillbirth, neonatal death, and neonatal tetany than shown in older
research. Yet fetal death still occurred in 30 out of 62 medically managed cases (maternal serum calcium correlated with the
risk), but in none of 15 cases that were operated on during the second trimester.*® Mild primary hyperparathyroidism in the
mother can still result in a third-trimester hypercalcemic crisis, neonatal hypocalcemia, and even permanent neonatal hypo-
parathyroidism." The variability of outcomes is probably related to other maternal and fetal risk factors for adverse obstet-
rical outcomes, as emphasized by a twin pregnancy in which one neonate had hypocalcemic seizures while the other
remained normocalcemic.”’

Medical management includes the first-line approach of hydration and correction of electrolyte abnormalities. Pharma-
cotherapy has not been systematically studied in pregnancy, but available medications have been used in individual case
reports, with the same doses as those administered in nonpregnant women. Calcitonin is a Category B medication for
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pregnancy because it does not cross the placenta, and it has been used safely (4-8IU/kg every 12h) to suppress bone
resorption and promote urine calcium excretion in pregnant women. Oral phosphate is Category C, with modest efficacy
to bind calcium, but its use is limited by diarrhea, hypokalemia, and the potential risk of ectopic calcifications. Furosemide
is a Category C medication that promotes renal calcium excretion. As mentioned previously, bisphosphonates (also Cat-
egory C) cross the placenta, but no overt adverse skeletal effects have been seen; there may be an increased risk of neonatal
hypocalcemia. Denosumab should be avoided because its transplacental passage has led to an osteopetrotic-like disorder in
monkeys and mice.”*’

Cinacalcet is Category C, but it has been used during pregnancy in several cases, in doses ranging from 30 to 360 mg/
day." It suppresses PTH synthesis and release and stimulates calcitonin through its actions on the calcium receptor in the
parathyroids and C-cells, respectively. The calcium receptor is also expressed in placenta, fetal parathyroids, and C-cells,
which raises the concern that the drug may suppress the fetal parathyroids, stimulate fetal calcitonin, and alter placental
calcium transfer. High-dose magnesium can be useful because it binds to the calcium receptor and lowers PTH and calcium.
Heparin-free hemodialysis has been used to lower serum calcium before surgery.*®

The relative benefits and risks of each option are uncertain, given that the data come from case reports and follow-up on
the children has been very brief. Given that these women are young, genetic disorders that cause hypercalcemia should be
ruled out through selective mutation analysis.

21.2.2.4 Conclusion: Surgical vs Medical Management?

Overall, maternal and fetal complications appear less likely to occur with the milder forms of primary hyperparathyroidism
that are encountered in the modern era; however, risks are not completely absent.' Surgery is still preferred; ideally, it
should be carried out during the second trimester if medical management fails or symptoms worsen. There is some con-
sensus that a serum calcium level that persists at >2.80 mmol/L (11.1 mg/dL), or an ionized calcium >1.4 mmol/L (5.6 mg/
dL), are indications for surgery.*”” A bilateral approach is often warranted because of the lack of preoperative imaging to
localize the adenoma. If medical observation is undertaken for seemingly mild hypercalcemia, the clinician must beware of
the potential for a hypercalcemic crisis to occur during the third trimester, and even more abruptly after delivery. Newborns
must be watched for neonatal hypocalcemia that may have an immediate or delayed presentation.

21.2.3 Familial Hypocalciuric Hypercalcemia

Autosomal-dominant, inactivating mutations of the calcium receptor gene (CASR) account for the majority of cases of
FHH. It is characterized by hypercalcemia, hypocalciuria [with a calcium/creatinine (Ca/Cr) clearance ratio of <0.01],
and nonsuppressed PTH.”" It is asymptomatic, probably because its origin in utero’” results in full adaptation of the brain
and other tissues to hypercalcemia, while the hypocalciuria protects against nephrocalcinosis and stones.

A pregnant woman with known FHH will have persistent hypercalcemia with nonsuppressed PTH; the serum calcium
may rise even higher during the second and third trimesters. Importantly, the normal diagnostic criteria of FHH cannot be
used because the pregnancy-related increase in intestinal calcium absorption results in absorptive hypercalciuria and a Ca/
Cr clearance of well over 0.01.”°* Consequently, FHH presenting during pregnancy can be easily mistaken for primary
hyperparathyroidism.

FHH does not pose any maternal risks; however, the fetal parathyroids can become suppressed by even mild maternal
hypercalcemia. Consequently, women have been diagnosed with FHH in the puerperium after their newborns presented
with neonatal hypocalcemia or seizures. With the mother having FHH, neonates are also at increased risk not only for
inheriting FHH, but also for developing neonatal severe hypercalcemia (see Chapter 44).

21.2.3.1 Clinical Management

The key approach to FHH is to consider the diagnosis whenever a woman presents with hypercalcemia during pregnancy,
and also to be wary that fractional urine calcium excretion will not be suppressed. A genetic test may be needed to confirm
the diagnosis. Above all else, FHH must not be mistaken for primary hyperparathyroidism. Surgery is never indicated for
FHH; moreover, a seemingly normal serum calcium level will be experienced as symptomatic hypocalcemia by someone
with FHH. Unfortunately, at least one woman with FHH underwent a three-and-a-half-gland parathyroidectomy during the
second trimester when she presented with marked hypercalcemia and hypercalciuria in pregnancy. FHH was only con-
sidered and recognized after maternal hypercalcemia persisted and her neonate developed hypercalcemia.”® When pregnant
women were recognized to have FHH, the serum calcium was not treated; however, close monitoring of the neonate for
hypocalcemia is recommended.
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21.2.4 Hypoparathyroidism

Studies in genetic and surgical animal models of hypoparathyroidism have shown that maternal hypocalcemia is haz-
ardous for the fetus, with increased likelihood of the development of secondary hyperparathyroidism, skeletal demin-
eralization, and fragility fractures occurring in utero or during and after delivery.' These adverse outcomes do not occur
if the mother is normocalcemic or has mild hypocalcemia. Moreover, these models also have shown that maternal hypo-
calcemia can spontaneously improve during pregnancy, whereas it worsens in other models.' A physiological increase in
calcitriol synthesis and intestinal calcium absorption still occur during pregnancy without PTH, but with varying
effectiveness. '

The same divergent outcomes have been documented in women in whom hypoparathyroidism was known to be present
prior to pregnancy. But longstanding hypoparathyroidism can also be asymptomatic, and some affected women have not
been diagnosed until their newborns presented with severe secondary hyperparathyroidism, hypercalcemia, increased bone
resorption, and fractures. As in the animal models, maternal hypocalcemia can have serious effects on the fetus and neonate
(see Chapter 44).

Multiple published cases have shown that hypoparathyroidism can improve during pregnancy, as seen by fewer hypo-
calcemic symptoms and reduced need for supplemental calcium or treatment with calcitriol, 1a-cholecalciferol, or vitamin
D.' In a well-documented case, calcitriol was stopped and the woman required only 1.2 g of calcium intake daily during the
third trimester.”” In a group of 10 cases of hypoparathyroidism, serum calcium declined due to the pregnancy-related fall in
serum albumin, but the ionized calcium remained normal during pregnancy, with no need for calcitriol.”® The author is
aware of other unpublished cases in which hypoparathyroidism improved during pregnancy, and the dose of calcitriol
was significantly decreased or stopped. When hypoparathyroidism improves during pregnancy, that may imply that upre-
gulation of calcitriol synthesis, intestinal calcium absorption, or both have occurred without PTH, but they may possibly be
due to PTHrP, consistent with what has been seen in rodent models." However, in 1 case where maternal symptoms were
subjectively improved but serum calcium measurements were not taken, the fetus had secondary hyperparathyroidism,
which suggests that maternal hypocalcemia must have been present.”’

Other reports have documented no change in serum calcium during pregnancy while on stable replacement doses of
calcium and calcitriol/vitamin D; however, in some of these cases, serum calcium even increased in the last week or
two before delivery.' In all these cases, serum calcium was not adjusted for the declining serum albumin, so the lack
of a drop in unadjusted serum calcium during pregnancy may imply that ionized calcium had increased. Two reports
on hypoparathyroid women found that ionized calcium did not change during pregnancy,sx‘sg but in one case, the ionized
calcium abruptly fell during labor, perhaps due to hyperventilation-induced alkalosis.’

However, other reports have found significant worsening of calcium metabolism during pregnancy. The evidence for
this includes a decline in serum calcium, hypocalcemic symptoms that may increase, and increases in the prescribed doses
of supplemental calcium and vitamin D, 1a-cholecalciferol, or calcitriol.! In most cases, calcitriol levels were not done or
cannot be interpreted because of concurrent treatment with calcitriol or 1a-cholecalciferol (endogenous and exogenous
calcitriol are indistinguishable).

However, in some of the reports in which hypoparathyroidism appeared to worsen during pregnancy, the normal dilu-
tional decrease in serum calcium during pregnancy appears to have prompted an increase in the prescribed doses of calcium,
vitamin D, or calcitriol." In other words, the artifactual decline in total serum calcium, which is physiologically irrelevant,
was misinterpreted to mean that an intervention was required. For example, in 1 case, the serum albumin had fallen from 4.2
to 2.0 g/dL, and the resulting change in serum calcium prompted increases in the doses of calcium and calcitriol.®” But when
the data in that report are reviewed, it is clear that the albumin-corrected serum calcium rose from 9.5 mg/dL (normal) in
early pregnancy to 10.2mg/dL (also normal) by 2 weeks before delivery; it had not decreased. Similarly, treatment of the
albumin-related drop in unadjusted serum calcium resulted in women becoming hypercalcemic,®’° which confers fetal
risks, as described earlier. In another case, an increase in urine calcium excretion was misinterpreted as worsening hypo-
parathyroidism when it represented the consequence of the pregnancy-related physiological increase in intestinal calcium
absorption.® In yet another case, hypoparathyroidism did objectively worsen during pregnancy, but it was in a woman who
took high-dose prednisone and azathioprine for a kidney transplant;®* the high-dose prednisone would have reduced intes-
tinal calcium absorption and likely played a role in what occurred during that pregnancy.

In summary, the available evidence indicates that many hypoparathyroid women have improvements in calcium metab-
olism during pregnancy, whereas some have objective evidence of worsening. In still other cases, the artifactual fall in total
serum calcium or the physiological increase in urine calcium excretion was misinterpreted as evidence of worsening of
hypoparathyroidism. A recent study of 10 cases by one group of investigators similarly found that some pregnant hypo-
parathyroid women improved, while others worsened.®
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Why does hypoparathyroidism improve during pregnancy in some women and yet appear to worsen in others? It may be
due to variability in the adaptive responses to pregnancy or in the achieved concentrations of hormones that stimulate intes-
tinal calcium absorption or calcitriol synthesis. For example, high estradiol concentrations occur in pregnancy and have
somewhat opposing effects of suppressing bone turnover and stimulating Cyp27bl activity to synthesize calcitriol. If
the greatest effect is on stimulating Cyp27b1, that may lead to overall improvements in pregnancy, as opposed to a potential
worsening in women in whom the suppression of bone turnover may be more dominant. There also may be variations in
how much PTHrP is released from the breasts and placenta, or in the increases in other pregnancy hormones (placental
lactogen, oxytocin, etc.) that are thought to contribute to maternal mineral homeostasis during pregnancy. Calcium intake
is critical, with Institute of Medicine guidelines suggesting a daily requirement of 1200 mg of calcium during pregnancy.”*
Yet in half of the reports in which hypoparathyroidism appeared to worsen during pregnancy, either no supplemental
calcium or at most 300 mg/day was consumed, and the dietary intake of calcium was not determined.' Lack of adequate
calcium intake in the first half of pregnancy will prevent the net positive calcium balance that is normally achieved, and it
also may increase the likelihood of inadequate calcium delivery to the fetus in the third trimester.

21.2.4.1 Clinical Management

The available animal and human data, summarized previously, indicate two polar opposite extremes can occur when hypo-
parathyroid women become pregnant: there may be substantial improvement (normalization of serum calcium and phos-
phorus with reduced need for supplemental calcium and calcitriol) or worsening (more marked hypocalcemia requiring
significant increases in supplemental calcium and calcitriol). There also will be women who exhibit no significant changes
during pregnancy. These differences reflect such factors as variability in the adaptive response to increase intestinal
calcium absorption during pregnancy despite the absence of PTH, as well as in the baseline calcium intake.

The ionized calcium or albumin-corrected calcium must be followed every 2—4 weeks during pregnancy, while changes
in the unadjusted serum calcium should not be acted on. The prescribed doses of calcium and calcitriol (or other vitamin D
analogs) need to be adjusted according to each individual’s response to pregnancy. The doses will need to decrease in some
women, others will require progressive increases, and still others may require no changes. PTH analogs are generally too
expensive to use for physiological replacement and have not been formally studied during pregnancy, but a continuous
infusion of teriparatide normalized calcium homeostasis during 1 pregnancy.®®

In nonpregnant adults treated with calcium and calcitriol, the goal is to maintain the albumin-adjusted calcium or
ionized calcium at or just below the lower end of normal. This minimizes hypocalcemic symptoms, while protecting
the kidneys from an increased filtered load of calcium. However, during the 9 months of pregnancy, the ionized or
albumin-corrected calcium should be preferably maintained within the normal range, in order to minimize the risk of fetal
and neonatal complications from maternal hypocalcemia. Hypercalcemia also must be avoided because of the adverse
effects that it has on fetal development. Thiazides are commonly used in the management of hypoparathyroidism, but they
should be discontinued during pregnancy, as they are Category C medications.

21.2.5 Pseudohypoparathyroidism

Resistance to the actions of PTH is termed pseudohypoparathyroidism. This condition results not from absence of the PTH
receptor, but from postreceptor defects in Gs-o that create end-organ resistance. Affected individuals have hypocalcemia,
hyperphosphatemia, blunted phosphaturic response to PTH, and increased circulating concentrations of PTH. There are two
main subtypes: Type I has blunted PTH-induced phosphaturia and renal production of cyclic adenosine monophosphate
(cAMP), while Type II has just blunting of PTH-induced phosphaturia. They are managed similarly to hypoparathyroidism,
with calcium, vitamin D, and calcitriol (or other analogs).

Type I pseudohypoparathyroidism improved during four pregnancies in women who maintained 1g/day of supple-
mental calcium intake. Hypocalcemic symptoms lessened, normocalcemia was achieved, PTH levels lowered to near
normal, endogenous calcitriol increased threefold to fourfold, urinary excretion of calcium normalized, and supplemental
vitamin D, calcitriol, or analogs were no longer required.’’ Hypocalcemia and the need for supplemental calcium and cal-
citriol recurred within 3 weeks after delivery (none of the women breastfed). These reports are consistent with PTH-
independent increases in intestinal calcium absorption and calcitriol synthesis occurring during pregnancy. In contrast,
seven other pregnancies in women with Types I and II pseudohypoparathyroidism (described in detail in Ref. 1) resulted
in subjective worsening of hypocalcemia-like symptoms or the need to increase the prescribed doses of calcium, calcitriol,
or la-cholecalciferol.'
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Overall, the clinical experience with pseudohypoparathyroidism appears to be similar to that of hypoparathyroidism,
ranging from improvement to worsening, as described in Section 21.2.5. PTH-independent upregulation of calcitriol syn-
thesis and intestinal calcium absorption could explain improved mineral metabolism in women with pseudohypoparathyr-
oidism during pregnancy. Indeed, there is evidence of this from several pregnancies. Serum calcitriol doubled during the
second and third trimesters in 2 women in whom supplemental calcitriol was discontinued. Another woman had increases in
endogenous serum calcitriol during the first two trimesters, accompanied by stable serum calcium, but then serum calcitriol
declined to the prepregnancy value in the third trimester, accompanied by reemergence of hypocalcemia. These changes in
serum calcitriol among these women may indicate that a sustained increase in endogenous serum calcitriol during the third
trimester predicts whether pseudohypoparathyroidism remains improved by pregnancy.

Placental production of calcitriol has previously been touted as a possible explanation for improvements in pseudohy-
poparathyroidism during pregnancy, but this is unlikely because the placenta contributes little calcitriol to the maternal
circulation." Analysis of placentas from 4 pseudohypoparathyroid women also confirmed that calcitriol production was
no different than in placentas from normal women.

As noted in Chapter 5, as well as in Section 21.2.4, evidence from animal models indicates that independent of PTH,
other hormones of pregnancy may stimulate intestinal calcium absorption and the activity of Cyp27bl to produce calcitriol.
These considerations also apply to pseudohypoparathyroidism. It is also possible that hormonal changes during pregnancy
(such as 100-fold higher estradiol) could improve postreceptor PTH signaling.

The intake of calcium is an important consideration. In four pregnancies in which pseudohypoparathyroidism objec-
tively improved, the women took 1g daily of supplemental calcium throughout.®” In contrast, in pregnancies where pseu-
dohypoparathyroidism appears to worsen, either no supplemental calcium was consumed, or at most 250—-500 mg/day." In
none of these pregnancies was dietary intake of calcium assessed.

An intake of 1200 mg/day of calcium, combined with the doubling of efficiency of intestinal calcium absorption that
occurs during normal pregnancy, should be more than sufficient to meet the combined needs of mother and fetus during a
normal pregnancy. But if calcium intake is below this amount, then secondary hyperparathyroidism will be invoked to
provide additional mineral from the mother’s skeleton. Consequently, pseudohypoparathyroidism can be expected to
worsen during pregnancy if oral calcium intake is insufficient.

21.2.5.1 Clinical Management

As is the case with hypoparathyroidism, women with pseudohypoparathyroidism can have polar opposite outcomes during
pregnancy: an improved or worsened condition, as well as unchanged. Furthermore, the dilutional drop in total serum
calcium that occurs during normal pregnancy—and which is physiologically unimportant—can be mistaken for evidence
of clinical worsening.

Dietary calcium intake should be formally assessed and adjusted with supplements as needed to provide a total intake of
1200mg/day. If dietary intake cannot be assessed, then a 1-g supplement may reasonably be prescribed to meet the com-
bined maternal and fetal requirements. Variability in the responses of women with pseudohypoparathyroidism to the
demands of pregnancy may be due to relative contributions of pregnancy-related hormones to regulating maternal mineral
homeostasis, genetic or ethnic differences that influence these pregnancy-related adaptations, and the phenotypes of Type 1
or 2 pseudohypoparathyroidism. The progressive rise of PTHrP in the maternal circulation may have effects on maternal
mineral metabolism, but this should not increase renal Cyp27bl activity in women with pseudohypoparathyroidism
because of the absence of Gs-o activity in the proximal tubules.

The goal of management should be to monitor and maintain normal ionized or albumin-corrected serum calcium in
pregnant women with pseudohypoparathyroidism, thereby minimizing the risk of fetal and neonatal complications from
maternal hypocalcemia or hypercalcemia. As with hypoparathyroidism, this means expectant management with adjust-
ments to oral calcium and calcitriol doses as required during pregnancy. It should be anticipated that some women will
require decreases in their doses to avoid hypercalcemia, while others will need increases to avoid hypocalcemia.

21.2.6 Pseudohyperparathyroidism

The breasts and placenta are sources of PTHrP in the maternal circulation during pregnancy.' It appears as if this increase in
PTHIP results from autonomous production, or at least through mechanisms that are not responsive to maternal serum
calcium. The production of PTHrP by the breasts during pregnancy may correlate with the amount of mammary tissue.

Pseudohyperparathyroidism is the condition of PTHrP-mediated hypercalcemia that occurs for physiological reasons,
as opposed to hypercalcemia of malignancy, in which PTHrP is overproduced due to production by a tumor.
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The development of this condition during pregnancy confirms that production of PTHrP by the breasts and placenta can
alter the regulation of maternal mineral homeostasis. While this section discusses the onset of hypercalcemia as a result of
PTHrP production during pregnancys, it is likely that the systemic release of PTHrP during normal pregnancy plays a role in
maternal calcium and bone metabolism.

Hypercalcemia has developed as a consequence of very high circulating concentrations of PTHrP that have arisen from
the breasts or placenta. The culprit is evident after reviewing the clinical course: hypercalcemia and PTHrP production
persist after delivery, when the breasts are the source of PTHrP, whereas the serum calcium and PTHrP concentration
plummet within a few hours when the placenta is the source.'

The breasts have been implicated in several cases of PTHrP-mediated hypercalcemia, including women with massive
mammary hyperplasia (pregnant or nonpregnant), as well as in pregnant women with normal-sized breasts.' In several cases
of hypercalcemia during pregnancy, serum PTH was undetectable, PTHrP circulated at a high concentration or its
expression was markedly increased in breast tissue, and the hypercalcemia resolved only after weaning, bilateral mas-
tectomy, or use of a dopamine agonist (bromocriptine or cabergoline). When PTHrP-mediated hypercalcemia persists after
delivery, it confirms that breasts are the source of PTHrP because placental PTHrP should disappear from the circulation
within minutes of the afterbirth. In a woman with marked hypercalcemia and an elevated PTHrP of 34.9 pmol/L during
pregnancy, and who did not breastfeed, the hypercalcemia resolved slowly, while the elevated circulating PTHrP concen-
tration persisted for 3 months.®® This was evidently due to sustained production of PTHrP in the breasts, despite refraining
from breastfeeding.

Release of PTHrP from the breasts occurs physiologically during lactation and partially or completely normalizes
mineral homeostasis in women with hypoparathyroidism; this was discussed in Section 21.2.4. Pseudohyperparathyroidism
also occurs from overproduction of PTHrP by the placenta. A clear-cut case involved a woman with normal-sized breasts
who had severe hypercalcemia (21 mg/dL or 5.25 mmol/L), undetectable PTH, and a serum PTHrP of 21 pmol/L in the third
trimester.”” So, 6h after an urgent cesarean section, she was profoundly hypocalcemic, with undetectable PTHrP and ele-
vated PTH. The rapid reversal toward low PTHrP, high PTH, and hypocalcemia can be explained only by the abrupt loss of
placental-derived PTHrP.

21.2.6.1 Clinical Management

It will be difficult to be certain of the source of excess PTHrP until after delivery. When the placenta is the cause, the
hypercalcemia should self-correct within hours after delivery, whereas overproduction of PTHrP by the breasts is more
likely to lead to hypercalcemia that persists and may worsen after delivery due to loss of the placental efflux of calcium
and the onset of lactation. Prior to delivery, hypercalcemia may be addressed with fluid resuscitation and correction of
electrolyte abnormalities, and the measures discussed previously with respect to primary hyperparathyroidism (loop
diuretic, calcitonin, and bisphosphonate; denosumab should be avoided due to a transplacental passage). A more specific
treatment that addresses the cause is bromocriptine or cabergoline, which can be expected to suppress both placental and
mammary production of PTHrP.” A reduction mammoplasty is also a consideration if it is clear that the breasts are the
cause, such as in massive mammary hyperplasia.

21.2.7 Vitamin D Deficiency, Genetic Vitamin D Resistance, and 24-Hydroxylase Deficiency

21.2.7.1 Animal Data: Vitamin D Deficiency and Genetic Vitamin D Resistance

Calcitriol’s role in reproductive physiology has been examined through several approaches, including studying severely
vitamin D-deficient rats, Cyp27b1-null mice that cannot make calcitriol, and Vdr-null mice that lack the receptor for calci-
triol." In all these instances, females conceive less frequently and bear fewer pups per litter. However, fertility is unaffected
in Cyp27b1-null (Hannover) pigs, which bear only singletons or twins. In the rodent examples, both the reduced fertility and
smaller litter sizes are fully treated by providing a high-calcium diet that is also enriched in lactose to enhance calcium
absorption.l Therefore, it is not lack of calcitriol, but calcium itself, that causes these fertility problems.

Studies have also been carried out in severely vitamin D-deficient rats, Cyp27b1-null pigs, Cyp27bI-null mice, and Vdr-
null mice, to determine if loss of calcitriol or its receptor causes any disruption of normal pregnancy.'”’" In each study,
occasional sudden deaths, presumably from hypocalcemia, occurred during late pregnancy in response to anesthesia or
exposure to colder temperatures. This may indicate that rapid transfer of calcium across the placenta, which is at its highest
rate during late pregnancy, can overwhelm maternal regulation of the ionized calcium. But as noted in Chapter 44, the
fetuses of each of these models exhibit normal mineral homeostasis and skeletal development. This includes that Vdr-null
fetuses and their WT littermates, and Cyp27bI-null fetuses and their WT littermates, which were indistinguishable from
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each other when born of their respective heterozygous-deleted mothers. However, all offspring of Vdr-null females were
proportionately smaller than offspring of their WT and Vdr™~ sisters, a difference that was not seen between fetuses born of
vitamin D-deficient and replete rats, or born of Cyp27bI-null vs WT mice.”* The smaller sizes of offspring of Vdr-null
mothers may indicate that maternal expression of VDR affects offspring growth, independent of the fetal genotypes
and calcitriol.

Pregnancy in severely vitamin D-deficient rats, Vdr-null mice, and Cyp27bI-null mice results in increases in maternal
serum calcium and phosphorus, suppression of secondary hyperparathyroidism, increased mineralization of osteoid, and
significant gains in skeletal mineral content."’' These improvements result from a calcitriol-independent increase in intes-
tinal calcium absorption that has been confirmed in severely vitamin D-deficient rats and Vdr-null mice, and inferred to be
present in Cyp27bI-null mice.”' In these studies, it was the onset of pregnancy that invoked improvements in intestinal
calcium absorption and mineral homeostasis, without requiring vitamin D, calcitriol, and VDR. What factors regulate
the increase in intestinal calcium absorption during pregnancy in the absence of calcitriol remain unknown.' The apical
calcium channels (Trpv6, Trpv5), the Ca2+-ATPase, and the sodium-calcium exchanger Ncx1, are upregulated within
the enterocytes of normal mice during pregnancy,’ whereas in Vdr-null mice, a further upregulation of Trpv6 and PTHrP
has been seen compared to normal pregnant, related controls.”*”*

Vitamin D/calcitriol has been proposed to play diverse, nonskeletal roles during pregnancy, but these have not been
extensively examined in these animal studies. Pregnant vitamin D-deficient mice had higher systolic and diastolic blood
pressure and upregulation of renal expression of renin and angiotensin II receptor messenger ribonucleic acid (mRNA)
compared to pregnant vitamin D-sufficient mice.”” These data are consistent with the possibility that vitamin D deficiency
could increase the risk of pregnancy-induced hypertension.

21.2.7.2 Animal Data: 24-Hydroxylase Deficiency

Mice with 24-hydroxylase deficiency are fertile. During the last 5 days of gestation, they develop a marked elevation in
calcitriol, severe hypercalcemia, and hypercalciuria.”®

21.2.7.3 Human Data: Vitamin D Deficiency and Genetic Vitamin D Resistance

Calcitriol-dependent active absorption of calcium represents about 20% of net calcium absorption, and this route of
delivery is especially important when dietary intake of calcium is low. The remaining 80% of calcium is absorbed through
passive, nonsaturable mechanisms, which are also stimulated in part by calcitriol. Because pregnancy represents a time of
increased need for calcium delivery and many women do not meet the recommended daily intake for calcium, calcitriol’s
role in regulating intestinal calcium absorption should become critical during pregnancy. But the animal models described
previously have displayed normal pregnancies and fetal development, which suggests that calcitriol is not required.

Therefore, is there any clinical evidence that vitamin D deficiency, or genetic disorders causing loss of calcitriol or
VDR, will affect maternal mineral metabolism and obstetrical or fetal outcomes?

No clinical study has measured intestinal calcium absorption during pregnancy in vitamin D-deficient compared to
vitamin D-sufficient women, or in women with genetic disorders of vitamin D physiology. Consequently, it remains unknown
whether a doubling of intestinal calcium absorption occurs during pregnancy when calcitriol or its receptor is absent.

Definitive evidence of calcitriol’s role in human pregnancy (and fetal/neonatal development) would come from large,
randomized, blind clinical trials that enrolled vitamin D-deficient women and randomized them to supplementation or
placebo. Such studies would control for confounding, including any factors that led to the women being vitamin D deficient.
However, no such large studies have been carried out for ethical and logistical considerations.

Instead, numerous small to modestly sized clinical trials of vitamin D supplementation have been done.' Only a few of
these compared truly vitamin D-deficient to -sufficient women, while more recent larger studies have compared varying
degrees of vitamin D sufficiency without having a group with clear-cut vitamin D deficiency.

The fetal and neonatal outcomes of these studies are described in Chapter 44, as well as in a comprehensive review
article.”” In brief, no changes in cord blood calcium, phosphorus, PTH, birth weight, or anthropometric measurements were
observed when babies of vitamin D-supplemented mothers were compared to babies of placebo-treated mothers. However,
the incidence of neonatal hypocalcemia after 48 h was reduced by vitamin D supplementation in several studies when the
babies of placebo-treated mothers had cord blood 250OHD below 20nmol/L.”” This is consistent with the postnatal role that
calcitriol has in the regulation of intestinal calcium absorption.

Due to considerations of space and limits on the reference list, all of the abovementioned studies cannot be described in
detail. Instead, a recent comprehensive review can be consulted for more details and a review of many studies.’ We will not
discuss associational studies, as they are confounded by factors that predict a lower 250HD level and the outcome analyzed,
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including race/ethnicity, maternal overweight/obesity, lower socioeconomic status, poor nutrition, and others. For example,
maternal overweight/obesity is well established to confer substantial risks of preterm delivery, cesarean sections, low birth
weight, preeclampsia/pregnancy-induced hypertension, vaginal infections, and other adverse obstetrical outcomes.’” Fur-
thermore, associations do not prove causation; instead, they should suggest the need for large randomized controlled trials
(RCTs) that compare vitamin D-deficient and -sufficient mothers to test the outcome of interest.

This chapter will focus on obstetrical outcomes from a few RCTs that included over 100 participants per study who were
vitamin D deficient at entry, and some recent studies that gained press attention over the last few years but which did not
include many vitamin D-deficient subjects (see Table 21.5). Fetal and neonatal outcomes from these studies are addressed
in more detail in Chapter 44.

There were two trials each in Bangladesh, the United States, and the United Kingdom, and one each in New Zealand,
Iran, and the United Arab Emirates.”® ®° The largest studies were in Bangladesh and the United Kingdom, with over 1000
participants.®*® Baseline maternal 250HD levels were lowest (20-29nmol/L) in the trials from Bangladesh, the United
Kingdom, Iran, and UAE, and they were in the 40—-60 nmol/L range in the others. The interventions consisted of placebo or
low-dose (4001U/day) or high-dose vitamin D (1000-50001U/day equivalent), which were started between the end of the
first trimester and the mid-second trimester, and maintained until delivery. For almost all trials, the primary outcomes were
simply maternal and neonatal-cord blood 250HD and calcium (Table 21.5).

The most recent, and largest, study from Bangladesh administered prenatal vitamin D, and in one of the treatment arms,
it was continued for 26 weeks postpartum, and prespecified infants’ length for age z-scores at 1 year of age as the primary
outcome.® In the remaining studies, offspring anthropometric parameters, bone mineral content (BMC), or both were pre-
specified in a limited number of studies.****%

In all these studies, the administration of vitamin D increased maternal serum and cord blood 250HD, while there was
no overall effect on cord blood calcium. Maternal serum 250HD reached a mean between 60 and 165 nmol/L at delivery,
depending on the baseline level and the dose administered (Table 21.5). The largest difference achieved in a single study
was 16 nmol/L (6.4ng/mL) in the placebo-treated and 168 nmol/L (67 ng/mL) in vitamin D-supplemented mothers at term;
however, there was no obstetrical benefit.”® There was a benefit in reducing the incidence of neonatal hypocalcemia, which
is discussed in Chapter 44.

In the recent study from Bangladesh, there was no significant difference in infant length, or any other clinical or anthro-
pometric neonatal or maternal outcome, between treatment arms.“° In one US-based study, there was no benefit to mode of
delivery, gestational age at delivery, and preterm birth,”” while in the other, there was no benefit in terms of mode of
delivery, cesarean section rates, adverse events, hypertension, infection, gestational diabetes, stillbirth, gestational age
at delivery, or combinations of these outcomes. !

The UK MAVIDOS trial reported no obstetrical benefit, and no benefit to any of the neonatal primary (neonatal bone
area, BMC, and BMD within the first 10-14 days after birth) and secondary outcomes (anthropometric and body compo-
sition parameters within 48 h of birth). However, it was well publicized for a demonstrated increase in BMC and BMD in
winter-born neonates of vitamin D-supplemented vs placebo-treated mothers."* Due to the normal rapid (100 mg/day) accu-
mulation of skeletal mineral content after birth, this result may reflect improved intestinal mineral delivery over 14 days
after birth, rather than a prenatal effect on skeletal mineralization. Curiously, autumn-born neonates of vitamin
D-supplemented vs placebo-treated mothers showed an adverse trend of similar magnitude on BMC and BMD, which
suggests possible harm from vitamin D supplementation. These results were based on significant findings from subgroup
analyses of treatment by season interaction, which were not specified outcomes in the trial registries ISRCTN 82927713
and EUDRACT 2007-001716-23). In the UK study that consisted mostly of vitamin D-deficient, subjects from India, there
was a trend for a lower proportion of neonates being born small for gestational age (SGA) to mothers in the vitamin
D-supplemented group (15% vs 28%, 0.05 <P <0.1), but the study was not powered for this outcome, which was also
not prespecified.”® In the studies from the UAE and Iran, there was also no benefit to obstetrical outcomes (variably, mode
of delivery, cesarean section rates, adverse events, stillbirths, gestational age at delivery) or neonatal anthropometric
measurements and bone mass measurements,”’*>5*

The lack of any beneficial effect on maternal, immediate fetal/neonatal, and neonatal outcomes (anthropometrics and
cord blood calcium), even in studies that included mothers with some of the lowest 250HD levels,”***%% may suggest
that vitamin D supplementation during pregnancy confers no benefit to neonates. In contrast to almost all previous trials that
were not sufficiently powered for obstetrical or neonatal outcomes, the most recent one was well powered to demonstrate a
beneficial effect on infant length, but it still did not yield any significant results, despite low vitamin D levels in the mothers
at the start of the study.*

Hollis and Wagner subsequently carried out multiple posthoc analyses of their two trials, including analyses in which
selective data from both studies were pooled and analyses were done by achieved 25OHD level.””*” *° They reported



TABLE 21.5 Summary of large RCTs of vitamin D supplementation during pregnancy

Gestational ~ Baseline maternal
N age (weeks) 250HD (nmol/L)
Author Age (years) at entry Mean=SD or median
Journal Mean £SD Mean £SD (range) Prespecified outcomes as
Year or median or median reported in paper and trial
Country (range) Study design (range) 250HD assay type register Results
Brooke et al. C Double-blind trial 28 20.1£1.9 Paper Maternal daily weight
BMJ N=67 Outcomes: gain (g)
1980 23.7+£3.1 Intervention: Competitive protein- ® Maternal and infant calcium Mean=£SD:
United C: No intervention binding homoeostasis and fetal growth ~ C: 46.4+3.6
Kingdom / I: Calciferol: 10001U/day I:63.3£2.6
N=59 (P<0.001)
23.9+4.8 Inclusion criteria:
e Pregnant Asian women Trial register not available Ma{emal 250HD at
® 28-32 weeks’ gestation ey o)
Mean +SD:
. L C:16.2+27
Exclusion criteria: 1682125
® Preterm deliveries
® Congenital malformations Neonatal 250HD at
® Maternal illnesses likely to delivery (nmol/L)
affect fetal growth (such as Mean £SD:
diabetes) C:10.242
1:137.94+£10.8
Ethnicity: Asian (70% Indian) Maternal calcium at
delivery (mmol/L)
Mean +SD:
C: 2.51£0.01
I: 2.584+0.02
(P<0.001)

Maternal alkaline
phosphatase at delivery
(o)

Mean £+ SD:
C:136.1£7.9
1:114.3£6.5

Infant plasma calcium at
day 6 (mmol/l)
Mean+SD:
C:2.29+0.02
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TABLE 21.5 Summary of large RCTs of vitamin D supplementation during pregnancy —cont’d

Author
Journal
Year
Country

Hollis et al.
JBMR

2011

United States

N

Age (years)
Mean +SD
or median
(range)

C
N=111
27.0£5.6

11
N=122
27.4%£5.7

12
N=117
26.6+5.4

Study design

Single-center, randomized,
controlled, double-blind study

Intervention:

C: 4001U vitamin D3/day
17: 20001U vitamin D3/day
12: 40001U vitamin D3/day

Inclusion criteria:

® Age >16 years

® Confirmed singleton pregnancy
® <16 completed weeks’ ges-

tation at the time of consent

Gestational
age (weeks)
at entry
Mean+SD
or median
(range)

c
12.5£1.9

11
126 £ 1.6

12
12.4+£2.0

Baseline maternal
250HD (nmol/L)
Mean £ SD or median

(range)

250HD assay type

C
61.6+27.1

11
58.3+£22.3

12
58.2+21.8

Direct ultraviolet
detection preceded by
organic extraction and
high-performance liquid
chromatography

Prespecified outcomes as
reported in paper and trial
register

Paper
Primary outcomes:

e Maternal 250HD? at delivery
® Neonatal 250HD at delivery

Secondary outcomes:

® 250HD concentration of
80nmol/L or greater achieved

® 250HD concentration required
to achieve maximal
1,250H,D5 production

Results

I: 2.494+0.04

(P<0.05)

Five infants developed
symptomatic
hypocalcemia in the
control group and none in
the treatment group

Neonatal fontanelle area
measurement (cm?):
Mean £SD:

C:6.1+0.7

I:4.1+0.4

(P<0.05)

Infants small for
gestational age (%):

C: 28.6%

1:15.3%, 0.05 < P<0.1

Maternal 250HD

1 month before delivery
(nmol/L)

Mean £SD:
C:79.4+34.3

17: 105.4+£35.7

12: 118.54+34.9
(P<0.0001)

Maternal 250HD at
delivery (nmol/L)
Mean+ SD:
C:78.9+36

17: 98+ 34

12: 111 +£40
(P<0.0001)
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Roth et al.
Nutrition
Journal
2013
Bangladesh

c
N=80
22.4+3.4

/
N=80
22.4+£3.5

Exclusion criteria:

® Preexisting calcium or para-
thyroid conditions

® Chronic diuretic or cardiac
medication therapy, including
calcium channel blockers

® Active thyroid disease (e.g.,
Grave’s disease, Hashimoto's
thyroiditis, or thyroiditis)

Ethnicity: African American (28%—
33%), Hispanic (44%—48%),
Caucasian (37%—40%)

Double-blind, placebo-controlled, C

randomized trial 27.94+1.0
Intervention: /
C: No intervention 27.6+1.1

I: 35,0001U vitamin D3/week

Register/NCT00292591
Primary outcome measures:

250HD Concentration [Time
frame: 7 months]. Circulating
total 250HD concentration
measured in serum at visit 7,
1 month prior to delivery
BMD of both mother and infant
1.5 years”

Paper
Primary outcomes:

250HD in mother” and infant
at delivery (primary bio-
chemical efficacy outcome)

RR for achieving a
250HD >80 nmol/L
within 1 month of
delivery

RR (95% Cl):

RR=1.52 (95% CI 1.24—
1.86) between /7 and /2
RR=1.60 (95% CI 1.32—
1.95) between C and /2

Maternal PTH 1 month
prior to delivery (pmol/L)
Mean +SD:

C:22+1.3

11:2.1+1.1

12:1.9+1.1

PTH not significantly
different by treatment
groups; significance was
obtained when PTH was
stratified by race

Maternal circulating
250HD required to
achieve maximal
1,250H,D3 production
during pregnancy
(nmol/L):

At least 100
(P<0.0001)

No effect on any
obstetrical outcome:

® Preterm birth
® Mode of delivery
® Gestational age

Maternal 250HD at
delivery (nmol/L)
Mean £SD:
C:38.4+18.1

1: 134.4+30.7
(P<0.001)

Continued
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TABLE 21.5 Summary of large RCTs of vitamin D supplementation during pregnancy—cont’d

Author
Journal
Year
Country

N

Age (years)
Mean +SD
or median
(range)

Study design

Inclusion criteria:

Age 18 to <35 years
GA 26-30 weeks

Exclusion criteria:

D  supplement 4001U/day
within the month prior to
enrolment

Refusal to stop supplemental
vitamin D after enrollment
Current use of anticonvulsant or
antimycobacterial drugs
Severe anemia (hemoglobin
<70g/L)

Systolic blood pressure
>140mmHg or diastolic blood
pressure >90 mmHg
Proteinuria or glycosuria
Complicated ~ medical  or
obstetric history

History of delivery of an infant
with a major congenital
anomaly

Birth asphyxia

Perinatal death

Ethnicity: Not described

Baseline maternal
250HD (nmol/L)
Mean £ SD or median

(range)

250HD assay type

Chemiluminescent
microparticle immune
assay

Prespecified outcomes as
reported in paper and trial
register

Maternal serum calcium

concentration at delivery (primary

safety measure)

Register/NCT01126528

Primary outcome measures:

Serum 250HD concentration
[Time frame: Maternal: during
third trimester; Neonatal (cord
blood)]. Biomarker of vitamin
D status

Secondary outcome measures:

Serum calcium concentration
[Time frame: Maternal: third tri-
mester; cord blood]

Urine Ca:Cr ratio [Time frame:
Maternal: third trimester]
Neonatal immune function
[Time frame: cord blood].
Selected markers of innate and
adaptive immunity

Infant growth [Time frame: Post-
natal observational follow-up
phase]. Infant growth param-
eters during postnatal follow-
up, up to 12 months of age
Infant and maternal postnatal
vitamin D status [Time frame:
Postnatal observational follow-
up phase]

Neonatal serum calcium [Time
frame: First week postnatal].

Results

Neonatal 250HD (nmol/L)
Mean £ SD:
C:39.0+£18.7
1:102.8+28.6

(P<0.001)

Maternal serum calcium at
delivery (mmol/L)

Mean £ SD:

C:2.31£0.11
1:2.324+0.10

Maternal albumin-
adjusted calcium at
delivery (mmol/L)
Mean =+ SD:
C:2.40+£0.08
1:2.434+0.09
(P<0.05)

Maternal urine Ca: Cr ratio
at delivery (mmol/mmol)
Median (Range):

C:0.13 (0.0, 1.26)

1:0.20 (0.0, 2.26)

Maternal PTH at delivery
(pmol/L)

Median (Range):
C:3.9(0.3, 20.5)
1:2.3(0.3,9.8)
(P<0.001)

There was no effect on
obstetrical outcomes:

® Mode of delivery
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Wagner et al.
AJOG

2013

United States

11
N=130
245453

12
N=127
25.4+5.0

Two-center, randomized, double-
blind study

Intervention:
11: 20001U/day
12: 40001U/day

Inclusion criteria:

® Age >16 years

® Confirmed singleton pregnancy
of <16 completed weeks’
gestation

Exclusion criteria:

® Preexisting calcium or para-
thyroid conditions

® Chronic diuretic or cardiac
medication therapy including
calcium channel blockers

® Active thyroid disease (e.g.,
Graves, Hashimoto’s
thyroiditis)

Ethnicity: African American (47%—
50%), Caucasian (9%—10%),
Hispanic (36%—42%), other (2%—
4%)

12.4+£1.8

56.6+£24.2

Direct RIA developed
in another laboratory

Infant serum calcium during the
first week postnatal

Last three outcomes were added in
the latest version of the protocol in
Aug 2012

Paper
Coprimary outcomes:

® Change in circulating maternal
250HD® concentration from
baseline to the completion of
pregnancy

® Neonate’'s 250HD concen-
tration at birth

Register/NCT00412087
Primary outcome measures:

® 250HD at Visit 7 [Time frame:
7 months]

250HD at Visit 7, 1 month prior to
delivery
Secondary outcome measure:

® Parathyroid hormone at Visit 7
[Time frame: 7 months]

Intact parathyroid hormone at Visit
7, 1 month prior to delivery

V1 and V2 of trial register do not
specify timing to measure
outcomes, V3, 4, 5 specify

9 months, and V6 states 7 months
and 1 month prior to delivery

® (Cesarean section
rates

® Adverse events

e Stillbirths or gesta-

tional age at delivery

® Neonatal anthro-
pometry (birth
weight, length at
birth, head

circumference)

Maternal 250HD at
delivery (nmol/L)
Mean £SD:

171: 90+ 24

12: 94 +33

Neonatal 250HD at
delivery (nmol/L)
Mean £ SD:

11: 55+26

12: 67 £33

Maternal iPTH 1 month
prior to delivery (pg/ml)
Mean £ SD:
171:17.5+8.2
12:15.24+9.3

Preterm labor
N (%):

11: 24 (28.9%)
12: 13 (16.7%)
(P=0.091)

Fenton weight percentile:
12 had 2.40 (95% ClI
1.26—4.61) times the odds
of having an infant in the
50th percentile,
compared to /7

There was no effect on
obstetrical outcomes:

® Mode of delivery
® (Cesarean section
rates

Continued
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TABLE 21.5 Summary of large RCTs of vitamin D supplementation during pregnancy—cont’d

Author
Journal
Year
Country

Dawodu et al.

JCEM
2013
UAE

N

Age (years)
Mean +SD
or median

(range) Study design

11 Randomized, controlled, double-
N=64 blind study
27.5+5.5
Intervention:
12 11: 4001U vitamin D3/day

N=65 12: 20001U vitamin D3/day
27.3+4.9 13: 40001U vitamin D3/day
13 Inclusion criteria:

N=63

25.6+5.5

® 12-16 weeks’ gestation
® Singleton pregnancy

Exclusion criteria:

® Preexisting calcium and para-
thyroid conditions

® Active thyroid disease, liver or
kidney disease

® Type 1 diabetes, which is likely
to affect vitamin D and calcium
status

Ethnicity: Gulf Arab (92%-94%),
non-Gulf Arab (6%—8%)

Gestational
age (weeks)
at entry
Mean +SD
or median
(range)

11:
12.2+0.9

12:
12.5+1.1

13:
12.6+1.1

Baseline maternal
250HD (nmol/L)
Mean £ SD or median

(range)

250HD assay type

11:
21.5+13.0

12:
20.5+11.9

13:
19.6+7.7

RIA (DiaSorin, Stillwater,
MN)

Prespecified outcomes as
reported in paper and trial
register

Paper
Primary outcomes:

® Maternal serum 250HD® con-
centrations at delivery

Secondary outcomes:

® Proportion of mothers who
achieved  serum  250HD
32 ng/mL or greater (>80 nmol/
L) defined as vitamin D suffi-
ciency at the time of delivery

Register/NCT00610688
Primary outcome measures:

® Serum maternal and neonatal
250HD measurement [Time
frame: 29 weeks]

Maternal serum 250HD
measurement at 12, 16, and

28 weeks during pregnancy and at
delivery and cord blood or neonatal
serum 250HD measurement
Secondary outcome measures:

Results

® Adverse events

® Hypertension

® Infection

e Stillbirths or gesta-

tional age at delivery

Maternal 250HD at
delivery (nmol/L)
Mean £SD:

11: 48

12: 65

11: 90

(P<0.0001)

Mothers achieving 25
(OH)D >80
(nmol/L)%):

17: 9.5%

12: 24.4%

13: 65.1%
(P<0.0001)

PTH concentration at
delivery: Reduced in
high-dose group

Maternal serum calcium
and urine calcium/
creatinine:

No differences were
detected

No effect on:

® Mean birth weight
® Length
® Head circumference
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Grant et al.
Pediatrics
2014

New Zealand

N=87
28+6

11
N=87
27+6

12
N=86
267

Randomized, double-blind,
placebo-controlled trial

Intervention:

C: No intervention

11: T0001U vitamin D3/day
12: 20001U vitamin D3/day

Inclusion criteria:

* GA 26-30 weeks
® Singleton pregnancy

Exclusion criteria:

® Vitamin D supplementation >
2001U/day

® History of renal stones or
hypercalcemia

® Any serious pregnancy compli-
cation at enrollment

Ethnicity: 34% European, 24%
Maori, 49% Pacific, and other 25%.
Ethnicity was defined by the
participants. More than 1 ethnic
group could be identified;
therefore, percentages do not add
up to 100

C:
27 (26, 29)

1:
28 (26, 29)

12:
27 (26, 29)

C:
55 (32, 80)

11:
57 (40, 90)

12:
55 (32, 87)

Isotope-dilution liquid
chromatography—tandem
mass spectrometry

® Growth of the newborn infant
as measured by crown-heel
length and head circumference
at birth

[Time frame: At delivery]

® Birthweight of newborn infant
[Time frame: Measured at birth]

Growth of the newborn infant as
measured by birth weight in
gramsOnly V4 of trial register
specifies all time points to measure
the primary outcome

Paper
Primary outcomes:

® The proportion of infants®
achieving a serum 250HD >
75 nmol/L during the first
6 months of infancy

®  Number of mothers and infants
with hypercalcemia at any
measurement point

Register/ACTRN12610000483055
Primary outcome:

® The proportion of infants
achieving a serum 250HD
concentration >75nmol/L at
6 months of age.

® The number of mothers and
infants with hypercalcemia at
any measurement point

Secondary outcome:

® The proportion of mothers
achieving a serum 25[OH]

vitamin D concentra-
tion>75nmol/L at 36 weeks’
gestation

® Gestational age

Maternal 250HD at
delivery (nmol/L)

Mean (25th, 75th centile):

C: 50 (30, 75)
17: 97 (80, 115)
12: 102 (72, 125)
(P<0.001)

Maternal serum 250HD
concentration > 75
(nmol/L) at 36 wks
gestation (%):

C:27%

11: 79%

12: 71%

(P<0.001)

Maternal serum calcium
Concentration at 36 wks
gestation (mg/dL)

Mean £SD:
C:10.314+0.53
11:9.04+0.37
12:9.024+0.29
(P=0.09)

Neonatal 250HD at
delivery (nmol/L)

Mean (25th, 75th centile):

C:32.4(22.5, 44.9)
11:59.9 (44.9, 74.9)
12: 64.9 (44.9, 87.4)
(P<0.001)

Infant serum 250HD

Continued
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TABLE 21.5 Summary of large RCTs of vitamin D supplementation during pregnancy—cont’d

Author
Journal
Year
Country

Vaziri et al.
Early Human
Development
2016

Iran

N

Age (years)
Mean+SD
or median
(range)

C
N=65
26.0t4.34

/
N=62
26.8+£4.92

Study design

Randomized clinical trial

Intervention:
C: Placebo (no intervention)
I: 20001U/day vitamin D3

Inclusion criteria:

® Age >18 years

® No history of mental illness and
internal diseases such as hyper-
thyroidism/hypothyroidism

® No addiction to any kind of nar-
cotic drugs or alcohol

® Not divorced or widowed

® No pregnancy complications
such as preeclampsia, gesta-
tional diabetes, ruptured mem-
branes, and suspicion of
preterm birth

® No previous cesarean sections,
with a live fetus singleton
pregnancy

® GA 26-28 weeks

Gestational
age (weeks)
at entry
Mean +SD
or median
(range)

26-28

Baseline maternal
250HD (nmol/L)
Mean +SD or median
(range)

250HD assay type

C:31.8+£20.9

1:29+13.9

CLIA

Prespecified outcomes as
reported in paper and trial
register

Paper
outcomes:

® Maternal 250HD at delivery®

® Infants’ anthropometric mea-
surements (at birth, 4th and
8th weeks postnatal)

® Maternal and infant bone mass
parameters were examined
during first 2 months after birth

Register/IRCT2015040910327N13
Primary outcomes

® Description:  Blood  cord
vitamin D concentration

Time point: After delivery

® Description: Bone
densitometry

Time point: During first 2 months

after birth

® 3.Description: Antropometric

Results

concentration > 50
(nmol/L) at 6 months,
(0/0)1

C: 74%

11:82%

12:89%

(P<0.07)

Maternal 250HD at
delivery (nmol/L)
Mean £SD:
C:30+14.5
I:454+23.9
(P<0.001)

No significant differences

between C and I:

® Birth weight
* Height

® Head circumference

No significant differences

between C and I:

Bone mass measurements of

the mothers:

* BMD
e BMC
* BA
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Cooper et al.

Lancet
Diabetes
Endocrinol
2016
United
Kingdom

c
N=569
30.5+5.2

/
N=565
30.5+5.2

Exclusion criteria:

® Unwillingness to cooperate
during the study

® Consumption of <8 weeks of
vitamin D3 supplements

Gross congenital malformations
and chromosomal disorders in
infants

Ethnicity: Not described

Multicenter, double-blind,
randomized, placebo-controlled
trial

Intervention:
C: No intervention
1: 10001U/day cholecalciferol

Inclusion criteria:

® Age >18 years
® Singleton pregnancy
®  GA <17 weeks

Exclusion criteria:

®*  Women with known metabolic

bone disease

Renal stones

Hyperparathyroidism

Hypercalciuria

Diagnosis of cancer in the last

10 years

® Unable to give informed
consent or comply with the
protocol

® Taking medication known to
interfere with fetal growth

* Fetal anomalies on
ultrasonography

14

C:46£17
1:47£18

Liaison RIA automated
platform

measurments (height, weight,
and head circumference)

Time point: At birth and 4 and
8 weeks later

Secondary outcomes:

None described

Paper
Primary outcomes:

® Neonatal whole BMC?,
assessed within 2 weeks after
birth by DXA

Secondary outcomes:

® Maternal 250HD  concen-
tration at 34 weeks’ gestation

® Change in 250HD between 14
and 34 weeks’ gestation

® Neonatal whole-body bone
area and BMD within 2 weeks
after birth

® Neonatal bone indexes at the
spine

Register/ISRCTN82927713
Primary outcome measures:

® Neonatal whole-body bone
area, BMC, and BMD assessed
by DXA within 10 days of birth.

No significant differences
between C and I:

Bone mass measurements of
the infants at birth and 4th
and 8th weeks after birth:

e BMD
* BMC
* BA

Maternal 250HD at
34 weeks’ gestation
(nmol/L)

Mean £ SD:
C:43+22

I: 68422
(P<0.001)

No significant differences
between C and I:

Bone mass measurements
of the infants:

BMD

BMC

BA

Lean mass

Median fat mass
Birth weight

Length

Head circumference
Abdominal
circumference

Continued
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TABLE 21.5 Summary of large RCTs of vitamin D supplementation during pregnancy—cont’d

Author
Journal
Year
Country

Roth et al.
NEM

2018
Bangladesh

N

Age (years)
Mean +SD
or median
(range)

C

N=259
Median
(range)

23 (18-38)

7

N=260
Median
(range)
22.5(18-40)

12

N=259
Median
(range)

22 (18-35)

13
N=260
Median

Study design

Women already using >400 [U/day

vitamin D supplementation
Ethnicity: White 94%

Randomized, double-blind,
placebo-controlled, dose-ranging
trial

Intervention:

C: Placebo

17: 42001U vitamin D3/week
12:16,800 vitamin U D3/week
13: 28,0001U vitamin D3/week
14: 28,0001U vitamin D3/week
(prenatal and postpartum until
week 26)

Inclusion criteria:

® Age >18 years
®  GA 17-24 weeks

Gestational

age (weeks)

at entry
Mean +SD
or median
(range)

C

Median
(range)

20.4 (17-24)

11

Median
(range)

20.1 (17-24)

12

Median
(range)

20.3 (17-24)

13

Median
(range)

20.4 (17-24)

Baseline maternal
250HD (nmol/L)
Mean £ SD or median

(range)

250HD assay type

C
27.7+13.8

11
27.4+14.3

12
28.7+14.0

13
27+£14.7

14
26.6+13.2

LC-MS/MS using an
Aglient 1290 HPLC
interfaced with an AB
Sciex 5500 Q-Trap mass
spectrometer

Prespecified outcomes as
reported in paper and trial
register

Secondary outcome measures:

Neonatal and  childhood
anthropometry and body com-
position (weight, length and
skinfold  thickness measure-
ments), assessed within 48 h
of birth. Women'’s attitude to
pregnancy vitamin D supple-
mentation (qualitative study;
assessed in main study only).
Methodology and time points
of assessment not yet defined
as of March 3, 2008 Childhood
bone mass at 4 years

Paper
Primary outcomes:

Length-for-age z-score at 1 year
(364—420 days).

Secondary outcomes:

Infant anthropometric variables
Preterm birth (<37 weeks’
gestation)

Gestational hypertension
Delivery characteristics
Stillbirth

Mother and infant symptoms,

clinical encounters, and
hospitalizations
Deaths

Congenital anomalies

Results

No significant differences
across groups:

Infants mean length-for-
age z-scores

Other anthropometric
measures, birth
outcomes, and morbidity
did not differ significantly
across groups.

Maternal 250HD at or
near delivery (nmol/L)
Mean+SD:

C

23.8+13.9

11
69.7+19.5

12
109+23.6
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(range)
22 (18-38)
14

N=260
Median
(range)

23 (18-38)

“Denotes the primary outcome on which the sample size was calculated in each trial, as reported in the paper.
bOutcome removed from the latest version of trial protocol in 2016. P-Values only reported when <0.1.

Exclusion criteria:

History of any medical con-
dition or medications that may
predispose to vitamin D sensi-
tivity, altered vitamin D metab-
olism, and/or hypercalcemia
(tuberculosis sarcoidosis,
history of renal/ureteral stones,
parathyroid disease, renal or
liver failure, or current use of
anticonvulsants)

High-risk pregnancy based on
one or more of the following
findings by  point-of-care
testing:

Severe anemia
Moderate-severe proteinuria
Hypertension

Multiple gestation

Major congenital anomaly
+Severe oligohydramnios
Unwillingness to stop taking
nonstudy vitamin D or calcium
supplements or a multivitamin
containing calcium  and/or
vitamin D

Previous enrolment in the trial
during a previous pregnancy

Ethnicity: not described

14

Median
(range)

20.1 (17-24)

® Infant neurologic disabilities

® Infant rickets

® Other secondary biochemical,
anthropometric and clinical
outcomes listed in the paper
supplementary material)

Register/NCT01924013
Primary outcomes:

® Infant length for age z-scores
with prenatal supplementation

® Infant length for age z-scores
with postpartum
supplementation

Secondary outcomes:

® Serum calcium

In addition to outcomes listed under
“Other outcome measures”

13
110.7 £28

14
113.6£25.7
(P<0.001)

Primary and secondary outcomes as reported under “Methods” in the respective trial published papers and trial registers.1,250H,D5: 1,25-dihydroxyvitamin D3; 250HD: 25-hydroxyvitamin D; BA: bone area; C:
control; Ca: calcium; CLIA: chemiluminescence immunoassay; Crea: creatinine; |: intervention; iPTH: intact parathyroid hormone; NA: Not available; RIA: direct radioimmunoassay; RR: relative risk; SD: standard

deviation; V: version.
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356 SECTION |1 The Mother

that mothers with serum 250HD reaching above 100 nmol/L had a 47% reduction in preterm birth; however, these results
must be viewed with skepticism. The analyses suffer from being associational (thereby removing the protection against
confounding achieved by randomization into groups), lack of adjustment for multiple comparisons, arbitrary grouping of
outcomes, and arbitrary exclusion of some ethnicities from the analysis. Noteworthy, these were not prespecified ana-
lyses. Overall, therefore, it is unclear that these posthoc analyses provide meaningful data on the beneficial effect of
vitamin D supplementation during pregnancy. A recent follow-up report on one of these trials revealed that there were
no differences between groups in BMD or BMC of the spine and femoral neck at the gestational or postpartum
measurements.””

We identified six recent systematic reviews that specifically assessed the effect of vitamin D supplementation during
pregnancy.’’ ”® The studies discussed in detail earlier in this chapter were sometimes included among these reviews. For
example, data from the UK trial by Brooke et al., which had the largest achieved difference in 250HD between placebo-
treated and vitamin D-supplemented mothers, was included in four systematic reviews,”>”**® while data from the trial of
Hollis et al. was included in three of them.”*”> All the reviews assessed the effect of vitamin D supplementation on maternal
and neonatal extraskeletal outcomes, but they differed in their methodology, inclusion/exclusion criteria, whether com-
bined calcium and vitamin D data could be included, and whether the review was explicitly stated.

Among these six systematic reviews, vitamin D supplementation had no significant effect on preeclampsia in four,
and a positive effect in two reviews,”"** while combined vitamin D and calcium supplementation reduced the incidence
of preeclampsia by 34%—53% in three systematic reviews.”' * No consistent effect was seen on other outcomes, such as
preterm birth, low birth weight, SGA infants, infections, cesarean section rate, and newborn anthropometrics. Overall,
available data are insufficient within these systematic reviews to conclude that vitamin D supplementation during pregnancy
confers any proven obstetrical benefits.

In summary, the few large RCTs reported today do not provide evidence of a beneficial effect of high-dose vitamin D
supplementation (1000—50001U/day), on maternal and neonatal outcomes. The most recent large trial seems to make it
unlikely that vitamin D supplementation in deficient women would yield any beneficial effect on infant length.*® The
other studies were limited by low power, baseline maternal serum 25 OHD levels that were often not low, and lack of
prespecification of obstetrical and neonatal outcomes. The potential protective effect of vitamin D on neonatal BMC in
the MAVIDOS trial makes physiological sense because the intestines become the route of calcium delivery after birth,
and this finding is consistent with the benefit observed in some RCTs of prenatal vitamin D supplementation reducing the
incidence of neonatal hypocalcemia; these issues are discussed further in Chapter 44. Systematic reviews and meta-
analyses of vitamin D RCTs suggest that combined calcium and vitamin D administration may reduce the risk of pre-
eclampsia, but whether this is driven by the proven benefit of calcium alone is unknown. In contrast, there are suggestive
but no consistent results among the meta-analyses as to whether vitamin D alone confers any obstetrical or neonatal
benefits.

Any putative protective effects of vitamin D on maternal or neonatal outcomes are worthy of further study in adequately
powered and designed trials, which also must enroll a significant number of women with low 250HD. This is particularly
relevant in view of their potential public health implications, especially in developing countries where some of the lowest
maternal 250HD levels are reported. However, ethical considerations (in particular, fear that vitamin D deficiency may be
harmful to either mother or fetus) makes it difficult for such studies to be carried out.

With the genetic disorders of vitamin physiology, available data come from case reports and series. Pregnancies have
been unremarkable in women with vitamin D-dependent rickets type 1 (VDDR-I) which is due to the absence of Cyp27bl,
and in women with VDDR-II that is due to absence of functional VDRs.”” " In one published VDR-II case, pregnancy was
unremarkable in a woman who maintained her prepregnancy intake of supplemental calcium (800 mg) and high-dose cal-
citriol.”® The clinicians increased her calcitriol later in the pregnancy “because of the knowledge that the circulating 1,25-
(OH),D concentration normally rises during pregnancy,” but not because of any change in albumin-adjusted serum
calcium.”® Consequently, it is unclear that any change was needed. In pregnant women with VDDR-I, the dose of calcitriol
was unchanged in one-third of pregnancies and increased 1.5-fold to twofold in others.”’

Overall, and in summary, the previously discussed animal data (severe vitamin D deficiency and genetic loss of VDR or
Cyp27b1) demonstrated that maternal mineral homeostasis and intestinal calcium absorption improve during pregnancy,
resulting in normalization or near-normalization of mineral and bone metabolism. Such findings suggest that calcitriol is
not required for the adaptations that are invoked during pregnancy or that unknown mechanisms compensate for its
absence. Human data are less extensive or robust, but available clinical trials do not show a clear benefit of high-dose
vitamin D supplementation on maternal mineral or skeletal homeostasis, or obstetrical and fetal outcomes. Many of the
clinical trials did not enroll women who were truly vitamin D deficient and did not prespecify obstetrical and neonatal
outcomes, and thus they had reduced power to be able to detect a benefit from vitamin D supplementation.

92,94-96
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21.2.7.4 Clinical Management: Vitamin D Deficiency and Genetic Vitamin D Resistance

Pregnant women appear to require the same intake of vitamin D as nonpregnant women to maintain a certain 250HD level.
No data suggest that pregnant women need a higher 250HD level than nonpregnant women.”* Therefore, whatever intake
maintains a sufficient level of 250HD in an individual woman should be maintained during pregnancy.

The desirable 250HD level in pregnant women is still a matter of debate. While the Institute of Medicine and the
American College of Obstetricians and Gynecologists (ACOG) recommend a minimum of 50nmol/L (20ng/mL),"*"'""
the Endocrine Society recommends >75 nmol/L (30ng/mL).'°* The doses needed to reach such targets also vary, ranging
from 600 to as much as 2000 1U/day.'"”'** The World Health Organization (WHO) does not recommend supplementation
of pregnant women unless they are from poor countries, have a darker skin color, and come from populations with a high
prevalence of hypovitaminosis D or inadequate exposure to sunshine.'"’

If a woman presents with vitamin D deficiency while pregnant, then supplementation should be prescribed immediately,
with loading doses considered to replenish maternal vitamin D stores more rapidly. The preceding discussion of animal and
human data revealed that vitamin D deficiency does not clearly have adverse effects on obstetrical outcomes, and so
vitamin D insufficiency is even more unlikely to have adverse consequences.

The review of evidence is not intended to suggest that a woman should be left vitamin D deficient during pregnancy.
Instead, these data should reassure the clinician that if a woman presents late in pregnancy with vitamin D deficiency, it is
unlikely to be associated with adverse maternal or fetal outcomes unless there is global maternal (and, thereby, fetal) mal-
nutrition. It is still prudent to correct and avoid a vitamin D-deficient state wherever possible.

In the genetic disorders, calcium and calcitriol or 1a-cholecalciferol should be adjusted as needed to maintain a normal
level of ionized or albumin-corrected serum calcium. It is possible that the doses will remain the same or that they might
need to increase, and this can be determined only on an individual basis.

21.2.7.5 Human Data: 24-Hydroxylase Deficiency

More recently, 24-hydroxylase deficiency has been identified as a cause of significant gestational hypercalcemia. Loss of
the catabolic effects of 24-hydroxylase in nonpregnant adults leads to persistently high calcitriol and mild hypercalcemia
that may be asymptomatic and go unnoticed.'** But during pregnancy, the physiological increase in calcitriol is unopposed
by catabolism and appears to lead to an exaggerated increase in calcitriol, with resulting symptomatic hypercalcemia. Pre-
senting patients will have hypercalcemia (sometimes quite marked), suppressed or undetectable PTH, and calcitriol con-
centrations that exceed what is expected for pregnancy.'” """ In addition to symptoms of hypercalcemia, complications
have included nephrolithiasis and acute pancreatitis.'*’-'%®

21.2.7.6 Clinical Management: 24-Hydroxylase Deficiency

Treatment of the hypercalcemia is complicated by the pathophysiology of 24-hydroxylase deficiency and that all agents
that could be used are not approved for pregnancy. The main mechanism for the hypercalcemia is likely through increased
intestinal calcium absorption, and thus the use of increased hydration and a modestly restricted calcium diet, combined with
phosphate supplementation to bind dietary calcium, is a relatively safe approach that addresses the mechanism of the hyper-
calcemia. If PTH rises above normal, that would suggest that the dietary calcium restriction is too severe and should be
lessened to prevent maternal bone resorption and fetal secondary hyperparathyroidism. Other pharmacologic therapies
should be reserved for the most severe cases and used with caution. Oral glucocorticoids (Category C or D) could con-
ceivably be used to suppress intestinal calcium absorption, but at the lowest doses to minimize any adverse effects on
maternal glucose, blood pressure, risk of avascular necrosis of the hip, and the fetus (prednisone is converted in the liver
to prednisolone and crosses the placenta, where it gets converted back to prednisone). Additional options include the use of
aloop diuretic to promote urinary calcium excretion and a bisphosphonate to reduce bone resorption. However, because the
main action of calcitriol is on intestinal calcium absorption, a bisphosphonate would be of limited efficacy at best. Cina-
calcet will not be useful because PTH will be suppressed due to the combined effects of pregnancy and hypercalcemia.

21.2.8 Calcitonin Deficiency

Calcitonin circulates at higher levels during pregnancy and has been theorized to protect the maternal skeleton from
excessive resorption. Ctcgrp-null mice lack both calcitonin and calcitonin gene-related peptide-a, but they displayed
no disturbance in calcium metabolism during pregnancy, nor was there any alteration in skeletal mineral content or
structure by the end of pregnancy.'’”"''” These studies indicate that calcitonin is not required during pregnancy in mice.
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No women with genetic loss of calcitonin or its receptor have been identified or studied during pregnancy. The closest
thing to subjects with an absence of calcitonin are totally thyroidectomized women, but it is not deficient during pregnancy
due to the production of calcitonin by the breasts and placenta.' No studies have specifically examined whether thyroid-
ectomized women have disturbances in calcium metabolism or BMD while pregnant. Several studies have examined
whether total thyroidectomy increases BMD loss and fracture risk over the long term in both men and women, with just
as many reporting adverse effects as those that reported no effects.'

Overall, the available evidence suggests that loss of calcitonin should have no adverse effects on maternal calcium and
bone metabolism during pregnancy.

21.2.9 Low or High Calcium Intake

It is very clear from multiple animal studies that a calcium-restricted diet can lead to marked hypocalcemia and secondary
hyperparathyroidism during pregnancy, with the potential for sudden hypocalcemic death near term.' Placental calcium
transport must be impaired because a low-calcium diet also leads to secondary hyperparathyroidism and skeletal resorption
in the fetus.' Conversely, high calcium intake prevents any resorption of the maternal skeleton by enabling all or most of the
calcium transported to the fetus to come from the maternal diet.’

In women, pregnancy normally results in absorptive hypercalciuria with suppressed PTH, which implies that calcium
intake and absorption exceed maternal requirements. But in women with low dietary calcium intake, or high intake of
phytate that blocks calcium absorption, PTH does not fall and indeed actually may rise above normal, consistent with sec-
ondary hyperparathyroidism." Intestinal calcium absorption may increase further in pregnant women with low calcium
intake, as suggested by women who were estimated to be in a positive calcium balance during all three trimesters despite
a total intake of <420mg of calcium.''' However, low calcium intake should be anticipated to provoke bone loss during
pregnancy (especially the third trimester) and to increase the risk of osteoporosis.' If maternal hypocalcemia occurs, that
reduces calcium delivery to the fetus, which may develop secondary hyperparathyroidism, skeletal demineralization, and
fractures.' The lowest quintile of maternal calcium intake is also associated with increased risk of preeclampsia, whereas
calcium supplementation reduces that risk.'

High calcium intake can have effects that are similar to primary hyperparathyroidism, including increased intestinal
calcium absorption, maternal hypercalcemia, increased flow of calcium across the placenta to the fetus, and suppression
of the fetal parathyroids. Cases of neonatal hypoparathyroidism have been reported in which women consumed 3-6 g of
elemental calcium daily to treat nausea.

Overall, it is clear that extremes of calcium intake should be avoided during pregnancy because both low and high
calcium can have adverse effects on the mother and fetus.

21.2.10 Hypercalcemia of Malignancy

More than a dozen cases have been published of hypercalcemia of malignancy during pregnancy.' It is often (but not
always) a terminal condition. Treatment options include surgery, hydration, diuresis, pharmacotherapy for the hypercal-
cemia (calcitonin, bisphosphonates, or denosumab), and chemotherapy. The potential teratogenic effects and other con-
cerns about pharmacotherapy were discussed in Section 21.2.2. At the earliest opportunity, a decision needs to be
made about whether to terminate or continue the pregnancy, as well as whether chemotherapy will be administered during
pregnancy or deferred until the baby is born. In some cases, chemotherapy was given during pregnancy regardless of its
potential teratogenic effects. The fetus can be expected to have hypercalcemia with suppression of the parathyroids and a
high risk for neonatal hypocalcemia. In over half the reported cases, the fate of the baby wasn’t mentioned.’

21.2.11 Fibroblast Growth Factor 23 (FGF23)-Related Disorders

The most common disorder of fibroblast growth factor 23 (FGF23) is X-linked hypophosphatemic rickets, in which inac-
tivating mutations in the PHEX gene lead to high circulating levels of FGF23, hypophosphatemia, and rickets or osteo-
malacia. In a mouse model of XLH, pregnancies were uneventful. In particular, despite very high circulating levels of
FGF23, which normally downregulate calcitriol synthesis and increase its catabolism, maternal serum calcitriol increased
to the high levels normally seen during pregnancy.''>'"® In turn, this rise in calcitriol should improve intestinal calcium and
phosphorus absorption.
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Several case reports of women with XLH reported persistent hypophosphatemia during pregnancy, without obvious
adverse outcomes.''*'"” It is advisable to maintain calcitriol and phosphorus supplementation as need to keep the serum
phosphorus close to normal throughout pregnancy.

Hyperphosphatemic disorders due to loss of FGF23 action have not been studied during pregnancy. In the animal
models, the conditions are lethal prior to reproductive maturity. There have been no case reports of pregnancies in women
with hyperphosphatemic disorders caused by deficiency of FGF23 or its coreceptor. Animal and human data from renal
insufficiency or failure, which cause hyperphosphatemia, indicate increased obstetrical risks of gestational hypertension,
preeclampsia, eclampsia, and maternal mortality. However, the extent to which the hyperphosphatemia contributes to these
risks, beyond that of the renal failure, is unknown.

21.2.12 Tocolytic Therapy with Magnesium Sulfate

Magnesium sulfate infusions are typically used for 24—72h to treat preterm labor, preeclampsia, and eclampsia. Magnesium
is a natural ligand for the calcium-sensing receptor; therefore, prolonged tocolytic therapy can suppress PTH and cause
hypocalcemia.''®'"® PTH drops within the first hour, and the total and ionized serum calcium levels remain suppressed
several hours later."'”"'® These findings are in keeping with hypoparathyroidism induced by the magnesium acting on the
calcium receptor. Most cases are asymptomatic, but symptomatic hypocalcemia has been reported with positive Chvostek
and Trousseau signs, and even tetany.''”

If the magnesium infusion is maintained for several weeks, PTH can rise above normal. This is probably secondary
hyperparathyroidism in response to the hypocalcemia, which increases the loss of calcium in the urine.'*” In a series of
20 women treated for weeks with magnesium for premature labor, serum magnesium and phosphorus increased, serum
calcium decreased, serum PTH increased, and urinary excretion of magnesium and calcium increased twofold-to-
threefold.'?” This will contribute to loss of BMC and strength, and it explains why prolonged magnesium infusions have
been associated with postpartum loss of BMD and calcaneal stress fractures.'”” '** There are also potential effects on the
fetus and neonate, which are discussed in Chapter 44.

21.2.12.1 Clinical Management

Maternal serum and cord blood magnesium are usually not monitored during tocolytic therapy. However, this should be
done if the infusion is given for 2 or more days because hypermagnesemia can cause hypotonia, respiratory depression, and
bone abnormalities.''®'**"'** Fetal movements should also be assessed by ultrasound to detect evidence of hypotonia.

21.3 DISORDERS OF BONE AND MINERAL METABOLISM DURING LACTATION

21.3.1 Osteoporosis of Lactation

Osteoporotic fractures occur rarely in breastfeeding women, but more often than during pregnancy.” These are most often
vertebral compression fractures, with many reports describing extreme cases of women who experienced 6—-10 crush frac-
tures within a short interval.

As noted in Section 21.2.1, skeletal fragility may precede pregnancy and multiple factors can contribute to bone loss
during pregnancy and lactation (Table 21.1). All these causes need to be considered in a woman who presents with fragility
fractures while breastfeeding. Lactation introduces an added physiological cause of bone resorption that is stimulated by
PTHrP (produced by the breasts) and systemic low estradiol concentrations.

As described in Chapter 5, lumbar spine BMD normally declines 5%—10% during lactation and can reach values well
below normal for healthy women, including z-scores of —3 or lower. In addition, it is conceivable that in some women, release
of PTHrP by the breasts may be more excessive than normal, or there may be increased sensitivity to high PTHrP or low
estradiol, each of which could contribute to enhanced bone loss. The idea that excess PTHrP-mediated bone resorption
can cause fragility fractures has been suggested by several published cases in which women presented with hypercalcemia,
increased plasma PTHrP, and vertebral compression fractures.' After weaning, serum calcium and plasma PTHrP normalized.

21.3.1.1 Clinical Management

Diagnostic and management strategies are summarized in Tables 21.2-21.4.
If a woman is known to have skeletal fragility or very low bone mass, it may be reasonable to advise against breast-
feeding or limit its duration because the progressive physiological bone loss that occurs over the first 6 months of lactation
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may lead to structural compromise of that woman’s skeleton.” This must be balanced against other benefits of breast-
feeding, including bonding and immune function. Furthermore, whenever fractures occur during lactation, it may also
be reasonable to advise that breastfeeding stop in order to prevent further bone loss and initiate postweaning skeletal
recovery.

Case series have shown that bone density spontaneously increases by 20%—70% in women who fractured while breast-
feeding.”® Therefore, as with pregnancy-associated fractures (as discussed previously), it may be prudent to withhold phar-
macological therapy for 12—18 months to allow spontaneous recovery to occur, and then assess the need for additional
treatment.” It is also a concern that antiremodeling agents such as a bisphosphonate or denosumab might blunt the spon-
taneous bone recovery that is expected during the postweaning interval.

Furthermore, all of the issues discussed earlier about pharmacotherapy (safety of individual agents, end-point to
treatment) apply to breastfeeding women. Although individual case reports have described marked increases in bone
mass associated with a variety of osteoporosis therapies, in each of these cases, the observed increase in bone mass
was within the expected range that occurs with spontaneous postweaning recovery. Consequently, it is unclear that
the use of pharmacotherapy in these studies achieved an added benefit. It is also unresolved as to whether an agent with
a 2-year lifetime restriction on duration of use (i.e., teriparatide) should be used at a reproductive age when fracture risk
should be inherently lower than it will be at older and postmenopausal ages, when pharmacotherapy might be more
acutely needed.

21.3.2 Primary Hyperparathyroidism

If primary hyperparathyroidism was monitored rather than surgically treated during pregnancy, the postpartum period may
remain uneventful. However, severe hypercalcemia from a parathyroid crisis can occur during the puerperium. This results
from a combination of factors: Calcium is no longer being lost across the placenta, physiological bone resorption will occur
from physical inactivity and bed rest, the onset of milk production will induce marked bone resorption (stimulated by low
estradiol and increased PTHrP), and the systemic low estradiol levels of lactation will enhance skeletal responsiveness to
the high circulating concentration of PTH. Consequently, significant worsening of hypercalcemia can occur in women with
primary hyperparathyroidism who choose to breastfeed. However, a parathyroid crisis is not inevitable. In one published
case, breastfeeding lessened hypercalcemia,'*® likely because production of breast milk also represents a new route for
excess calcium to be drained from the circulation, thereby reducing the risk of severe hypercalcemia.

21.3.2.1 Clinical Management

Primary hyperparathyroidism can worsen significantly during the postpartum interval, with potential for more marked
hypercalcemia in women who breastfeed. The clinician should reevaluate whether parathyroidectomy or medical therapy
with cinacalcet is warranted at this time. Because the physiological hypercalciuria of pregnancy will have obscured the
diagnosis of FHH, the possibility of this diagnosis should be reconsidered during the postpartum period. However, the
physiological hypocalciuria of lactation will continue to make the calcium/creatinine clearance in urine to be invalid
for diagnostic purposes. According to consensus guidelines for management of asymptomatic primary hyperparathy-
roidism, age <50 is an indication for surgery.** Therefore, postpartum women with primary hyperparathyroidism should
be candidates for parathyroidectomy.

21.3.3 Familial Hypocalciuric Hypercalcemia

The calcium receptor not only controls the release of PTH by the parathyroids, but also the production of PTHrP by
mammary tissue and the calcium content of milk." When the Casr gene is ablated globally in mice, or selectively in
mammary tissue, the consequences include reduced milk calcium content, increased mammary expression of PTHrP,
greater bone loss during lactation, and urinary calcium excretion that exceeds that in normal controls.'”” Conversely,
treatment with a calcimimetic drug such as cinacalcet results in increased milk calcium content and reduced mammary
PTHrP production.'**!#

These animal data predict that women with FHH will produce milk with reduced calcium content, accompanied by
increased PTHrP, greater lactational bone loss, and increased renal calcium excretion. However, no such studies in lactating
women with FHH have been done.
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21.3.3.1 Clinical Management

FHH requires no management, apart from making certain that the affected women are not mistaken for having primary
hyperparathyroidism and vice versa. During pregnancy, there is physiological hypercalciuria that can obscure the diagnosis
of FHH, while during lactation, the resulting physiological hypocalciuria can obscure the diagnosis of primary hyperpara-
thyroidism.*’ These considerations may require biochemical and genetic testing of relatives to determine if a mutation in
CASR or other relevant genes are present, or waiting until the postweaning interval to determine if the biochemical picture is
more in keeping with FHH vs primary hyperparathyroidism.

21.3.4 Hypoparathyroidism

For decades, hypoparathyroidism has been appreciated to improve during lactation, such that supplemental calcium and
vitamin D analogs often are no longer required.’ Some women with autoimmune hypoparathyroidism have been diagnosed
when hypocalcemia abruptly occurs after weaning. The time of onset is consistent with a postpartum onset (typical of auto-
immune endocrinopathies), but with a delay in clinical manifestation because of the effects that normal lactation has on
bone and mineral metabolism. These observations led to the astute deduction that lactating breasts must produce a PTH-like
hormone, which later proved to be PTHrP.

Animal studies have confirmed the physiological role that PTHrP plays in altering mineral and bone homeostasis
during lactation, and that lactation can reverse the abnormalities created by absence of PTH.' In women, PTHrP has
been confirmed to be expressed at high levels in lactating mammary tissue and milk, as well as being detectable in
the circulation. PTHrP reaches the maternal circulation from the breasts, stimulates bone turnover, enhances renal
tubular calcium reabsorption, and stimulates production of calcitriol.®*'?"'*! Calcitriol increases in hypoparathyroid
women from low levels, but it does not increase above normal, likely because PTHrP is less potent than PTH at stim-
ulating the enzyme Cyp27b1 to produce calcitriol. The high prolactin and low estradiol of lactation may also alter the
activity of Cyp27b1."

Occasionally during the first 2 days postpartum, hypoparathyroid women have experienced transient hypocalcemia,
presumably from the sudden loss of placental PTHrP.’> This will resolve as lactation forces increased production of PTHrP
by the breasts. In most cases, there has been no worsening in the early postpartum period. Instead, there has been a pro-
gressive lowering of the requirement for supplemental calcium and calcitriol as milk production upregulates. If this phys-
iological response to lactation is not anticipated or recognized, the consequences have included severe hypercalcemia and
even vertebral compression fractures.”*”'*''%> In some women, all supplements need to be stopped, whereas in others,
reduced doses are still required.

The rise and subsequent decline in plasma PTHrP has been shown to correspond to the rise and decline in serum
calcium, calcitriol, and bone turnover markers in hypoparathyroid women.?*°*'?° In these cases, the improvement in
mineral homeostasis correlates with the increasing intensity of lactation, while the subsequent decline correlates with
reduced breastfeeding, and especially weaning. The less intensive or exclusive the breastfeeding, the more likely it is that
hypoparathyroid women require some supplemental calcium and calcitriol to be maintained.

The rapidity with which the influence of PTHrP declines will vary, with some women requiring supplemental calcium
and calcitriol to be restored before weaning, while others have not required this for weeks or months after weaning. In the
latter cases, it is inferred that PTHrP production by the breasts has continued autonomously for months after weaning,
which has been demonstrated in some women.'*® In one case described in the essay by Krista Rideout that introduces this
textbook, a hypoparathyroid woman previously dependent on supplemental calcium and calcitriol has not required either
for more than 6 years after weaning her child.

21.3.4.1 Clinical Management

The clinician should anticipate that lactation will cause normalization or near-normalization of mineral and skeletal homeo-
stasis in hypoparathyroid women. Calcium monitoring should be done once or twice within 1 week after delivery in women
who breastfeed, and every 2—4 weeks thereafter. The doses of supplemental calcium and calcitriol will need to be decreased
as lactation becomes fully established, guided by measurements of the albumin-adjusted calcium or ionized calcium over
the first several postpartum weeks. This should be followed by an interval of stability. But as lactation lessens, and espe-
cially after weaning, the need for supplemental calcium and calcitriol will gradually (or even abruptly) revert to prepreg-
nancy levels.
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21.3.5 Pseudohypoparathyroidism

The effect of breastfeeding on women with pseudohypoparathyroidism has not been described, and no animal model has
been studied during lactation. Lactation can be anticipated to lead to an overall improvement in bone and mineral homeo-
stasis due to the release of PTHrP from the breasts, akin to the clinical course of hypoparathyroidism. There is renal but not
skeletal resistance to PTH in pseudohypoparathyroidism, and so it is possible that skeletal resorption may even be greater
than normal during lactation, as the high levels of PTH and PTHrP combine to affect bone turnover.

21.3.5.1 Clinical Management

In the absence of any data to indicate otherwise, clinicians should consider that pseudohypoparathyroidism may improve
during lactation (as does hypoparathyroidism), resulting in the need for decreased doses of calcium and calcitriol during
lactation. If this occurs, it will be followed by a return of the need for the prior doses during or after weaning.

21.3.6 Pseudohyperparathyroidism

As noted earlier in Chapter 5, the physiological release of PTHrP from the breasts will contribute to a small increase in
serum calcium and phosphorus, suppression of PTH, increased bone resorption, and reduced renal calcium excretion. This
is a silent aspect of lactational physiology that most women are unaware of unless they have hypoparathyroidism and find
that they no longer need supplemental calcium and calcitriol while breastfeeding.

However, the effects of breast-derived PTHrP occasionally cause symptomatic hypercalcemia in otherwise-normal
breastfeeding women. Such PTHrP-mediated hypercalcemia is called pseudohyperparathyroidism because it mimics
primary hyperparathyroidism but is not due to PTH. It can develop during normal lactation, in women who deliver but
are unable to breastfeed, and in nonlactating women with unduly large breasts.' The main pathophysiology is that high
levels of PTHrP induce skeletal resorption accompanied by increased renal reabsorption of calcium. If PTHrP also causes
increased calcitriol, then intestinal calcium absorption may be increased. Vertebral compression fractures have occurred in
some women.

The published cases have emphasized extremes in which women developed symptomatic hypercalcemia while breast-
feeding. Some cases may not be recognized because the symptoms of hypercalcemia are nonspecific and not readily dis-
tinguishable from the constitutional symptoms that any woman may experience when she is feeding a baby on demand.
Furthermore, considering that serum calcium and ionized calcium rise modestly during normal lactation, it is possible that
asymptomatic hypercalcemia is more common during lactation than the case reports would suggest.

21.3.6.1 Clinical Management

If severe hypercalcemia occurs, the condition can be reversed rapidly by weaning the baby, combined with judicious use of
breast binders and dopaminergic medications (cabergoline or bromocriptine) to suppress prolactin and shut off the pro-
duction of PTHrP. This is likely a safer approach than using other drugs in the presence of continued breastfeeding. Indeed,
there is limited evidence that bisphosphonates likely do not enter breast milk, but this has not been determined for
denosumab.

Excess production of PTHrP has occasionally persisted long after weaning and has rarely required reduction mammo-
plasty or bilateral mastectomy to correct the disorder.'”’

21.3.7 Vitamin D Deficiency, Genetic Vitamin D Resistance, and 24-Hydroxylase Deficiency

21.3.7.1 Vitamin D Deficiency and Genetic Vitamin D Resistance

The effect of disrupted vitamin D physiology on lactation has been studied in Vdr-null and Cyp27b1-null mice, and vitamin
D-deficient mice and rats.' The findings have been generally consistent among the various models, including that the
calcium content of milk is normal, mineral metabolism improves to normalize the serum calcium, intestinal calcium
absorption increases, lactational bone loss occurs that may be equal to or greater than normal, and during postweaning,
there is increased bone formation with complete or near-complete recovery of skeletal microarchitecture and bone mass.'
Occasional deaths occur during lactation, which are presumed to result from hypocalcemia, precipitated by milk production
overwhelming the mother’s ability to maintain her blood calcium. The overall findings suggest that calcitriol is not required
for lactation to proceed normally or for the skeleton to restore itself after weaning.
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Clinical data come from observational cohort studies and randomized interventional trials of vitamin D supplemen-
tation.' These have not shown any effect of higher 2SOHD concentrations or vitamin D intake on maternal mineral or
skeletal homeostasis in otherwise-healthy, lactating women. Vitamin D supplementation increases maternal 250HD levels
with similar efficacy as in nonpregnant or nonlactating women.

No studies have directly compared severely vitamin D-deficient and -sufficient women. However, the data discussed
next support the proposition that vitamin D deficiency, VDDR-I, and VDDR-II are unlikely to affect lactation or milk pro-
duction adversely.

Milk normally contains little vitamin D or 250HD (approximately 30—401U/L combined), with very low to unde-
tectable amounts of calcitriol. Consequently, milk production does not drain maternal vitamin D stores, and maternal
250HD remains unchanged during lactation unless there are changes in dietary intake of vitamin D or exposure to sunlight.
Randomized interventional studies have found that maternal vitamin D doses of 400-10001U/day do not consistently
increase the breast milk content of vitamin D or 250HD, whereas with doses of 20001U/day or higher, the milk content
of vitamin D and 250HD demonstrably improve and lead to an increase in neonatal 250OHD."** '+

The calcium content of breast milk calcium is unaffected by maternal 250HD concentrations ranging from low
[25nmol/L (10ng/mL)] to high [160nmol/L (64ng/mL)].145 146 These data come from cohort studies'*® and randomized
interventions that administered up to 64001U/day of vitamin D.!38:143.145 However, there have been a few cases from India
in which milk calcium content was low in mothers with severe vitamin D deficiency [mean 250HD of 6 nmol/L (2.5ng/
mL)]; they also had severe hypocalcemia, hypophosphatemia, and markedly elevated PTH.'*’ Overall, these results
indicate that calcitriol does not play a substantial role in stimulating calcium to enter milk. But in very severe vitamin
D-deficient women, it may be the marked hypocalcemia, rather than a direct effect of loss of calcitriol, that leads to reduced
milk calcium content.

Inregions where severe vitamin D-deficiency rickets is endemic, such as India, affected neonates have been treated with
breast milk as their only form of nutrition, while their mothers were receiving the equivalent of 18001IU of vitamin D per
day.'*”'** Mothers and babies were protected from sun exposure and had negligible amounts of vitamin D in the diet, and
so the maternal supplement was the principal source of vitamin D for both. The mean 250HD rose from 6 nmol/L (2ng/mL)
or below in mothers and babies to approximately 50nmol/L (20ng/mL) in the mothers and 40nmol/L (16 ng/mL) in their
babies. This finding indicates that more vitamin D enters breast milk than has been appreciated by the previously cited
studies. Moreover, the normal calcium content of breast milk is very relevant because providing sufficient calcium alone
will heal rickets due to vitamin D deficiency or VDDR-II."*

No clinical studies have explicitly examined whether vitamin D deficiency, VDDR-I, or VDDR-II affects the ability of
the skeleton to acutely recover bone mass and architecture after weaning. As discussed in Chapter 5, dozens of large
epidemiological studies have found neutral or protective associations of lactation on BMD and fracture risk in the long
term, with many of the women in those studies being vitamin D insufficient or deficient by modern criteria.' Despite
the limitations of associational studies, these consistent findings suggest that skeletal recovery after weaning is not impaired
by vitamin D insufficiency either.

21.3.7.2 24-Hydroxylase Deficiency

As noted earlier, hereditary absence of Cyp24al reduces calcitriol catabolism and can lead to marked maternal hypercal-
cemia during pregnancy, accompanied by very high calcitriol concentrations. But calcitriol production falls to nonpregnant
levels during normal lactation, and the same should be true in women with 24-hydroxylase deficiency. Consistent with this,
in one agfected woman who breastfed, hypercalcemia was milder compared to pregnancy and serum calcitriol was
normal.'"”

21.3.7.3 Clinical Management: Vitamin D Deficiency and Genetic Vitamin D Resistance

Animal data consistently indicate that milk calcium content, skeletal resorption during lactation, and postweaning skeletal
recovery may be unaffected by extremes of vitamin D physiology, including absence of VDR, calcitriol, and vitamin D. The
more limited clinical data are similar, indicating that maternal vitamin D stores are not adversely affected by lactation, milk
calcium content is unaffected by vitamin D deficiency (unless significant hypocalcemia is present), and lactational bone
loss and recovery also may be unaffected by the absence of calcitriol’s actions. There is no evidence that the requirement for
vitamin D increases during lactation to meet maternal or neonatal needs.

Nevertheless, it remains prudent to correct vitamin D deficiency promptly whenever it is recognized. The available data
suggest that the amount of vitamin D intake required to replenish total body stores and maintain a set level of 250HD should
be unaffected by lactation. Similarly, management of VDDR-I and VDDR-II should be unaffected by lactation.



364 SECTION |1 The Mother

Because milk normally contains low amounts of vitamin D or 250HD, high-dose vitamin D supplementation has the
possible benefit of enabling all of a baby’s nutrition to come from breast milk rather than requiring that oral vitamin D
supplements be given to breastfed babies. However, the high doses used in the studies cited previously are not needed
if the goal is a 2SOHD level of 50nmol/L, as the Institute of Medicine and pediatric societies have suggested.”*

21.3.7.4 Clinical Management: 24-Hydroxylase Deficiency

Lactation could conceivably worsen hypercalcemia in women with 24-hydroxylase deficiency by introducing the physi-
ological bone resorption stimulated by PTHrP and low estradiol. However, because calcitriol production is normal during
lactation, hypercalcemia is much less likely to occur than during pregnancy, and breastfeeding can be encouraged.

21.3.8 Calcitonin Deficiency

Calcitonin has been theorized to protect the maternal skeleton against excessive resorption during lactation. Earlier studies
in thyroidectomized rats and goats yielded inconsistent results, likely because it is now recognized that lactating mammary
tissue produces substantial calcitonin. Consequently, a thyroidectomized animal is not calcitonin deficient while lactating.'
More recent studies examined Ctcgrp-null mice, which lack calcitonin and calcitonin gene-related peptide-o but retain
calcitonin gene-related peptide-B.'*’ This global calcitonin deficiency resulted in lactating mice losing twice the bone mass
as their normal sisters during lactation—an effect that was prevented by treating with calcitonin injections at the onset of
lactation.' '’ The lactating calcitonin-ablated mice have increased expression of PTHrP, a doubling of milk calcium content,
doubling of osteoclast numbers and surface, and half the osteoblast numbers and surface compared to normal sister
mice.'?"1%1%% Remarkably, the skeleton recovers from these marked deficits within 18 days of weaning, accompanied
by a substantial fall in osteoclast numbers and a surge in osteoblast numbers and activity.''*'*” Overall, the Ctcgrp-null
model confirms that calcitonin protects the rodent skeleton from excessive resorption during lactation, but whether the
same is true for women has not been determined.

No clinical studies have specifically tested whether calcitonin deficiency causes increased bone loss during lactation.
This is mainly because inactivating mutations of calcitonin or its receptor have not been identified in humans. A thyroid-
ectomized woman nursing twins experienced multiple vertebral compression fractures and had marked bone loss confirmed
by DXA; the authors speculated that calcitonin deficiency was to blame.*® But thyroidectomized women are not expected to
be calcitonin deficient while breastfeeding because lactating breast tissue produces normal circulating calcitonin levels.'

21.3.8.1 Clinical Management

There are no human data on clinical management, and so firm recommendations cannot be offered. However, the available
animal data suggest that lactation leads to excessive skeletal losses, and so it may be prudent to recommend against breast-
feeding in lactating women. Treatment with calcitonin conceivably could prevent excessive bone loss and allow lactation to
continue, but there are no reports to validate this speculation.

21.3.9 Low or High Calcium Intake

Lactating rodents have a proportionately very high demand for calcium, given their large litter sizes (§—12 pups) and short
duration of lactation (3 weeks). They rely on the combined effects of increased intestinal calcium absorption, skeletal
resorption, and renal tubal calcium reabsorption. The rodent is capable to some extent of extracting more calcium from
the skeleton when the diet is deficient, or more from the diet when the skeleton cannot be resorbed. Consequently, a
calcium-restricted diet increases skeletal losses but also can lead to hypocalcemia and sudden death from tetany; con-
versely, a high-calcium diet reduces skeletal losses.' During postweaning, a low calcium intake impairs skeletal recovery
in rats, but full recovery in the same rats was achieved when a normal-calcium diet was administered later.'>!

In contrast to the animal data, the calcium content of human milk appears to be largely derived from skeletal resorption.
Consequently, low calcium intake does not reduce breast-milk calcium, nor does it cause increased skeletal
resorption.'**!7%715¢ Conversely, high calcium intake neither increases breast-milk calcium nor reduces the amount of
skeletal resorption that occurs during lactation.'”” '°' These data come from well-designed randomized clinical trials
and cohort studies and indicate that maternal calcium intake may be irrelevant during lactation because skeletal resorption
is hormonally programmed to supply the needed amount of calcium. There is no evidence that women require a higher
intake of calcium while breastfeeding.
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No clinical studies have examined calcium intake during postweaning, which may be a more critical time to ensure
adequate calcium intake. However, adolescents recovering from lactation experienced a substantial increment in bone mass
despite a habitual intake of <500mg/day of calcium.'®> Randomization to a 1-g calcium supplement daily resulted in a
small gain in bone mass gain during 6 months of recovery.'””

21.3.9.1 Clinical Management

The available data indicate that women do not require increased calcium intake during lactation or postweaning recovery.
Instead, for all women, the recommended calcium intake remains the same as that of nonpregnant women, which is
1200 mg/day of calcium.”*

21.3.10 FGF23-Related Disorders

Phex*'~ females are the murine equivalent of XLH. The affected mice remain hypophosphatemic during lactation; produce
milk with normal phosphorus, calcium, and protein content; and have pups that grow normally.'®® Hyperphosphatemic
disorders due to loss of FGF23 of its coreceptor Klotho have not been studied during lactation because the mice die before
reaching reproductive maturity.

In one case report, serum phosphorus normalized during lactation in a woman with XLH, whereas it was low during
pregnancy and equivalent to expected nonpregnant values.''* Serum phosphorus likely normalizes because of the increased
skeletal resorption during lactation, which brings calcium and phosphorus into the circulation. However, despite normal-
ization of serum phosphorus in the mother during lactation, the phosphorus content of expressed milk was reduced to 50%
of normal in two cases, whereas the calcium content was modestly reduced in one but normal in the other.''*'' It is unclear
why milk from women with XLH had low phosphorus, while the content was normal in the animal model. Oral phosphorus
supplementation normalized the milk composition.''* In both cases, the babies inherited XLH, so the development of hypo-
phosphiltemia and rickets was likely due to the combined effects of the mutation and the low phosphorus content of
milk, 14115

No studies have examined lactation in hyperphosphatemic disorders from the loss of FGF23 or its coreceptor, but it is
conceivable that phosphorus content of milk will be increased.

21.3.10.1 Clinical Management

Women with XLH may require phosphorus supplementation to maintain normal phosphorus content in milk. If the calcium
content is also reduced, this cannot be fixed by oral calcium supplementation. If a baby born of a woman with XLH
develops hypophosphatemia, this could indicate that milk is deficient in phosphorus or that the baby inherited the mutation.

21.4 CONCLUSIONS

Doubling of intestinal calcium and phosphorus absorption during pregnancy meets the fetal demand for these minerals,
while an increase in skeletal resorption provides the required mineral content of milk during lactation. These adaptations
during pregnancy and lactation have important effects on preexisting disorders of bone and mineral metabolism. The
symptoms, signs, diagnostic indexes, and treatment strategies may be altered. This is best exemplified by how lactation
can normalize mineral homeostasis in hypoparathyroid women, but when this is overlooked, it has led to iatrogenic
and life-threatening hypercalcemia.

REFERENCES

1. Kovacs CS. Maternal mineral and bone metabolism during pregnancy, lactation, and post-weaning recovery. Physiol Rev 2016;96(2):449-547.

2. Albright F, Reifenstein EC. Parathyroid glands and metabolic bone disease. Baltimore: Williams & Wilkins; 1948.

3. Stride PJ, Patel N, Kingston D. The history of osteoporosis: why do Egyptian mummies have porotic bones? J R Coll Physicians Edinb 2013;
43(3):254-61.

4. Kovacs CS, Ralston SH. Presentation and management of osteoporosis presenting in association with pregnancy or lactation. Osteoporos Int 2015;
26(9):2223-41.

5. Laroche M, Talibart M, Cormier C, Roux C, Guggenbuhl P, Degboe Y. Pregnancy-related fractures: a retrospective study of a French cohort of 52
patients and review of the literature. Osteoporos Int 2017;28(11):3135-42.

6. Herath M, Wong P, Trinh A, Allan CA, Wallace EM, Ebeling PR, et al. Minimal-trauma ankle fractures predominate during pregnancy: a 17-year
retrospective study. Arch Osteoporos 2017;12(1):86.


http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0010
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0015
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0020
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0020
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0025
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0025
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0030
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0030
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0035
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0035

366 SECTION |1 The Mother

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

. Ferrari S, Bianchi ML, Eisman JA, Foldes AJ, Adami S, Wahl DA, et al. Osteoporosis in young adults: pathophysiology, diagnosis, and management.

Osteoporos Int 2012;23(12):2735-48.

. Abraham A, Cohen A, Shane E. Clin Obstet Gynecol 2013;56(4):722-9.
. Dempster DW, Compston JE, Drezner MK, Glorieux FH, Kanis JA, Malluche H, et al. Standardized nomenclature, symbols, and units for bone

histomorphometry: a 2012 update of the report of the ASBMR Histomorphometry Nomenclature Committee. J Bone Miner Res 2013;28(1):2-17.

. Smith R, Stevenson JC, Winearls CG, Woods CG, Wordsworth BP. Osteoporosis of pregnancy. Lancet 1985;1(8439):1178-80.
. Smith R, Athanasou NA, Ostlere SJ, Vipond SE. Pregnancy-associated osteoporosis. Q J Med 1995;88(12):865-78.
. Yamamoto N, Takahashi HE, Tanizawa T, Kawashima T, Endo N. Bone mineral density and bone histomorphometric assessments of postpregnancy

osteoporosis: a report of five patients. Calcif Tissue Int 1994;54(1):20-5.

. Dent CE, Friedman M. Pregnancy and idiopathic osteoporosis. QO J Med 1965;34(135):341-57.

. Nordin BE, Roper A. Post-pregnancy osteoporosis; a syndrome? Lancet 1955;268(6861):431-4.

. Dunne F, Walters B, Marshall T, Heath DA. Pregnancy associated osteoporosis. Clin Endocrinol (Oxf) 1993;39(4):487-90.

. Khovidhunkit W, Epstein S. Osteoporosis in pregnancy. Osteoporos Int 1996;6(5):345-54.

. Phillips AJ, Ostlere SJ, Smith R. Pregnancy-associated osteoporosis: does the skeleton recover? Osteoporos Int 2000;11(5):449-54.

. Asadipooya K, Graves L, Greene LW. Transient osteoporosis of the hip: review of the literature. Osteoporos Int 2017;28(6):1805-16.

. Baki ME, Uygun H, Ari B, Aydin H. Bilateral femoral neck insufficiency fractures in pregnancy. Eklem Hastalik Cerrahisi 2014;25(1):60-2.

. Aynaci O, Kerimoglu S, Ozturk C, Saracoglu M. Bilateral non-traumatic acetabular and femoral neck fractures due to pregnancy-associated oste-

oporosis. Arch Orthop Trauma Surg 2008;128(3):313-6.

Bonacker J, Janousek M, Krober M. Pregnancy-associated osteoporosis with eight fractures in the vertebral column treated with kyphoplasty and
bracing: a case report. Arch Orthop Trauma Surg 2014;134(2):173-9.

Pallavi P, Padma S, Vanitha Anna Selvi D. Transient osteoporosis of hip and lumbar spine in pregnancy. J Obstet Gynaecol India 2012;62(Suppl
1):8-9.

Stathopoulos IP, Liakou CG, Katsalira A, Trovas G, Lyritis GG, Papaioannou NA, et al. The use of bisphosphonates in women prior to or during
pregnancy and lactation. Hormones (Athens) 2011;10(4):280-91.

Ross AC, Abrams SA, Aloia JF, Brannon PM, Clinton SK, Durazo-Arvizu RA, et al. Ross AC, Taylor CL, YA L, Del Valle HB, editors. Dietary
reference intakes for calcium and vitamin D. Washington, DC: Institute of Medicine; 2011.

Iwamoto J, Sato Y, Uzawa M, Matsumoto H. Five-year follow-up of a woman with pregnancy and lactation-associated osteoporosis and vertebral
fractures. Ther Clin Risk Manag 2012;8:195-9.

Anai T, Tomiyasu T, Arima K, Miyakawa I. Pregnancy-associated osteoporosis with elevated levels of circulating parathyroid hormone-related
protein: a report of two cases. J Obstet Gynaecol Res 1999;25(1):63—7.

Tran HA, Petrovsky N. Pregnancy-associated osteoporosis with hypercalcaemia. Intern Med J 2002;32(9-10):481-5.

Segal E, Hochberg I, Weisman Y, Ish-Shalom S. Severe postpartum osteoporosis with increased PTHrP during lactation in a patient after total thy-
roidectomy and parathyroidectomy. Osteoporos Int 2011;22(11):2907-11.

Liel Y, Atar D, Ohana N. Pregnancy-associated osteoporosis: preliminary densitometric evidence of extremely rapid recovery of bone mineral
density. South Med J 1998;91(1):33-5.

Tjuin A, Yoshikata H, Asano R, Tsuburai T, Kikuchi R, Sakakibara H. Teriparatide and denosumab treatment for pregnancy and lactation-associated
osteoporosis with multiple vertebral fractures: a case study. Taiwan J Obstet Gynecol 2017;56(6):863—6.

Hong N, Kim JE, Lee SJ, Kim SH, Rhee Y. Changes in bone mineral density and bone turnover markers during treatment with teriparatide in
pregnancy- and lactation-associated osteoporosis. Clin Endocrinol (Oxf) 2018;88(5):652-8.

Campos-Obando N, Oei L, Hoefsloot LH, Kiewiet RM, Klaver CC, Simon ME, et al. Osteoporotic vertebral fractures during pregnancy: be aware of a
potential underlying genetic cause. J Clin Endocrinol Metab 2014;99(4):1107-11.

Grizzo FM, da Silva MJ, Pinheiro MM, Jorgetti V, Carvalho MD, Pelloso SM. Pregnancy and lactation-associated osteoporosis: bone histomorpho-
metric analysis and response to treatment with zoledronic acid. Calcif Tissue Int 2015;97(4):421-5.

Chan B, Zacharin M. Maternal and infant outcome after pamidronate treatment of polyostotic fibrous dysplasia and osteogenesis imperfecta before
conception: a report of four cases. J Clin Endocrinol Metab 2006;91(6):2017-20.

Tanriover MD, Oz SG, Sozen T. Ten-year follow-up in pregnancy and lactation-associated osteoporosis: sequential therapy with strontium ranelate
and ibandronate. Spine J 2015;15(5):1164-5.

Boyce RW, Varela A, Chouinard L, Bussiere JL, Chellman GJ, Ominsky MS, et al. Infant cynomolgus monkeys exposed to denosumab in utero
exhibit an osteoclast-poor osteopetrotic-like skeletal phenotype at birth and in the early postnatal period. Bone 2014;64:314-25.

Okamatsu N, Sakai N, Karakawa A, Kouyama N, Sato Y, Inagaki K, et al. Biological effects of anti-RANKL antibody administration in pregnant
mice and their newborns. Biochem Biophys Res Commun 2017;491(3):614-21.

Rodriguez AJ, Fink HA, Mirigian L, Guanabens N, Eastell R, Akesson K, et al. Pain, quality of life, and safety outcomes of kyphoplasty for vertebral
compression fractures: report of a task force of the American Society for Bone and Mineral Research. J Bone Miner Res 2017;32(9):1935-44.

38a. Ebeling PR, Akesson K, Bauer DC, Buchbinder R, Eastell R, Fink HA, Giangregorio L, Guanabens N, Kado D, Kallmes D, Katzman W,

39.
40.

Rodriguez A, Wermers R, Wilson HA, Bouxsein ML. The Efficacy and Safety of Vertebral Augmentation: A Second ASBMR Task Force Report.
J Bone Miner Res 2019;3(1):3-21.

Kort KC, Schiller HJ, Numann PJ. Hyperparathyroidism and pregnancy. Am J Surg 1999;177(1):66-8.

Kelly TR. Primary hyperparathyroidism during pregnancy. Surgery 1991;110(6):1028-33. discussion 33-34.


http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0040
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0040
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0045
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0050
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0050
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0055
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0060
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0065
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0065
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0070
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0075
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0080
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0085
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0090
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0095
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0100
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0105
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0105
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0110
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0110
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0115
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0115
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0120
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0120
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0125
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0125
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0130
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0130
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0135
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0135
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0140
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0145
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0145
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0150
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0150
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0155
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0155
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0160
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0160
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0165
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0165
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0170
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0170
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0175
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0175
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0180
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0180
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0185
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0185
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0190
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0190
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0195
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0195
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf9000
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf9000
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf9000
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0200
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0205

41.

42.
43.

44.

45.
46.

47.

48.

49.

50.

S1.
52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.
64.

65.

66.

67.

68.

69.

70.

71.

Disorders of Mineral and Bone Metabolism During Pregnancy and Lactation Chapter | 21 367

Hirsch D, Kopel V, Nadler V, Levy S, Toledano Y, Tsvetov G. Pregnancy outcomes in women with primary hyperparathyroidism. J Clin Endocrinol
Metab 2015;100(5):2115-22.

Dochez V, Ducarme G. Primary hyperparathyroidism during pregnancy. Arch Gynecol Obstet 2015;291(2):259-63.

Ghaznavi SA, Saad NM, Donovan LE. The biochemical profile of familial hypocalciuric hypercalcemia and primary hyperparathyroidism during
pregnancy and lactation: two case reports and review of the literature. Case Rep Endocrinol 2016;2016:2725486.

Bilezikian JP, Brandi ML, Eastell R, Silverberg SJ, Udelsman R, Marcocci C, et al. Guidelines for the management of asymptomatic primary hyper-
parathyroidism: summary statement from the Fourth International Workshop. J Clin Endocrinol Metab 2014;99(10):3561-9.

Abood A, Vestergaard P. Pregnancy outcomes in women with primary hyperparathyroidism. Eur J Endocrinol 2014;171(1):69-76.

Norman J, Politz D, Politz L. Hyperparathyroidism during pregnancy and the effect of rising calcium on pregnancy loss: a call for earlier intervention.
Clin Endocrinol (Oxf) 2009;71(1):104-9.

McDonnell CM, Zacharin MR. Maternal primary hyperparathyroidism: discordant outcomes in a twin pregnancy. J Paediatr Child Health 2006;42
(1-2):70-1.

Zeng H, Li Z, Zhang X, Wang N, Tian Y, Wang J. Anesthetic management of primary hyperparathyroidism during pregnancy: a case report. Med-
icine (Baltimore) 2017;96(51).

Han ES, Fritton K, Bacon P, Slodzinski MK, Argani C. Preterm parturient with polyhydramnios and pancreatitis: primary presentation of hyper-
parathyroidism. Case Rep Obstet Gynecol 2018;2018:2091082.

Herrera-Martinez AD, Bahamondes-Opazo R, Palomares-Ortega R, Munoz-Jimenez C, Galvez-Moreno MA, Quesada Gomez JM. Primary hyper-
parathyroidism in pregnancy: a two-case report and literature review. Case Rep Obstet Gynecol 2015;2015:171828.

Brown EM. The calcium-sensing receptor: physiology, pathophysiology and CaR-based therapeutics. Subcell Biochem 2007;45:139-67.

Kovacs CS, Ho-Pao CL, Hunzelman JL, Lanske B, Fox J, Seidman JG, et al. Regulation of murine fetal-placental calcium metabolism by the
calcium-sensing receptor. J Clin Invest 1998;101:2812-20.

Walker A, Fraile JJ, Hubbard JG. “Parathyroidectomy in pregnancy”—a single centre experience with review of evidence and proposal for treatment
algorithim. Gland Surg 2014;3(3):158-64.

Morton A. Altered calcium homeostasis during pregnancy may affect biochemical differentiation of hypercalcaemia. Intern Med J 2004;
34(11):655-6 author reply 6-7.

Sweeney LL, Malabanan AO, Rosen H. Decreased calcitriol requirement during pregnancy and lactation with a window of increased requirement
immediately post partum. Endocr Pract 2010;16(3):459-62.

Graham III WP, Gordon CS, Loken HF, Blum A, Halden A. Effect of pregnancy and of the menstrual cycle on hypoparathyroidism. J Clin Endocrinol
Metab 1964;24:512-6.

Bronsky D, Kiamko RT, Moncada R, Rosenthal IM. Intra-uterine hyperparathyroidism secondary to maternal hypoparathyroidism. Pediatrics
1968;42:606—13.

Furui T, Imai A, Tamaya T. Successful outcome of pregnancy complicated with thyroidectomy-induced hypoparathyroidism and sudden dyspnea. A
case report. Gynecol Obstet Invest 1993;35:57-9.

Anai T, Tomiyasu T, Takai N, Miyakawa I. Remission of idiopathic hypoparathyroidism during lactation: a case report. J Obstet Gynaecol Res
1999;25(4):271-3.

Shomali ME, Ross DS. Hypercalcemia in a woman with hypoparathyroidism associated with increased parathyroid hormone-related protein during
lactation. Endocr Pract 1999;5(4):198-200.

Markestad T, Ulstein M, Bassoe HH, Aksnes L, Aarskog D. Vitamin D metabolism in normal and hypoparathyroid pregnancy and lactation. Case
report. Br J Obstet Gynaecol 1983;90:971-6.

Hoper K, Pavel M, Dorr HG, Kandler C, Kruse K, Wildt L, et al. Calcitriol administration during pregnancy in a partial DiGeorge anomaly. Dtsch
Med Wochenschr 1994;119(51-52):1776-80.

Kurzel RB, Hagen GA. Use of thiazide diuretics to reduce the hypercalciuria of hypoparathyroidism during pregnancy. Am J Perinatol 1990;7:333-6.
Rabau-Friedman E, Mashiach S, Cantor E, Jacob ET. Association of hypoparathyroidism and successful pregnancy in kidney transplant recipient.
Obstet Gynecol 1982;59:126-8.

Hatswell BL, Allan CA, Teng J, Wong P, Ebeling PR, Wallace EM, et al. Management of hypoparathyroidism in pregnancy and lactation—a report
of 10 cases. Bone Rep 2015;3:15-9.

Tlany J, Vered I, Cohen O. The effect of continuous subcutaneous recombinant PTH (1-34) infusion during pregnancy on calcium homeostasis—a
case report. Gynecol Endocrinol 2013;29(9):807—-10.

Breslau NA, Zerwekh JE. Relationship of estrogen and pregnancy to calcium homeostasis in pseudohypoparathyroidism. J Clin Endocrinol Metab
1986:62:45-51.

Morton A. Milk-alkali syndrome in pregnancy, associated with elevated levels of parathyroid hormone-related protein. Intern Med J 2002;
32(9-10):492-3.

Eller-Vainicher C, Ossola MW, Beck-Peccoz P, Chiodini I. PTHrP-associated hypercalcemia of pregnancy resolved after delivery: a case report. Eur
J Endocrinol 2012;166(4):753-6.

Winter EM, Appelman-Dijkstra NM. Parathyroid hormone-related protein-induced hypercalcemia of pregnancy successfully reversed by a dopamine
agonist. J Clin Endocrinol Metab 2017;102(12):4417-20.

Gillies BR, Ryan BA, Tonkin BA, Poulton 1J, Ma Y, Kirby BJ, et al. Absence of calcitriol causes increased lactational bone loss and lower milk
calcium but does not impair post-lactation bone recovery in Cyp27bl null mice. J Bone Miner Res 2018;33(1):16-26.


http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0210
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0210
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0215
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0220
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0220
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0225
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0225
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0230
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0235
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0235
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0240
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0240
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0245
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0245
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0250
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0250
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0255
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0255
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0260
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0265
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0265
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0270
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0270
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0275
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0275
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0280
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0280
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0285
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0285
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0290
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0290
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0295
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0295
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0300
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0300
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0305
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0305
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0310
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0310
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0315
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0315
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0320
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0325
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0325
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0330
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0330
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0335
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0335
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0340
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0340
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0345
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0345
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0350
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0350
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0355
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0355
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0360
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0360

368 SECTION |1 The Mother

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.
88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99

100

Kovacs CS. Bone development and mineral homeostasis in the fetus and neonate: roles of the calciotropic and phosphotropic hormones. Physiol Rev

2014;94(4):1143-218.

Fudge NJ, Kovacs CS. Pregnancy up-regulates intestinal calcium absorption and skeletal mineralization independently of the vitamin D receptor.

Endocrinology 2010;151(3):886-95.

Lieben L, Stockmans I, Moermans K, Carmeliet G. Maternal hypervitaminosis D reduces fetal bone mass and mineral acquisition and leads to neo-

natal lethality. Bone 2013;57(1):123-31.

Liu NQ, Ouyang Y, Bulut Y, Lagishetty V, Chan SY, Hollis BW, et al. Dietary vitamin D restriction in pregnant female mice is associated with

maternal hypertension and altered placental and fetal development. Endocrinology 2013;154(7):2270-80.

St-Arnaud R, Arabian A, Travers R, Barletta F, Raval-Pandya M, Chapin K, et al. Deficient mineralization of intramembranous bone in vitamin D-

24-hydroxylase-ablated mice is due to elevated 1,25-dihydroxyvitamin D and not to the absence of 24,25-dihydroxyvitamin D. Endocrinology

2000;141(7):2658-66.

Lee CY, Koren G. Maternal obesity: effects on pregnancy and the role of pre-conception counselling. J Obstet Gynaecol 2010;30(2):101-6.

Brooke OG, Brown IR, Bone CD, Carter ND, Cleeve HJ, Maxwell JD, et al. Vitamin D supplements in pregnant Asian women: effects on calcium

status and fetal growth. Br Med J 1980;280:751-4.

Hollis BW, Johnson D, Hulsey TC, Ebeling M, Wagner CL. Vitamin D supplementation during pregnancy: double-blind, randomized clinical trial of

safety and effectiveness. J Bone Miner Res 2011;26(10):2341-57.

Roth DE, Al Mahmud A, Raqib R, Akhtar E, Perumal N, Pezzack B, et al. Randomized placebo-controlled trial of high-dose prenatal third-trimester

vitamin D3 supplementation in Bangladesh: the AViDD trial. Nutr J 2013;12(1):47.

Wagner CL, McNeil R, Hamilton SA, Winkler J, Rodriguez Cook C, Warner G, et al. A randomized trial of vitamin D supplementation in 2 com-

munity health center networks in South Carolina. Am J Obstet Gynecol 2013;208(2) 137.e1-13.

Dawodu A, Saadi HF, Bekdache G, Javed Y, Altaye M, Hollis BW. Randomized controlled trial (RCT) of vitamin D supplementation in pregnancy in

a population with endemic vitamin D deficiency. J Clin Endocrinol Metab 2013;98(6):2337-46.

Grant CC, Stewart AW, Scragg R, Milne T, Rowden J, Ekeroma A, et al. Vitamin D during pregnancy and infancy and infant serum 25-

hydroxyvitamin D concentration. Pediatrics 2014;133(1):e143-53.

Vaziri F, Dabbaghmanesh MH, Samsami A, Nasiri S, Shirazi PT. Vitamin D supplementation during pregnancy on infant anthropometric measure-

ments and bone mass of mother-infant pairs: A randomized placebo clinical trial. Early Hum Dev 2016;103:61-8.

Cooper C, Harvey NC, Bishop NJ, Kennedy S, Papageorghiou AT, Schoenmakers I, et al. Maternal gestational vitamin D supplementation and

offspring bone health (MAVIDOS): a multicentre, double-blind, randomised placebo-controlled trial. Lancet Diabetes Endocrinol 2016;

4(5):393-402.

Roth DE, Morris SK, Zlotkin S, Gernand AD, Ahmed T, Shanta SS, et al. Vitamin D Supplementation in pregnancy and lactation and infant growth. N

Engl J Med 2018;379(6):535-46.

Hollis BW, Wagner CL. Vitamin D and pregnancy: skeletal effects, nonskeletal effects, and birth outcomes. Calcif Tissue Int 2013;92(2):128-39.

Wagner CL, McNeil RB, Johnson DD, Hulsey TC, Ebeling M, Robinson C, et al. Health characteristics and outcomes of two randomized vitamin D

supplementation trials during pregnancy: a combined analysis. J Steroid Biochem Mol Biol 2013;136:313-20.

Wagner CL, Baggerly C, McDonnell SL, Baggerly L, Hamilton SA, Winkler J, et al. Post-hoc comparison of vitamin D status at three

timepoints during pregnancy demonstrates lower risk of preterm birth with higher vitamin D closer to delivery. J Steroid Biochem Mol Biol

2015;148:256-60.

Wei W, Shary JR, Garrett-Mayer E, Anderson B, Forestieri NE, Hollis BW, et al. Bone mineral density during pregnancy in women participating in a

randomized controlled trial of vitamin D supplementation. Am J Clin Nutr 2017;106(6):1422-30.

Khaing W, Vallibhakara SA, Tantrakul V, Vallibhakara O, Rattanasiri S, McEvoy M, et al. Calcium and Vitamin D Supplementation for Prevention

of Preeclampsia: A Systematic Review and Network Meta-Analysis. Nutrients 2017;9(10). https://doi.org/10.3390/nu9101141.

De-Regil LM, Palacios C, Lombardo LK, Pena-Rosas JP. Vitamin D supplementation for women during pregnancy. Cochrane Database Syst Rev

2016;1.

Hypponen E, Cavadino A, Williams D, Fraser A, Vereczkey A, Fraser WD, et al. Vitamin D and pre-eclampsia: original data, systematic review and

meta-analysis. Ann Nutr Metab 2013;63(4):331-40.

Thorne-Lyman A, Fawzi WW. Vitamin D during pregnancy and maternal, neonatal and infant health outcomes: a systematic review and meta-

analysis. Paediatr Perinat Epidemiol 2012;26(Suppl 1):75-90.

Roth DE, Leung M, Mesfin E, Qamar H, Watterworth J, Papp E. Vitamin D supplementation during pregnancy: state of the evidence from a sys-

tematic review of randomised trials. BMJ 2017;359:j5237.

Harvey NC, Holroyd C, Ntani G, Javaid K, Cooper P, Moon R, et al. Vitamin D supplementation in pregnancy: a systematic review. Health Technol

Assess 2014;18(45):1-190.

Edouard T, Alos N, Chabot G, Roughley P, Glorieux FH, Rauch F. Short- and long-term outcome of patients with pseudo-vitamin D deficiency

rickets treated with calcitriol. J Clin Endocrinol Metab 2011;96(1):82-9.

Marx SJ, Swart Jr EG, Hamstra AJ, DeLuca HF. Normal intrauterine development of the fetus of a woman receiving extraordinarily high doses of

1,25-dihydroxyvitamin D3. J Clin Endocrinol Metab 1980;51(5):1138-42.

. Malloy PJ, Tiosano D, Feldman D. Hereditary 1,25-dihydroxyvitamin-D-resistant rickets. In: Feldman D, Pike JW, Adams JS, editors. Vitamin D. 3rd
ed. San Diego, CA: Academic Press; 2011. p. 1197-232.

. Institute of Medicine. Dietary reference intakes for calcium and vitamin D. Washington, DC: The National Academies Press; 2011.


http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0365
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0365
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0370
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0370
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0375
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0375
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0380
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0380
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0385
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0385
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0385
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0390
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0395
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0395
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0400
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0400
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0405
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0405
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0410
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0410
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0415
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0415
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0420
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0420
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0425
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0425
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0430
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0430
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0430
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0435
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0435
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0440
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0445
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0445
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0450
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0450
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0450
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0455
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0455
https://doi.org/10.3390/nu9101141
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0465
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0465
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0470
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0470
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0475
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0475
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0480
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0480
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0485
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0485
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0490
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0490
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0495
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0495
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0500
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0500
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0505

101.

102.

103.

104.

105.

106.

107.

108.
109.

110.

111.
112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.
125.

126.
127.

128.

129.

130.

131.
132.

133.
134.

Disorders of Mineral and Bone Metabolism During Pregnancy and Lactation Chapter | 21 369

American College of Obstetricians and Gynecologists. ACOG Committee Opinion No. 495: Vitamin D: Screening and supplementation during preg-
nancy. Obstet Gynecol 2011;118(1):197-8.

Holick MF, Binkley NC, Bischoff-Ferrari HA, Gordon CM, Hanley DA, Heaney RP, et al. Evaluation, treatment, and prevention of vitamin D defi-
ciency: an Endocrine Society clinical practice guideline. J Clin Endocrinol Metab 2011;96(7):1911-30.

WHO. Guideline: Vitamin D supplementation in pregnant women. Geneva: World Health Organization; 2012.

Carpenter TO. CYP24A1 loss of function: Clinical phenotype of monoallelic and biallelic mutations. J Steroid Biochem Mol Biol 2017;173:337-40.
Shah AD, Hsiao EC, O’Donnell B, Salmeen K, Nussbaum R, Krebs M, et al. Maternal hypercalcemia due to failure of 1,25-dihydroxyvitamin-D3
catabolism in a patient with CYP24A1 mutations. J Clin Endocrinol Metab 2015;100(8):2832—6.

Dinour D, Davidovits M, Aviner S, Ganon L, Michael L, Modan-Moses D, et al. Maternal and infantile hypercalcemia caused by vitamin-D-
hydroxylase mutations and vitamin D intake. Pediatr Nephrol 2015;30(1):145-52.

Woods GN, Saitman A, Gao H, Clarke NJ, Fitzgerald RL, Chi NW. A young woman with recurrent gestational hypercalcemia and acute pancreatitis
caused by CYP24A1 deficiency. J Bone Miner Res 2016;31(10):1841-4.

Kwong WT, Fehmi SM. Hypercalcemic pancreatitis triggered by pregnancy with a CYP24A1 mutation. Pancreas 2016;45(6):e31-2.

Woodrow JP. Calcitonin modulates skeletal mineral loss during lactation through interactions in mammary tissue and directly though osteoclasts in
bone. [PhD thesis] [PhD]. St. John’s, NL: Memorial University of Newfoundland; 2009.

Woodrow JP, Sharpe CJ, Fudge NJ, Hoff AO, Gagel RF, Kovacs CS. Calcitonin plays a critical role in regulating skeletal mineral metabolism during
lactation. Endocrinology 2006;147(9):4010-21.

Shenolikar IS. Absorption of dietary calcium in pregnancy. Am J Clin Nutr 1970;23(1):63-7.

Ma Y, Samaraweera M, Cooke-Hubley S, Kirby BJ, Karaplis AC, Lanske B, et al. Neither absence nor excess of FGF23 disturbs murine fetal-
placental phosphorus homeostasis or prenatal skeletal development and mineralization. Endocrinology 2014;155(5):1596-605.

Ohata Y, Yamazaki M, Kawai M, Tsugawa N, Tachikawa K, Koinuma T, et al. Elevated fibroblast growth factor 23 exerts its effects on placenta and
regulates vitamin d metabolism in pregnancy of hyp mice. J Bone Miner Res 2014;29(7):1627-38.

Jonas AJ, Dominguez B. Low breast milk phosphorus concentration in familial hypophosphatemia. J Pediatr Gastroenterol Nutr 1989;8(4):541-3.
Reade TM, Scriver CR. Hypophosphatemic rickets and breast milk. N Engl J Med 1979;300(24):1397.

Donovan EF, Tsang RC, Steichen JJ, Strub RJ, Chen IW, Chen M. Neonatal hypermagnesemia: effect on parathyroid hormone and calcium homeo-
stasis. J Pediatr 1980;96(2):305-10.

Cholst IN, Steinberg SF, Tropper PJ, Fox HE, Segre GV, Bilezikian JP. The influence of hypermagnesemia on serum calcium and parathyroid
hormone levels in human subjects. N Engl J Med 1984;310(19):1221-5.

Cruikshank DP, Pitkin RM, Reynolds WA, Williams GA, Hargis GK. Effects of magnesium sulfate treatment on perinatal calcium metabolism. I.
Maternal and fetal responses. Am J Obstet Gynecol 1979;134(3):243-9.

Koontz SL, Friedman SA, Schwartz ML. Symptomatic hypocalcemia after tocolytic therapy with magnesium sulfate and nifedipine. Am J Obstet
Gynecol 2004;190(6):1773-6.

Smith Jr LG, Burns PA, Schanler RJ. Calcium homeostasis in pregnant women receiving long-term magnesium sulfate therapy for preterm labor. Am
J Obstet Gynecol 1992;167:45-51.

Hung JW, Tsai MY, Yang BY, Chen JF. Maternal osteoporosis after prolonged magnesium sulfate tocolysis therapy: a case report. Arch Phys Med
Rehabil 2005;86(1):146-9.

Levav AL, Chan L, Wapner RJ. Long-term magnesium sulfate tocolysis and maternal osteoporosis in a triplet pregnancy: a case report. Am J Peri-
natol 1998;15(1):43-6.

Savory J, Monif GR. Serum calcium levels in cord sera of the progeny of mothers treated with magnesium sulfate for toxemia of pregnancy. Am J
Obstet Gynecol 1971;110(4):556-9.

Lipsitz PJ. The clinical and biochemical effects of excess magnesium in the newborn. Pediatrics 1971;47(3):501-9.

Malaeb SN, Rassi Al, Haddad MC, Seoud MA, Yunis KA. Bone mineralization in newborns whose mothers received magnesium sulphate for toco-
lysis of premature labour. Pediatr Radiol 2004;34(5):384-6.

Krysiak R, Wilk M, Okopien B. Recurrent pancreatitis induced by hyperparathyroidism in pregnancy. Arch Gynecol Obstet 2011;284(3):531-4.
Mamillapalli R, VanHouten J, Dann P, Bikle D, Chang W, Brown E, et al. Mammary-specific ablation of the calcium-sensing receptor during lac-
tation alters maternal calcium metabolism, milk calcium transport, and neonatal calcium accrual. Endocrinology 2013;154(9):3031-42.
Ardeshirpour L, Dann P, Pollak M, Wysolmerski J, VanHouten J. The calcium-sensing receptor regulates PTHrP production and calcium transport in
the lactating mammary gland. Bone 2006;38(6):787-93.

VanHouten J, Dann P, McGeoch G, Brown EM, Krapcho K, Neville M, et al. The calcium-sensing receptor regulates mammary gland parathyroid
hormone-related protein production and calcium transport. J Clin Invest 2004;113(4):598-608.

Mather KJ, Chik CL, Corenblum B. Maintenance of serum calcium by parathyroid hormone-related peptide during lactation in a hypoparathyroid
patient. J Clin Endocrinol Metab 1999;84(2):424-7.

Caplan RH, Beguin EA. Hypercalcemia in a calcitriol-treated hypoparathyroid woman during lactation. Obstet Gynecol 1990;76(3 Pt 2):485-9.
Salle BL, Berthezene F, Glorieux FH, Delvin EE, Berland M, David L, et al. Hypoparathyroidism during pregnancy: treatment with calcitriol. J Clin
Endocrinol Metab 1981;52(4):810-3.

Sadeghi-Nejad A, Wolfsdorf JI, Senior B. Hypoparathyroidism and pregnancy. Treatment with calcitriol. JAMA 1980;243(3):254-5.

Cathebras P, Cartry O, Sassolas G, Rousset H. Hypercalcemia induced by lactation in 2 patients with treated hypoparathyroidism. Rev Med Interne
1996;17(8):675-6.


http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0510
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0510
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0515
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0515
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0520
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0525
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0530
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0530
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0535
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0535
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0540
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0540
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0545
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0550
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0550
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0555
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0555
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0560
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0565
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0565
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0570
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0570
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0575
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0580
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0585
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0585
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0590
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0590
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0595
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0595
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0600
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0600
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0605
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0605
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0610
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0610
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0615
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0615
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0620
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0620
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0625
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0630
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0630
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0635
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0640
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0640
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0645
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0645
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0650
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0650
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0655
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0655
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0660
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0665
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0665
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0670
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0675
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0675

370 SECTION |1 The Mother

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.
159.

160.

161.

162.

163.

Yasumatsu R, Nakashima T, Kuratomi Y, Komiyama S. Postpartum hypercalcemia in a patient with previous thyroid carcinoma: a report of 2 cases.
Nihon Jibiinkoka Gakkai Kaiho 2002;105(8):897-900.

Reid IR, Wattie DJ, Evans MC, Budayr AA. Post-pregnancy osteoporosis associated with hypercalcaemia. Clin Endocrinol (Oxf) 1992,
37(3):298-303.

Khosla S, van Heerden JA, Gharib H, Jackson IT, Danks J, Hayman JA, et al. Parathyroid hormone-related protein and hypercalcemia secondary to
massive mammary hyperplasia. N Engl J Med 1990;322(16):1157.

Hollis BW, Wagner CL. Vitamin D requirements during lactation: high-dose maternal supplementation as therapy to prevent hypovitaminosis D for
both the mother and the nursing infant. Am J Clin Nutr 2004;80(6 Suppl):1752S-8S.

Rothberg AD, Pettifor JM, Cohen DF, Sonnendecker EW, Ross FP. Maternal-infant vitamin D relationships during breast-feeding. J Pediatr
1982;101(4):500-3.

Ala-Houhala M, Koskinen T, Parviainen MT, Visakorpi JK. 25-Hydroxyvitamin D and vitamin D in human milk: effects of supplementation and
season. Am J Clin Nutr 1988;48(4):1057-60.

Ala-Houhala M. 25-Hydroxyvitamin D levels during breast-feeding with or without maternal or infantile supplementation of vitamin D. J Pediatr
Gastroenterol Nutr 1985;4(2):220-6.

Oberhelman SS, Meekins ME, Fischer PR, Lee BR, Singh RJ, Cha SS, et al. Maternal vitamin D supplementation to improve the vitamin D status of
breast-fed infants: a randomized controlled trial. Mayo Clin Proc 2013;88(12):1378-87.

Wagner CL, Hulsey TC, Fanning D, Ebeling M, Hollis BW. High-dose vitamin D3 supplementation in a cohort of breastfeeding mothers and their
infants: a 6-month follow-up pilot study. Breastfeed Med 2006;1(2):59-70.

Saadi HF, Dawodu A, Afandi B, Zayed R, Benedict S, Nagelkerke N, et al. Effect of combined maternal and infant vitamin D supplementation on
vitamin D status of exclusively breastfed infants. Matern Child Nutr 2009;5(1):25-32.

Basile LA, Taylor SN, Wagner CL, Horst RL, Hollis BW. The effect of high-dose vitamin D supplementation on serum vitamin D levels and milk
calcium concentration in lactating women and their infants. Breastfeed Med 2006;1(1):27-35.

Prentice A, Yan L, Jarjou LM, Dibba B, Laskey MA, Stirling DM, et al. Vitamin D status does not influence the breast-milk calcium concentration of
lactating mothers accustomed to a low calcium intake. Acta Paediatr 1997;86(9):1006-8.

Teotia M, Teotia SP, Nath M. Metabolic studies in congenital vitamin D deficiency rickets. Indian J Pediatr 1995;62(1):55-61.

Teotia M, Teotia SP. Nutritional and metabolic rickets. Indian J Pediatr 1997;64(2):153-7.

Ho C, Conner DA, Pollak MR, Ladd DJ, Kifor O, Warren HB, et al. A mouse model of human familial hypocalciuric hypercalcemia and neonatal
severe hyperparathyroidism. Nat Genet 1995;11:389-94.

Collins JN, Kirby BJ, Woodrow JP, Gagel RF, Rosen CJ, Sims NA, et al. Lactating Ctcgrp nulls lose twice the normal bone mineral content due to
fewer osteoblasts and more osteoclasts, whereas bone mass is fully restored after weaning in association with up-regulation of Wnt signaling and
other novel genes. Endocrinology 2013;154(4):1400-13.

Hagaman JR, Ambrose WW, Hirsch PF. A scanning electron microscopic and photon absorptiometric study of the development, prolongation, and
pattern of recovery from lactation-induced osteopenia in rats. J Bone Miner Res 1990;5:123-32.

Prentice A. Calcium in pregnancy and lactation. Annu Rev Nutr 2000;20:249-72.

Prentice A, Jarjou LM, Cole TJ, Stirling DM, Dibba B, Fairweather-Tait S. Calcium requirements of lactating Gambian mothers: effects of a
calcium supplement on breast-milk calcium concentration, maternal bone mineral content, and urinary calcium excretion. Am J Clin Nutr
1995;62(1):58-67.

Prentice A, Jarjou LM, Stirling DM, Buffenstein R, Fairweather-Tait S. Biochemical markers of calcium and bone metabolism during 18 months
of lactation in Gambian women accustomed to a low calcium intake and in those consuming a calcium supplement. J Clin Endocrinol Metab 1998;
83(4):1059-66.

Laskey MA, Prentice A, Hanratty LA, Jarjou LM, Dibba B, Beavan SR, et al. Bone changes after 3 mo of lactation: influence of calcium intake,
breast-milk output, and vitamin D-receptor genotype. Am J Clin Nutr 1998;67(4):685-92.

Jarjou LM, Prentice A, Sawo Y, Laskey MA, Bennett J, Goldberg GR, et al. Randomized, placebo-controlled, calcium supplementation study in
pregnant Gambian women: effects on breast-milk calcium concentrations and infant birth weight, growth, and bone mineral accretion in the first
year of life. Am J Clin Nutr 2006;83(3):657-66.

Kolthoff N, Eiken P, Kristensen B, Nielsen SP. Bone mineral changes during pregnancy and lactation: a longitudinal cohort study. Clin Sci (Lond)
1998:94(4):405-12.

Polatti F, Capuzzo E, Viazzo F, Colleoni R, Klersy C. Bone mineral changes during and after lactation. Obstet Gynecol 1999;94(1):52—6.
Kalkwarf HJ, Specker BL, Bianchi DC, Ranz J, Ho M. The effect of calcium supplementation on bone density during lactation and after weaning.
N Engl J Med 1997;337(8):523-8.

Cross NA, Hillman LS, Allen SH, Krause GF. Changes in bone mineral density and markers of bone remodeling during lactation and postweaning in
women consuming high amounts of calcium. J Bone Miner Res 1995;10(9):1312-20.

Fairweather-Tait S, Prentice A, Heumann KG, Jarjou LM, Stirling DM, Wharf SG, et al. Effect of calcium supplements and stage of lactation on the
calcium absorption efficiency of lactating women accustomed to low calcium intakes. Am J Clin Nutr 1995;62:1188-92.

Bezerra FF, Mendonca LM, Lobato EC, O’Brien KO, Donangelo CM. Bone mass is recovered from lactation to postweaning in adolescent mothers
with low calcium intakes. Am J Clin Nutr 2004;80(5):1322-6.

Delzer PR, Meyer Jr RA. Normal milk composition in lactating X-linked hypophosphatemic mice despite continued hypophosphatemia. Calcif
Tissue Int 1983;35(6):750-4.


http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0680
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0680
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0685
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0685
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0690
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0690
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0695
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0695
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0700
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0700
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0705
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0705
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0710
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0710
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0715
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0715
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0720
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0720
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0725
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0725
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0730
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0730
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0735
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0735
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0740
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0745
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0750
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0750
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0755
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0755
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0755
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0760
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0760
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0765
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0770
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0770
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0770
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0775
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0775
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0775
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0780
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0780
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0785
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0785
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0785
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0790
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0790
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0795
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0800
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0800
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0805
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0805
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0810
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0810
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0815
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0815
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0820
http://refhub.elsevier.com/B978-0-12-814823-5.00021-0/rf0820

	Disorders of Mineral and Bone Metabolism During Pregnancy and Lactation
	Introduction
	Disorders of bone and mineral metabolism during pregnancy
	Osteoporosis in Pregnancy
	Vertebral and Appendicular Fractures in Pregnancy
	Transient Osteoporosis of the Hip
	Investigations and Overall Management Considerations
	Nonpharmacological Treatment
	Pharmacological Therapy
	Surgical Therapy

	Primary Hyperparathyroidism
	Incidence and Epidemiology
	Clinical Presentation
	Approach and Management
	Conclusion: Surgical vs Medical Management?

	Familial Hypocalciuric Hypercalcemia
	Clinical Management

	Hypoparathyroidism
	Clinical Management

	Pseudohypoparathyroidism
	Clinical Management

	Pseudohyperparathyroidism
	Clinical Management

	Vitamin D Deficiency, Genetic Vitamin D Resistance, and 24-Hydroxylase Deficiency
	Animal Data: Vitamin D Deficiency and Genetic Vitamin D Resistance
	Animal Data: 24-Hydroxylase Deficiency
	Human Data: Vitamin D Deficiency and Genetic Vitamin D Resistance
	Clinical Management: Vitamin D Deficiency and Genetic Vitamin D Resistance
	Human Data: 24-Hydroxylase Deficiency
	Clinical Management: 24-Hydroxylase Deficiency

	Calcitonin Deficiency
	Low or High Calcium Intake
	Hypercalcemia of Malignancy
	Fibroblast Growth Factor 23 (FGF23)-Related Disorders
	Tocolytic Therapy with Magnesium Sulfate
	Clinical Management


	Disorders of bone and mineral metabolism during lactation
	Osteoporosis of Lactation
	Clinical Management

	Primary Hyperparathyroidism
	Clinical Management

	Familial Hypocalciuric Hypercalcemia
	Clinical Management

	Hypoparathyroidism
	Clinical Management

	Pseudohypoparathyroidism
	Clinical Management

	Pseudohyperparathyroidism
	Clinical Management

	Vitamin D Deficiency, Genetic Vitamin D Resistance, and 24-Hydroxylase Deficiency
	Vitamin D Deficiency and Genetic Vitamin D Resistance
	24-Hydroxylase Deficiency
	Clinical Management: Vitamin D Deficiency and Genetic Vitamin D Resistance
	Clinical Management: 24-Hydroxylase Deficiency

	Calcitonin Deficiency
	Clinical Management

	Low or High Calcium Intake
	Clinical Management

	FGF23-Related Disorders
	Clinical Management


	Conclusions
	References




