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General Pathophysiology

Metabolic bone disease is caused by disturbances in the
metabolism of calcium and phosphate. The result is inade-
quate mineralization of bone matrix. In children, the epiphy-
seal ends of the bones are the most active in osteogenesis,
so the disease is more evident there. A complete understand-
ing of calcium metabolism is needed to understand this
group of disorders.’

The body is extremely sensitive to serum calcium levels,
and a disturbance of calcium balance leads to abnormal
irritability, conductivity, and contractility of the cardiovas-
cular and neurologic systems. Almost all of the body’s cal-
cium is stored in bone as hydroxyapatite; thus, if extra
calcium is needed in the bloodstream to maintain cardiac
or neurologic function, the bone is the source of the required
calcium. Only a very small portion of the body’s calcium is
present in the bloodstream.

Serum calcium is under the regulation of vitamin D
and parathyroid hormone (PTH) (Fig. 31-1).'-* Ergosterol
(provitamin D) is ingested and absorbed from the small
intestine. These precursors of vitamin D must be absorbed
from the gut. Because they are fat-soluble, gastrointestinal
(GI) or hepatic diseases that produce steatorrhea result in
the inability to absorb vitamin D. Provitamin D then under-
goes a series of hydroxylations in its transformation to the
active form, 1,25-dihydroxyvitamin D, The first hydroxyla-
tion takes place in the liver. The second hydroxylation, which
occurs in the kidney, is stimulated by hypocalcemia and high
levels of PTH. The liver also produces 7-dehydrocholesterol
(also a provitamin D). Thus, hepatic or renal diseases lead
to problems with metabolic bone diseases.
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The skin also plays a role in metabolic bone diseases, as
it is the site of conversion of 7-dehydrocholesterol to vitamin
D, (cholecalciferol). This change occurs as a result of expo-
sure to ultraviolet light.

The action of 1,25-dihydroxycholecalciferol is to enable
absorption of calcium from the small intestine.” In a state
of vitamin D deficiency, deficient absorption of calcium
leads to mild hypocalcemia, which triggers the release of
PTH. PTH enables absorption of calcium from the intestines
and renal tubules, and activates osteoclasts.® Calcium is
leached out of the bones, and the hypocalcemia is relatively
corrected; however phosphate is excreted from the kidney,
leading to hypophosphatemia and poor mineralization of
bones.
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Metabolic Control of Calcium Metabolism
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FIGURE 31-1

Nutritional Rickets

Vitamin D deficiency in the diet leads to nutritional rickets.
Although this entity is rare in developed countries, it is by
no means absent from these areas."” The dysplasia may
result from prolonged breast-feeding, and occurs more fre-
quently in children fed a vegetarian diet and in black chil-
dren.**$!1%7 In the developed world, rickets is more com-
monly the result of inability to absorb vitamin D due to
celiac or hepatic disease.”'*'*!” Children with either form of
rickets usually present between the ages of 6 months and 3
years. Presenting findings are listlessness, periarticular swell-
ing, or angular deformities.

Mellanby" and Park™ in the mid-1920s were the first to
suggest that rickets could be prevented by adequate vitamin
D intake. Since that time, milk and dairy products have
been fortified with vitamin D. Thus, it is only in cases of
malnutrition and unusual dietary practices that vitamin D
deficiency rickets is seen.

PATHOLOGY

In rickets, the primary disturbance in bone is a failure of
calcification of cartilage and osteoid tissue.*'*!*!** Normally
the cartilage cells at the provisional zone of calcification
proliferate in columns, the most mature of which are
calcified, resorbed, and replaced by new bone. In rickets,
there is a failure of deposition of calcium along the mature
cartilage cell columns, followed by disorderly invasion of
cartilage by blood vessels, lack of reabsorption at the zone
of provisional calcification, and increased thickness of the
epiphyseal plate (Fig. 31-2). The chondrocytes multiply nor-
mally, but the normal process of maturation of cartilage
columns fails to take place.

Osteoblastic activity in both the endosteal and periosteal
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A, Metabolic control of calcium metabolism. B, Vitamin D metabolism.

tissues is normal, forming abundant osteoid. With defective
mineralization, however, osteoclastic resorption of the un-
calcified osteoid does not take place. Hence, the overly abun-
dant osteoid produced by the normal osteoblasts is laid
down irregularly around anything that will serve as a scaf-
folding. There are widened osteoid seams. The osteoid islets
may even persist down into the diaphysis.

In rickets, there is an abnormality in the arrangement of

Photomicrograph
through the epiphyseal-metaphyseal junction shows uncalcified osteoid
tissue, failure of deposition of calcium along the mature cartilage cell
columns, and disorderly invasion of cartilage by blood vessels (x25).
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Biochemical Abnormalities in Rickets
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bundles of collagen fibers in compact bone. Instead of run-
ning parallel to the haversian canals, they course perpendicu-
larly and are biomechanically inferior.?

Grossly, the rachitic bone is soft and becomes misshapen
under the forces of weightbearing. If the disease remains
untreated, angular deformities of the lower extremities

and deformities of the thoracic cage and pelvis may de-
velop.

After treatment of rickets with vitamin D, calcium ab-
sorption increases and calcification of the cartilage columns
and of osteoid occurs. Osteoclasts resorb the calcified carti-
lage, and remodeling of bone follows.?

FIGURE 31-4 A to C, Radiographs obtained in a 1-year-old black girl with nutritional rickets. All physes are widened
and the metaphyses are indistinct. Cupping is most prominent in the metaphysis of the distal radius and ulna and at
the knee. See also Figure 31-6.
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LABORATORY FINDINGS

Vitamin D deficiency results in inability to absorb calcium
and phosphorus. PTH is released in response to hypocal-
cemia, which corrects the serum calcium deficit, but hypo-
phosphatemia persists. Serum calcium levels are normal to
mildly decreased, phosphate levels are low, and vitamin D
levels are decreased, but PTH and alkaline phosphatase levels
are high (Fig. 31-3).013184

FIGURE 31-5 A, Hazy metaphysis with cupping in a
young boy with rickets. B, Accentuated genu varum is
present. C, With vitamin D replacement therapy, the bony
lesions healed in 6 months,

CLINICAL FEATURES

The clinical features of nutritional rickets depend on the
severity of the disease and may be quite subtle. Infants
present with generalized muscular weakness, lethargy, and
irritability.”” Sitting, standing, and walking are delayed. The
abdomen may appear protuberant.

Early bony manifestations include a slight thickening of
the ankles, knees, and wrists. Beading of the ribs, referred



to as the “rachitic rosary,” is due to enlargement of the
costochondral junctions. As the disease continues, the pull of
the diaphragm on the ribs produces a horizontal depression
known as Harrison’s groove. Short stature results from in-
sufficient longitudinal growth. Pectus carinatum is caused
by forward projection of the sternum. Closure of the fonta-
nelles is delayed and the sutures are thickened, leading to a
skull appearance described as resembling hot cross buns.
The dentition is affected, with delays in the appearance of
the teeth and defects in the enamel.

As the child begins standing and walking, the softened
long bones bow, and it is at this time that the child is usually
brought to the orthopaedic surgeon for a diagnosis. Genu
valgum and coxa vara may result from the bowing. Stress
fractures of the long bones may be present.”” Later, kypho-
scoliosis may develop.

RADIOGRAPHIC FINDINGS

Failure of the physeal cartilage to calcify leads to elongation
of the physis and a hazy appearance of the provisional zone
of calcification.”** The widened growth plate is particularly
suspect for rickets, differentiating this rare condition from
the more common physiologic angular deformities of the
lower extremities (Fig. 31—4)." The metaphysis abutting the
physis is brushlike in appearance, as islands or columns of
cartilage persist well into the metaphysis (Fig. 31-5). The
metaphysis also appears cupped or flared. There is an os-
teopenic appearance to the bones overall, with thinning of
the cortices.” The bony trabeculae are indistinct. Looser’s
lines, radiolucent transverse bands that extend across the

FIGURE 31-6 Radiographic appearance of the wrist of the girl whose
radiographs (rickets) appear in Figure 31—4, after 4 months of treatment
with vitamin D. The osteopenia has resolved and the physis is narrowed.
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axes of the long bones, are evident on radiographs in 20
percent of patients with rickets.”

As the rickets continues, deformities of the long bones,
ribs, pelvis, and spine develop. Thoracolumbar kyphosis—
“rachitic catback”—may be apparent on radiographs.

Although the diagnosis of nutritional rickets should be
made on review of plain films, bone scintigraphy has been
used in neonates to confirm the diagnosis and to pick up
areas of fractures. Increased uptake is seen.”

With treatment, calcification occurs and the radiographs
become normal. The physis thins and bone density increases
(Fig. 31-6).'*

TREATMENT

Rickets is treated by the administration of vitamin D under
the supervision of a pediatric specialist in metabolic bone
disease. The usual course of treatment is 6 to 10 weeks.
After 2 to 4 weeks, radiographs show improvement in miner-
alization. Tetracycline labeling shows response to therapy,
with new mineralization picking up the drug. (Tetracycline
should not be used in young children, however, due to
staining of the teeth.”) If the child does not respond to
vitamin D therapy, vitamin D-resistant rickets should be
suspected. Because residual deformity is quite rare following
the medical treatment of nutritional rickets, there is no
specific orthopaedic treatment for nutritional rickets.

REFERENCES
Nutritional Rickets

1. Bachrach S, Fisher J, Parks JS: An outbreak of vitamin D deficiency
rickets in a susceptible population. Pediatrics 1979;64:871.

2. Bailie M, Irving JT: Development and healing of rickets in intramem-
branous bone. Acta Med Scand 1955;306.

3. Curtis JA, Kooh SW, Fraser D, et al: Nutritional rickets in vegetarian
children, Can Med Assoc ] 1983;128:150.

4. Dwyer JT, Dietz WH Jr, Hass G, et al: Risk of nutritional rickets among
vegetarian children. Am | Dis Child 1979;133:134.

5. Engfeldt B, Zetterstrom R: Biophysical studies of the bone tissue of
dogs with experimental rickets. Biophysical studies of bone tissue, No.
II. Arch Pathol 1955;59:321.

6. Goldsmith RS: Laboratory aids in the diagnosis of metabolic bone
diseases. Orthop Clin North Am 1972;3:545.

7. Heubi JE, Tsang RC, Steichen JJ, et al: 1,25-Dihydroxyvitamin D; in
childhood hepatic osteodystrophy. | Pediatr 1979;94:977.

8. Jacobsen ST, Hull CK, Crawford AH: Nutritional rickets. ] Pediatr
Orthop 1986;6:713.

9. Jaworski ZF: Pathophysiology, diagnosis and treatment of osteomalacia.
Orthop Clin North Am 1972;3:623.

10. Kooth SW, Jones G, Reilly BJ, et al: Pathogenesis of rickets in chronic
hepatobiliary disease in children. J Pediatr 1979;94:870.

11. Kruger DM, Lyne ED, Kleerekoper M: Vitamin D deficiency rickets:
a report on three cases. Clin Orthop 1987;224:277.

12. Mankin HJ: Metabolic bone disease. Instr Course Lect 1995;44:3.

13. Mankin HJ: Rickets, osteomalacia, and renal osteodystrophy. Part I1.
] Bone Joint Surg 1974;56-A:352.

14. Marie PJ, Pettifor JM, Ross FP, et al: Histological osteomalacia due to
dietary calcium deficiency in children. N Engl ] Med 1982;307:584.

15. Mellanby E: Experimental rickets: the effect of cereals and their interac-
tion with other factors of diet and environment in producing rickets.
Spec Rep Ser Med Res Council (London) 1925;93:48.

16. Moss AJ, Waterhouse C, Terry R: Gluten-sensitive enteropathy with
osteomalacia without steatorrhea. N Engl ] Med 1965;272:825.

17. Nordin BEC: Effect of malabsorption syndrome on calcium metabo-
lism. Proc R Soc Med 1961;54:497.

18. Norman AW: Recent studies on vitamin D and parathyroid hormone



1690 + ¢ ¢ Orthopaedic Disorders

regulation of calcium and phosphorus metabolism. Clin Orthop
1967;52:249.

19. Oppenheimer S], Snodgrass GJ: Neonatal rickets: histopathology and
quantitative bone changes. Arch Dis Child 1980;55:945.

20. Park EA: The etiology of rickets. Physiol Rev 1923;3:106.

21. Park EA: Observations on the pathology of rickets with particular
reference to the changes at the cartilage-shaft junction of the growing
bones. Harvey Lect 1938-39;34:157.

22, Paterson CR: Vitamin D deficiency rickets simulating child abuse. |
Pediatr Orthop 1981;1:423.

23. Pitt MJ: Rachitic and osteomalacic syndromes. Radiol Clin North
Am 1981;19:581.

24. Raghuramulu N, Reddy V: Serum 25-hydroxy-vitamin D levels in
malnourished children with rickets. Arch Dis Child 1980;55:285.

25. Raubenheimer E], Van Heerden WF, Potgieter D, et al: Static and
dynamic bone changes in hospitalized patients suffering from rickets:
a histomorphometric study. Histopathology 1997;31:12.

26. Reynolds WA, Karo JJ: Radiologic diagnosis of metabolic bone disease.
Orthop Clin North Am 1972;3:521.

27. Rudolf M, Arulanantham K, Greenstein RM: Unsuspected nutritional
rickets. Pediatrics 1980;66:72.

28. Saul PD, Lloyd DJ, Smith FW: The role of bone scanning in neonatal
rickets. Pediatr Radiol 1983;13:89.

29. Schott GD, Wills MR: Muscle weakness in osteomalacia. Lancet
1976;1:626.

30. Sills IN, Skuza KA, Horlick MN, et al: Vitamin D deficiency rickets:
reports of its demise are exaggerated. Clin Pediatr (Phila) 1994;33:491.

31. Simmons DJ, Kunin AS: Development and healing of rickets in rats.
L. Studies with tritiated thymidine and nutritional considerations. Clin
Orthop 1970;68:251.

32. Simmons DJ, Kunin AS: Development and healing of rickets in rats.
IL. Studies with tritiated proline. Clin Orthop 1970;68:261.

33. Smith R: The pathophysiology and management of rickets. Orthop
Clin North Am 1972;3:601.

34. Steinbach HL, Kolb FO, Gilfillan R: Mechanism and production of
pseudofractures in osteomalacia (milkman’s syndrome). Radiology
1954;62:388.

35. Steinbach HL, Noetzli M: Roentgen appearance of the skeleton in
osteomalacia and rickets. AJR Am ] Roentgenol 1964;91:955.

36. Swischuk LE, Hayden CK Jr: Rickets: a roentgenographic scheme for
diagnosis. Pediatr Radiol 1979;8:203.

Rickets of Prematurity

Very premature infants are particularly at risk for the devel-
opment of nutritional rickets."”*¢ Risk factors include hepa-
tobiliary disease, total parenteral nutrition, diuretic therapy,
physical therapy with passive motion, and chest percussion
therapy. These infants are seen with pathologic fractures in
the neonatal intensive care unit. With treatment of the rick-
ets, the fractures heal readily with minimal other treatment.’
Resolution of the rachitic changes and fractures occurs as
the infants gain weight.?
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Drug-Induced Rickets

Certain antiepileptic medications have been known to pro-
duce rachitic changes in children.'”® Seizure medications
that affect the liver may induce the P450 microsomal enzyme
system and decrease the levels of vitamin D, Hypocalcemia
develops, which can aggravate the seizure disorder. Treat-
ment with vitamin D is very helpful. The condition should
be suspected in neurologic patients with seizures who begin
sustaining frequent fractures.'
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Vitamin D-Resistant Rickets

Vitamin D-resistant rickets, also known as familial hypo-
phosphatemic rickets, encompasses a group of disorders in
which normal dietary intake of vitamin D is insufficient to
achieve normal mineralization of bone.* There are four
major forms, but the most common is inherited as an X-
linked dominant trait, followed in frequency by an autoso-
mal dominant type.>***

The inherent abnormality in familial vitamin D—-resistant
rickets is the renal tubule’s inability to retain phosphate,
leading to phosphate diabetes and hypophosphatemia.”
End-organ insensitivity to vitamin D is the cause of autoso-
mal recessive vitamin D—resistant rickets.” This form is ex-
tremely hard to treat. There is a third form, characterized
by failure of the kidney to perform the second hydroxylation
of vitamin D.? This type rarely requires orthopaedic inter-
vention as it is easily treated with administration of dihy-
droxyvitamin D. Lastly, renal tubular acidosis has tradition-
ally been grouped with vitamin D-resistant rickets. In renal
tubular acidosis, the kidney excretes fixed base and wastes
bicarbonate. This leads to wasting of calcium and sodium
as well. The alkaline urine results in the precipitation of
calcium and severe renal calcinosis.""”

The remainder of the discussion will address familial X-
linked dominant hypophosphatemic rickets.

LABORATORY FINDINGS

Laboratory studies reveal normal or near-normal levels
of calcium. PTH and vitamin D levels are normal, but
the serum phosphate concentration is significantly de-
creased.”"®* Urine assays for phosphate demonstrate the
increased concentration of phosphate in the urine. The se-
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FIGURE 31-7 A, Unilateral genu
valgus in a 12-year-old child with
poorly controlled vitamin D-resistant
rickets. B, Same child at age 15 follow-
ing right medial hemiepiphyseodesis of
the femur. Left genu varum is now ap-
parent.

FIGURE 31-8 A and B, AP radiographs
of the left and right lower extremities of a
standing 7-year-old child with familial hypo-
phosphatemic rickets. Severe genu varum and
anterolateral bowing of femur are evident,
The physes of the distal femur and proximal
tibia are widened medially. See Figures 31-9
A B and 31-10.
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FIGURE 31-9 Physeal widening and metaphyseal cupping of the distal radius and ulna in a 7-year-old child (same
as in Fig. 31-8) with vitamin D-resistant rickets.

A B

FIGURE 31-10 Postoperative radiographs of the child whose imaging findings are shown in Figures 31-8 and 31-9.
A, Appearance after distal femoral, proximal tibial, and distal tibial osteotomies for treatment of the genu varum.
B, Varus is recurring 1 year after surgery.
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FIGURE 31-11 A, Clinical appearance of a 13-year-old girl with severe genu varum due to vitamin D-resistant
rickets. Calluses on the knees were due to crawling because of knee pain. B, Treatment consisted of distal femoral,
proximal tibial, and distal tibial corticotomies and gradual correction using the Ilizarov device. Surgery on the two
legs was staged, due to the extent of the frame. C, Clinical appearance of the lower extremities at the end of treatment.

rum alkaline phosphatase concentration is elevated (see
Fig. 31-3).

MOLECULAR GENETICS

The gene for hypophosphatemic rickets has been localized.
The X-linked dominant form of the disease is attributed to
mutations in the PEX gene, located at Xp22.1.>” The gene
locus for autosomal dominant hypophosphatemic rickets
has been located on chromosome 12p13.°

CLINICAL FEATURES

The disease usually becomes apparent at a slightly older
age than nutritional rickets, with most patients becoming
symptomatic between 1 and 2 years of age. Severe hypophos-
phatemic rickets can be recognized in early infancy, and
when the disease is suspected because of the family history,
laboratory determination of phosphorus concentrations can
lead to the diagnosis in infants as young as 3 months.' The
usual presenting complaints are delayed walking and angular
deformities of the lower extremities. In contrast to what is
seen in nutritional rickets, systemic manifestations such as
irritability and apathy are minimal.

The physical findings in hypophosphatemic rickets in-
clude skeletal deformities, which resemble those seen in
nutritional rickets but, because of the chronicity of the dis-
ease, become far more severe. Once affected children begin

to walk, genu varum develops, although genu valgum may
occur in some children (Fig. 31-7). There is periarticular
enlargement due to widening of the physes and metaphyses.
The “rachitic rosary” may also occur.

Short stature is a feature of hypophosphatemic rickets.
Height is usually 2 standard deviations below the mean for
age in these patients.”

RADIOGRAPHIC FINDINGS

The radiographic changes are the same as those seen in
nutritional rickets and include physeal elongation and wid-
ening, and indistinct osteopenic metaphyses. In the lower
extremities, genu varum is obvious, and the distal femoral
and proximal tibial physes are particularly widened medially
(Fig. 31-8). Coxa vara is present, and there may be general
anterior and lateral bowing of the entire femur. The varus
of the tibia is also generalized, present not only proximally
but also producing varus angulation of the ankle.

The upper extremities are also involved, but to a lesser
degree, due to the absence of the influence of weightbearing
(Fig. 31-9).

MEDICAL TREATMENT
Medical treatment of hypophosphatemic rickets is best man-
aged by a pediatric nephrologist with expertise in metabolic

bone disease. The usual treatment consists of oral replace-
ment of phosphorus in large doses and the administration
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A B
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FIGURE 31-12 A, Coxa vara and genu varum in a 5-year-old boy with vitamin D-resistant rickets. B, Postoperative
radiograph obtained after corrective osteotomy with plate fixation of proximal femora and osteotomy with K-wire
fixation of proximal tibiae. C, Alignment remained satisfactory at 2-year follow-up.

of vitamin D."#* Nephrocalcinosis is a significant compli-
cation of medical treatment.” In a recent study, renal calci-
nosis was present in 79 percent of treated children with
hypophosphatemic rickets, and the severity of the calcinosis
correlated with the dose of phosphorus.” Because nephro-
calcinosis is a significant complication, the decision whether
or not to offer treatment to children with hypophosphatemic
rickets has become controversial.*" Studies have shown that
longitudinal growth is greater in children who undergo vita-
min D treatment.'>*

Treatment of children with hypophosphatemic rickets
with growth hormone has been shown to increase height
and to have beneficial effects on bone density and phosphate
retention.” Preliminary studies reported that the adminis-
tration of growth hormone with vitamin D increased serum
phosphate concentration, and it may reduce the incidence
of nephrocalcinosis.?

ORTHOPAEDIC MANAGEMENT

The orthotic management of vitamin D-resistant rickets
has not been efficacious. If patients are experiencing increas-
ing pain or difficulty walking, surgical correction of angular
deformities should be performed. It is important to work
closely with the nephrologist or endocrinologist managing
the medical therapy, as calcium levels can suddenly climb
in a patient who is immobilized after surgery. Discon-
tinuation of vitamin D prior to surgery should be discussed.

The deformity most commonly seen in patients with
hypophosphatemic rickets is a gradual anterolateral bowing
of the femur combined with tibia vara. Multilevel osteotomy
is usually required to satisfactorily correct the mechanical
axis of the limb (Fig. 31-10). The mechanical axis should
be mildly overcorrected at surgery. The suggested fixation
varies among reports. External fixation allows fine-tuning
of the alignment postoperatively, when the patient is able to
stand (Fig. 31-11)." Others advocate using intramedullary
fixation or plating (Fig. 31-12).”* Regardless of the type of
fixation used, careful preoperative planning of the surgical
treatment of these multiplanar deformities is crucial to re-
storing alignment.

Recurrent deformity is a common sequela of osteotomies
in hypophosphatemic rickets. Younger patients have a
higher risk of recurrence.” For this reason, milder deformi-
ties should not be corrected in early childhood. Some chil-
dren have severe varus at a very young age, leading to a
thrust during gait. When gait is compromised or symptoms
or pain exist, osteotomy should be performed and the align-
ment monitored for recurrent deformity.

Spinal deformity may be seen in patients with hypophos-
phatemic rickets. Kyphoscoliosis, Arnold-Chiari malforma-
tions, and spinal stenosis have all been described in patients
with vitamin D-resistant rickets.*”

Adults with hypophosphatemic rickets develop arthritis.
Degradation of articular cartilage resembling osteochondri-
tis dissecans has been described. Joint stiffness and bony
pain are common complaints.’
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Tumor-Related
Hypophosphatemic Rickets

An association between benign and malignant tumors and
hypophosphatemic rickets has been described, termed onco-
genic hypophosphatemic osteomalacia.****!"  Conditions
such as neurofibromatosis and fibrous dysplasia produce
rickets on rare occasion.”!" Osteoblastomas, hemangioperi-
cytomas of bone, and skin tumors have produced rachitic
changes in bone by disrupting renal tubular resorption of
phosphate.*® Oncogenic rickets should be suspected in older
children presenting with hypophosphatemic rickets, as the
true genetic form generally is apparent by age 2 years. The
rachitic changes resolve with excision of the tumor.""
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Renal Osteodystrophy

As the rate of successful treatment of renal failure in children
with kidney transplants has increased, the prevalence of
renal osteodystrophy has risen. Manifestations of renal os-
teodystrophy are present in 66 to 79 percent of children
with renal failure."®” Children who develop renal disease in
infancy or early childhood are more likely to have osteodys-
trophy than those who are older at presentation.” Renal
failure in children is due to such diseases as chronic pyelone-
phritis, congenital abnormalities, and polycystic kidney dis-
ease. Renal osteodystrophy is more common in renal disease
due to congenital or hereditary conditions than in acquired
renal failure. Renal osteodystrophy is distinctly different
from either nutritional or hypophosphatemic rickets.* It is
driven by the presence of secondary hyperparathyroidism,
leading to activation of osteoclasts and resorption of bone.
Thus, it is a disease both of poor mineral deposition and
of increased bony turnover.’

The pathophysiology of renal osteodystrophy begins with
the damaged glomerulus’s inability to excrete phospho-
rus.”** Hyperphosphatemia shuts down the production of
dihydroxyvitamin D." Calcium absorption from the small
intestine is diminished in the absence of vitamin D. Hypocal-
cemia triggers the release of PTH, which enables the demin-
eralization of bone to increase the serum calcium level.”
The hyperphosphatemia worsens with the release of minerals
from the bones, leading to a cycle of bony resorption. PTH
also acts directly to stimulate osteoclast activity, worsening
the bony changes and leading to osteitis fibrosa.

High levels of serum phosphate are universal in renal
failure. In the setting of elevated phosphate levels, calcium

may precipitate out, leading to ectopic calcification in tis-
sues. The usual areas for ectopic calcification are the corneas
and conjunctivae, skin, blood vessels, and periarticular
soft tissues.**!*

PATHOLOGY

Features of both rickets and hyperparathyroidism are pres-
ent in renal osteodystrophy (Fig. 31-13).% Rachitic changes
consist of failure to replace proliferating cartilage cells by
new bone. Physeal cartilage persists into the metaphysis. The
physis is widened, and the zone of provisional calcification is
irregular as a result of the lack of normal calcification of
maturing physeal cartilage. Bony trabeculae have abundant
osteoid and widened osteoid seams.

The histologic features of hyperparathyroidism include
osteoclastic resorption of bone. Marrow is replaced by hy-
perplastic fibrous tissue. Patchy formation of new bone leads
to areas of osteosclerosis, present in 20 percent of patients
with renal osteodystrophy.

LABORATORY FINDINGS

The blood urea nitrogen level is high, as is the serum creati-
nine concentration. Levels of serum phosphate, alkaline
phosphatase, and PTH are elevated. The serum calcium
concentration is almost always low, as is the albumin level.
Acidosis is present, and vitamin D levels are decreased (see
Fig. 31-3).

Bone biopsy may be necessary for accurate diagnosis, and
can help guide treatment.”*

section through the widened physis showing extension of cartilage cells into the metaphysis ( X25). B, Higher magnifica-
tion (X100) of same area. Note the uncalcified osteoid tissue and replacement of the normal fatty bone marrow by
hyperplastic fibrous tissue.



CLINICAL FEATURES

Children with renal osteodystrophy resemble those with
rickets.” They are short for their age,”” and their bones
are fragile." Because of the effects of weightbearing, lower
extremity involvement is more severe than upper extremity
involvement. Patients may complain of bone pain, and frac-
tures occur quite easily. Skeletal deformities may consist of
genu valgum, periarticular enlargement of the long bones,
and slipped capital femoral epiphysis (SCFE).%*#430:3%5 The
gait may be abnormal due to muscular weakness, and a
Trendelenburg gait is present in patients with SCFE. Enlarge-
ment of the costochondral cartilages may produce a “rachitic
rosary,” as in nutritional rickets.

RADIOGRAPHIC FINDINGS

Generalized osteopenia is notable, with thinning of the corti-
ces and indistinct bony trabeculae."'*"*" Overall the bone
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looks blurry, like ground glass. The skull takes on a salt-
and-pepper appearance bacause of the coarse granular pat-
tern. The physes are increased in thickness, and the provi-
sional zone of calcification looks uncalcified and indistinct
(Fig. 31-14).%% Cupping of the physes is not present, unlike
in nutritional rickets.

Changes of hyperparathyroidism develop with time.*
SCFE may be seen, even in young patients (Fig, 31-15)."
The terminal tufts of the distal phalanges of the fingers
resorb, as do the lateral end of the clavicle and the symphysis
pubis.'**2**! Subperiosteal resorption is also present in the
metacarpals and ulna.”

Osteosclerosis, when present, is most common at the
base of the skull and in the vertebrae.”” The horizontal
striped appearance of the spine is called “rugger jersey”
spine.

In severe and prolonged renal failure, peculiar aggressive-
appearing lytic areas may develop within the long bones,
termed brown tumors. The surrounding cortex is thinned,

FIGURE 31-14  Osteodystrophy due to chronic renal insufficiency in a young girl
with progressive slipped capital femoral epiphyses. A and B, AP and lateral radio-
graphs of both ankles at age 12 years showed increased thickness of the physes and
irregularity of the metaphysis at the zone of provisional calcification. C, Lateral view
of skull showing ground-glass appearance. Note absence of the lamina dura of

the teeth.
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then expands. The margins of a brown tumor are not well-
defined. Pathologic fracture may result. Radiographically,
these lesions mimic malignancy. They are well visualized on
magnetic resonance imaging (MRI).*”

Because many patients with renal failure (and all patients
who have undergone kidney transplantation) are treated
with steroids, the typical skeletal abnormalities seen with
chronic steroid use may develop. Osteonecrosis is common
and is seen most frequently in the femoral heads (Fig.
31-16).

MEDICAL TREATMENT

Treatment of the underlying renal disease is of primary
importance. Dialysis and transplantation are extending the
life spans of these patients. Medical treatment of the osteo-
dystrophy starts with the prescription of vitamin D.¥2%

Because the abnormal kidney cannot participate in the hy-
droxylation of provitamin D, the 1,25-dihydroxy form is
now given." Serum calcium levels are closely monitored, as
too much calcium leads to ectopic calcification. The use
of high-dose pulsed intravenous, intraperitoneal, and oral
calcitriol therapy has significantly decreased serum PTH
levels and retarded the progression of osteitis fibrosa.”™ The
treatment of acidosis with sodium bicarbonate is also impor-
tant in improving the metabolic bone disease. Phosphate-
binding agents have been given for management of hyper-
phosphatemia, but their use is falling out of favor due to
problems with aluminum toxicity, which can lead to enceph-
alopathy and worsening of the osteomalacia and osteodys-
trophy.”*** Bone biopsy is useful in monitoring response
to therapy and in surveillance for such complications.”
Aluminum toxicity is treated by administering aluminum-
chelating agents.

FIGURE 31-15 A, AP radiograph of a 7-year-old boy with hip
pain. Slipped capital femoral epiphysis is present, osteopenia is
obvious, and the physes are wide. B and C, AP and lateral radio-
graphs of the hips following treatment of renal failure with dialysis.
The physes of the proximal femur have narrowed.



FIGURE 31-16 Avascular necrosis of the left hip in a 7-year-old boy
following renal transplantation and steroid therapy.

The use of growth hormone to treat growth inhibition
in children with renal osteodystrophy is currently under
investigation.”** Growth hormone biomechanically weak-
ens the physis, so that vigilance on the part of the treating
physician for the development of SCFE or physiolysis must
be maintained.

In renal osteodystrophy that is recalcitrant to medical
treatment, parathyroidectomy may play a role in the control
of the bony disease."”

ORTHOPAEDIC MANAGEMENT

Patients with renal osteodystrophy are referred to the ortho-
paedic surgeon for the treatment of three problems: (1)
angular deformity of the lower extremities, (2) SCFE, and
(3) brown tumors.'

Angular deformity occurs in renal osteodystrophy be-
cause the bone is soft, undermineralized, and prone to bend
with weightbearing. Genu valgum is the most common de-
formity,” but genu varum may occur in some patients. It
has been proposed that if the onset of renal osteodystrophy
occurs before age 4 years, varus deformity may occur, as
the normal alignment of the leg is in mild varus, which then
is accentuated as the bone becomes weak. Likewise, older
children are predisposed to the development of genu val-
gum, due to the normal valgus alignment of the lower ex-
tremity.”” Valgus at the ankle may accompany the genu
valgum,

Some milder deformities will correct with medical ther-
apy of the renal osteodystrophy.’ Deformities do not respond
well to bracing. If the patient is symptomatic and has had
optimal medical management of the osteodystrophy without
resolution of deformity, osteotomy is performed." Preopera-
tive assessment of the deformity with long-leg standing ra-
diographs will permit the surgeon to decide where the defor-
mity is and how many osteotomies will be needed to best
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correct the mechanical axis. Usually the distal femur is the
site of greatest deformity, but some patients also need a
proximal tibial osteotomy. Internal or external fixation may
be used. Use of the Ilizarov device in metabolic bone disease
has met with success, although healing was delayed.”” Recur-
rence is common in patients with continuing metabolic
disease, so medical treatment should be optimized prior to
osteotomy whenever possible. Elevation of the serum alka-
line phosphatase concentration above 500 U/L is a good
marker of ongoing metabolic bone disease.”* Bone biopsy
may be needed to establish that the bone is metabolically
healthy prior to osteotomy." Milder deformity may respond
to physeal stapling.*

A subset of patients with genu valgum show evidence of
a proximal tibial growth disturbance in the form of physeal
abnormality in the proximal lateral tibial physis. Oppenheim
and associates liken the physeal widening of the lateral physis
to that seen in the medial physis in Blount’s disease." These
patients benefit from tibial osteotomy for realignment.

SCFE is associated with renal osteodystrophy, but the
clinical picture of the patient with renal slips differs from
the usual clinical scenario.®*** Often the patients are
younger than those with idiopathic SCFE, and obesity is not
commonly seen. Bilaterality is extremely common. Radio-
graphs show more physeal widening than is usual in SCFE,
and osteopenia and blurring of the metaphysis may be obvi-
ous.” The orthopaedic surgeon should be aware of the radio-
graphic appearance of renal SCFE, since on rare occasions
patients may present for treatment of hip or groin pain
unaware of their renal disease. In such cases it is up to
the orthopaedic surgeon to make the diagnosis of renal
osteodystrophy and promptly refer the child to a nephrolo-
gist for the appropriate treatment.

There are inherent problems in the surgical treatment of
SCEFE in renal osteodystrophy. The goal of routine treatment
of SCEFE is to stop proximal femoral physeal growth, and
thus heal the slip. This may not be a desirable goal in the
very young child with renal osteodystrophy. Additionally,
physeal healing may be very difficult to achieve in the pres-
ence of osteitis fibrosa and metabolic imbalance. Fortu-
nately, in many patients the hip pain resolves and the proxi-
mal femoral physis narrows with mineral treatment of the
renal osteodystrophy, so that surgery is not necessary in
every patient with renal SCFE.** If the slip is displaced or
if symptoms persist despite good medical control of the
osteodystrophy, surgery may be needed. Fixation with spe-
cial partially threaded screws to achieve stability and cross
but not close the physis has been done in a small series of
patients with renal slips.* In the adolescent with SCFE due
to renal disease, epiphyseal closure with in situ fixation is
the treatment of choice once the metabolic bone disease is
under appropriate treatment (Fig. 31-17).

Physiolysis has been described in other physes in children
with renal osteodystrophy.® Sites where physiolysis has oc-
curred include the distal femur, proximal humerus, and
distal radius and ulna (Fig. 31-18). Treatment consists of
medical management of the metabolic bone disease and cast
immobilization.**

Yet another orthopaedic complication seen in patients
with renal failure is avascular necrosis (AVN), most com-
monly of the femoral head.” This may be unilateral or
bilateral. Prolonged steroid use (commonly needed after
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FIGURE 31-17 A and B, Valgus slipped capital femoral epiphysis in an 11-year-old child after renal transplantation
and hypothyroidism. C and D, In situ fixation was performed.

FIGURE 31-18 Osteodystrophy due to chronic renal insufficiency in a
young girl. AP radiograph shows slipping of humeral head.

renal transplantation) is the probable cause in most children,
although AVN has been seen in the hips of some children
with renal failure who were not taking steroids. Treatment
is symptomatic,

In the surgical correction of any of the orthopaedic de-
formities in renal osteodystrophy, the hazards and complica-
tions should be carefully weighed because of the increased
risks in this patient population. Anemia, hypertension,
bleeding tendencies, and electrolyte imbalances all are pres-
ent in patients with renal failure. The risk of infection is
also increased, particularly if the patient has received a trans-
plant and is immunosuppressed. Despite these potential
risks, with careful coordination of surgery and perioperative
management with the pediatric nephrologist, osteotomy can
be performed safely.
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Primary Hyperparathyroidism

Primary hyperparathyroidism results from hyperplasia of
the parathyroid glands, which leads to increased secretion
of PTH." The increased PTH stimulates osteoclastic resorp-
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tion of bone, which produces hypercalcemia. The presenting
symptoms of hyperparathyroidism are lethargy, bone pain,
and abdominal complaints. The diagnosis is usually made
late in the disease course, when the child has abdominal
symptoms, toxicity, and hypercalcemic crisis.” The symp-
toms of hyperparathyroidism are common and nonspecific,
so the diagnosis is frequently missed at initial presentation."!
Prolonged hypercalcemia leads to ectopic calcification in
tissues and renal calculi formation. Abdominal pain and
constipation result from the decreased abdominal motility.
Hypertension is commonly present. In severe cases, the pa-
tient may become obtunded.

The usual cause is an adenoma."” Patients who have un-
dergone head and neck irradiation are particularly suscepti-
ble to the development of parathyroid adenomas.*” Hyper-
parathyroidism can also be a component of the multiple
endocrine neoplasia (MEN) syndromes, which are inherited
and can rarely present in childhood.*'**** There also exist
very rare genetic forms of hyperparathyroidism,® some of
which are self-limiting with medical treatment®'* while oth-
ers are life-threatening.'™" Babies born to parents with famil-
ial hypocalciuric hypercalcemia are at risk for developing
severe neonatal hyperparathyroidism as a result of mutations
in the calcium-sensing receptor gene.”

The radiographic findings resemble those of renal osteo-
dystrophy. Bony resorption is seen in the terminal tufts of the
phalanges and in the clavicle. The bone appears osteopenic.
Angular deformities resembling those seen in rickets can
occur.”?

Laboratory evaluation usually reveals hypercalcemia, hy-
pophosphatemia, and elevated alkaline phosphatase concen-
tration. Rarely, the calcium and phosphate concentrations
are normal. PTH is elevated on direct assays.

Treatment is directed toward correcting the cause of the
hyperparathyroidism. In cases of adenoma, tumor resection
is performed. Adenomas are imaged with radionuclide scans.
It is not uncommon for multiple glands to be involved.'®
Hypercalcemic crisis is treated by hydration and replacement
of sodium losses.”!
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Idiopathic Hypoparathyroidism

Idiopathic hypoparathyroidism is caused by failure of the
parathyroid glands to produce PTH. Inherited forms of
hypoparathyroidism exist. An autosomal dominant type is
the result of mutations on chromosome 3q13 in the gene
encoding for the G protein—coupled Ca**-sensing receptor,
which regulates PTH secretion.** Hypoparathyroidism is
also associated with deletions in chromosome 22ql1, the
gene responsible for DiGeorge syndrome and cardiac de-
fects.*” Yet another autosomal dominant syndrome consists
of hypoparathyroidism, sensorineural deafness, and renal
dysplasia.® Other autosomal recessive types are associated
with growth retardation, seizures, and severe mental retarda-
tion.*"™!! Lastly, X-linked recessive hypothyroidism has been
seen in males.”"”

Hypoparathyroidism should be distinguished from pseu-
dohypoparathyroidism, in which production of PTH is in-
creased but the end organs cannot respond to the hormone.

The presenting symptoms of hypoparathyroidism are
those of hypocalcemia: tetany, paresthesias, and lethargy.
The skin is dry, the hair brittle and scanty. The teeth erupt
late and fall out early. Cataracts may be present. Papilledema
may occur. Mental retardation is seen in very young
children.

Laboratory evaluation reveals low serum calcium levels,
and the urinary calcium concentration is diminished. Hypo-
proteinemia should be considered, as the serum calcium
concentration is normally decreased in patients with de-
creased albumin concentrations. The serum phosphorus
concentration is elevated. If a test dose of PTH is adminis-
tered, urinary phosphate reabsorption falls and levels of
plasma cyclic adenosine monophosphate (cAMP) rise.’

Radiographs may be normal or may reveal increased
radiopacity of the cortices of the long bones. Soft tissue
calcification can occur, including in the basal ganglia.’



Treatment is administration of vitamin D and PTH."*
Nephrocalcinosis is a known complication of vitamin D
therapy, however." Treatment with injectable human PTH
alone effectively maintains a normal serum calcium level,
with less risk of nephrocalcinosis.'" Infants with hypopara-
thyroidism complicated by tetany may need calcium infu-
sion. Allograft transplantation of parathyroid cells is investi-
gational at present."

There is no orthopaedic treatment specific to the disease.
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FIGURE 31-19 Pseudohypoparathyroidism. AP radiograph of
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and fifth metacarpals.
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Pseudohypoparathyroidism

Pseudohypoparathyroidism is similar to hypoparathy-
roidism in its clinical and radiographic manifestations but
differs in that it does not respond to exogenous PTH admin-
istration. The parathyroid glands are hyperplastic and secrete
large amounts of the hormone, but the kidneys are resistant
to PTH.® Bony changes consistent with hyperparathyroidism
occur, as the skeleton does respond to the elevated PTH.?
Thus, findings include hypocalcemia and hyperphospha-
temia resembling hypoparathyroidism, and osteitis fibrosa
cystica resembling hyperparathyroidism.®® The skeletal
changes seen in pseundohypoparathyroidism are also termed
Albright’s osteodystrophy, since Albright and his associates
Burnett, Smith, and Parson were the first to describe the
disease.’

The etiology is usually genetic. There are four subtypes
of pseudohypoparathyroidism, specifically Ia, Ib, Ic, and II.
The molecular genetics of the disease type Ia is associated
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with deficient cellular activity of the alpha-subunit of the
guanine nucleotide-binding protein (G, alpha) that stimu-
lates adenylyl cyclase.! Many mutations in the G, alpha pro-
tein gene have been identified.”" Patients with type Ia disease
have been found to suffer from multiple endocrinopathies,
such as hypothyroidism and growth hormone deficiency.”

In type Ib pseudohypoparathyroidism, mutations have
been found in chromosome 20q, which contains another
stimulatory G protein gene.’ Yet another genetic association
exists between pseudohypoparathyroidism and DiGeorge
syndrome, with mutations present on chromosome 22q11.*

The clinical appearance of affected infants is normal, with
skeletal changes becoming gradually apparent at age 2 to 4
years. There is a characteristic shortening of the metacarpals,
especially the first, fourth, and fifth, termed brachydactyly
(Fig. 31-19).> When the hands are clenched into a fist,
dimples are present at the sites of the knuckles of the short-
ened digits. Multiple exostoses may be present, and the
radius may be bowed. Patients are very short, and the facies
has been described as moon-shaped. Heterotopic calcifica-
tions occur, especially in the periarticular tissues."*'* Intrace-
rebral calcifications have also been described.'® Sensorineural
hearing loss is common. "

Pseudohypoparathyroidism may be associated with hy-
pothyroidism, Turner’s syndrome, and diabetes. Brachydac-
tyly may also be seen in Turner’s syndrome and in myositis
ossificans progressiva.

The diagnosis is made by injecting PTH. The patient
with pseudohypoparathyroidism is unable to respond to the
exogenous hormone, so there will not be a rise in serum
calcium or urinary phosphate levels, and plasma cAMP will
not rise also.'”

Treatment has been with vitamin D, which has led to
problems with nephrocalcinosis."

REFERENCES
Pseudohypoparathyroidism

1. Ahmed SF, Dixon PH, Bonthron DT, et al: GNASI mutational analysis
in pseudohypoparathyroidism. Clin Endocrinol (Oxf) 1998;49:525.
2. Albright F, Burnett CH, Smith PH, et al: Pseudo-hypoparathyroidism,
an example of “sea-bright-bantam” syndrome: report of three cases.
Endocrinology 1942;30:922.
3. Cherninkov Z, Cherninkova S: Two cases of pseudohypoparathy-
roidism in a family with type E brachydactylia. Radiol Diagn (Berl)
1989;30:57.
4. Craigen W], Lindsay EA, Bricker JT, et al: Deletion of chromosome
22q11 and pseudohypoparathyroidism. Am ] Med Genet 1997;72:63.

. Eubanks PJ, Stabile BE: Osteitis fibrosa cystica with renal parathyroid
hormone resistance: a review of pseudohypoparathyroidism with in-
sight into calcium homeostasis. Arch Surg 1998;133:673.

6. Farfel Z, Brickman AS, Kaslow HR, et al: Defect of receptor-cyclase
coupling protein in psudohypoparathyroidism. N Engl | Med 1980;
303:237.

7. Fischer JA, Egert F, Werder E, et al: An inherited mutation associated
with functional deficiency of the alpha-subunit of the guanine nucleo-
tide-binding protein Gs in pseudo- and pseudopseudohypoparathy-
roidism. ] Clin Endocrinol Metab 1998;83:935.

8. Frame B, Hanson CA, Frost HM, et al: Renal resistance to parathyroid
hormone with osteitis fibrosa: “pseudohypohyperparathyroidism.” Am
] Med 1972;52:311.

9. Juppner H, Schipani E, Bastepe M, et al: The gene responsible for
pseudohypoparathyroidism type Ib is paternally imprinted and maps
in four unrelated kindreds to chromosome 20q13.3. Proc Natl Acad
Sci USA 1998;95:11798.

w

10. Koch T, Lehnhardt E, Bottinger H, et al: Sensorineural hearing loss
owing to deficient G proteins in patients with pseudohypoparathy-
roidism: results of a multicentre study. Eur ] Clin Invest 1990;20:416.

11. Kruse K, Kracht U: A simplified diagnostic test in hypoparathyroidism
and pseudohypoparathyroidism type I with synthetic 1-38 fragment
of human parathyroid hormone. Eur ] Pediatr 1987;146:373.

12. Lin CK, Hakakha M], Nakamoto JM, et al: Prevalence of three muta-
tions in the Gs alpha gene among 24 families with pseudohypoparathy-
roidism type Ia. Biochem Biophys Res Commun 1992;189:343,

13. Prendiville JS, Lucky AW, Mallory SB, et al: Osteoma cutis as a pres-
enting sign of pseudohypoparathyroidism. Pediatr Dermatol 1992;9:11.

14. Schuster V, Sandhage K: Intracardiac calcifications in a case of pseudo-
hypoparathyroidism type Ia (PHP-la). Pediatr Cardiol 1992;13:237.

15. Scott DC, Hung W: Pseudohypoparathyroidism type Ia and growth
hormone deficiency in two siblings. ] Pediatr Endocrinol Metab
1995;8:205.

16. Siejka SJ, Knezevic WV, Pullan PT: Dystonia and intracerebral calcifi-
cation: pseudohypoparathyroidism presenting in an eleven-year-old
girl. Aust NZ ] Med 1988;18:607.

17. Stirling HF, Darling JA, Barr DG: Plasma cyclic AMP response to
intravenous parathyroid hormone in pseudohypoparathyroidism. Acta
Paediatr Scand 1991;80:333.

18. Weber G, Cazzuffi MA, Frisone F, et al: Nephrocalcinosis in children
and adolescents: sonographic evaluation during long-term treatment
with 1,25-dihydroxycholecalciferol. Child Nephrol Urol 1988;9:273.

Hypervitaminosis D

Hypervitaminosis D is the result of the ingestion of excessive
doses of vitamin D.'*¢ Patients at risk are those who are
taking vitamin D for the treatment of such metabolic bone
diseases as vitamin D-resistant rickets and hypoparathy-
roidism.” The elevated vitamin D promotes intestinal ab-
sorption of calcium, leading to hypercalcemia. The optimal
nutritional requirements for vitamin D in newborns and
infants have been established.’”

PATHOLOGY

Histologically, wide osteoid seams are found around the
trabeculae, resembling what is seen in rickets.* The physis,
however, is well calcified and normal in width and length.
Metastatic calcification may be found in the kidneys, arteries,
thyroid, pancreas, lungs, stomach, and brain. Deposition of
calcium salts in the kidneys and degenerative changes in the
arteries may produce significant morbidity.

LABORATORY FINDINGS

Hypercalcemia can be quite severe. The serum phosphate
concentration is normal and the alkaline phosphatase con-
centration is diminished.®

CLINICAL FEATURES

Anorexia, constipation, nausea and vomiting, polyuria, and
thirst are the early manifestations. The child feels very tired.
With progression of the intoxication, mental depression and
stupor develop. Renal failure and hypertension are common.

RADIOGRAPHIC FINDINGS

Dense metaphyseal bands are seen in the long bones and
result from an increase in the proximal zone of calcification.
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FIGURE 31-20 Hypervitaminosis D in a 5-year-old boy who had taken
50,000 IU of vitamin D per day for the past 14 months. A, Lateral views
of skull showing metastatic calcification of the cerebral and cerebellar falces.
B and C, AP view of both hips and lower limbs. Note the increased
radiopacity of the metaphyses,

The diaphyses show osteopenia due to demineralization.
Osteosclerosis is visible at the base of the skull. There may
be premature closure of the sutures. The vertebral end-plates
are dense. Metastatic calcifications are seen in soft tissues
(Fig. 31-20).%
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TREATMENT

Treatment is medical and consists of immediate cessation
of vitamin D supplements. Diuretics are given, with replace-
ment of volume with saline. Dehydration can be fatal, and
serum electrolyte levels must be carefully monitored. Ste-
roids inhibit calcium absorption in the kidney and gut
and are helpful in correcting the calcium level." Bisphospho-
nates inhibit bone resorption and have been helpful in
treating vitamin D intoxication.” Sodium phosphate should
not be given, as its administration leads to ectopic calcifi-
cation.
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Scurvy

Scurvy is caused by a nutritional deficiency of vitamin C
(ascorbic acid).'® The disease is quite rare and now is most
commonly seen in patients who are following extreme diets,
such as patients with anorexia nervosa.'"? Historically,
scurvy was described in sailors whose diets lacked vitamin
C during long sea voyages."”

PATHOLOGY

When vitamin C is deficient, collagen synthesis is impaired.*®
Vitamin C is necessary for the hydroxylation of lysine and
proline to hydroxylysine and hydroxyproline, two amino
acids crucial to the proper cross-linking of the triple helix
of collagen." The result is primitive collagen formation, seen
throughout the body, including in the blood vessels, which
predisposes to hemorrhages.

The osteoblasts become dysfunctional, resulting in a fail-
ure to produce osteoid tissue and form new bone. The
chondroblasts, however, continue to function normally, and
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mineralization is unaffected. This leads to a persistence of
cartilage cells, and calcified chondroid approaches the me-
taphysis. Radiographically, this is seen as an opaque white
line at the junction of the physis and metaphysis, termed
Frinkel’s line.

Generalized osteoporosis results from lack of osteoid and
new bone. Osteoclasts are normal, but osteoblasts become
flattened, resembling connective tissue fibroblasts. The bone
trabeculae and the cortices of the long bones are thin and
fragile.

Hemorrhages and fractures are common, but the at-
tempt at repair of these injuries is disorderly. The provisional
zone of calcification is weak, leading to epiphyseal separa-
tions.

In the teeth, dentin formation is abnormal because of
the defective collagen.

CLINICAL FEATURES

Scurvy develops after 6 to 12 months of dietary deprivation
of vitamin C. For this reason, it is not seen in neonates.
Early manifestations consist of loss of appetite, irritability,
and failure to thrive. Hemorrhage of the gums is com-
mon, and they become bluish in color and swollen. Subperi-
osteal hemorrhage is a distinctive sign, occurring most
commonly in the distal femur and tibia and the proxi-
mal humerus.” The limbs become exquisitely tender, so
much so that the baby screams on movement of the af-
fected areas. The child lies still in the frog-leg position to
minimize pain, called pseudoparalysis. The limbs are swol-
len and bruised. Beading of the ribs at the costochondral

junctions may occur. Hemorrhages may also develop in
the soft tissues, including the joints," the kidneys, and the
gut, and petechiae may be seen.”” The hair takes on a
coiled appearance." Anemia and impaired wound healing
are common.

RADIOGRAPHIC FINDINGS

The changes of scurvy are best seen at the knees, wrists,
and proximal humeri (Fig. 31-21).** Osteopenia is the first
change seen, with thinning of the cortices. The zone of
provisional calcification increases in width and opacity
(Frinkel’s line) due to failure of resorption of the calcified
cartilaginous matrix, and stands out compared to the se-
verely osteopenic metaphyses. The margins of the epiphyses
appear relatively sclerotic, termed “ringing of the epiphy-
ses” or “Wimberger’s sign.” Lateral spur formation at the
ends of the metaphysis is produced by the outward projec-
tion of the zone of provisional calcification. The “scurvy
line” or “scorbutic zone” is a radiolucent transverse band
adjacent to the dense provisional zone. The corner or
“angle” sign of scurvy is a peripheral metaphyseal cleft due
to a defect in the spongiosa and cortex adjacent to the
provisional zone of calcification. Epiphyseal separation
may occur.”'"

Subperiosteal hemorrhage occurs most commonly at the
femur, tibia, or humerus and is initially seen as an increase
in soft tissue density. The hemorrhages become radiodense
as the scurvy is treated and the lesions calcify.

The development of a physeal bar in a patient with scurvy
has been described.®

FIGURE 31-21

Scurvy in a 10-month-old infant. A, AP radiograph of both lower limbs demonstrates early changes

in the scorbutic bones. Note the generalized osteoporosis with rarefaction of the spongiosa and atrophy of the cortex.
There is relatively increased opacity of the provisional zones of calcification at the ends of the metaphyses and around
the margins of the epiphyseal centers of ossification (“ringing of the epiphyses”). B, Two weeks after treatment with
ascorbic acid, marked calcification of subperiosteal hematoma of the right femur has occurred. Such minimal calcification
is also evident in the medial aspects of the distal left femoral shaft and proximal left tibia. Note the multiple metaphyseal
spur formation. C, Three months later there are further radiographic signs of healing scurvy. The cortices have become
thicker and the spongiosa are of almost normal density. Note the persistence of rarefaction in the epiphyseal centers.



DIFFERENTIAL DIAGNOSIS

The most common entity that scurvy is mistaken for is
osteomyelitis. The symptoms of pain, tenderness, subperi-
osteal soft tissue swelling, and pseudoparalysis resemble
symptoms of infection. Because infection is common and
scurvy is extremely rare, the condition can be misdiag-
nosed initially. The sedimentation rate, C-reactive protein
level, and white blood cell count are normal in scurvy,
however. Other diagnoses to be considered for this clinical
picture include polio,'® leukemia, and purpuric conditions
such as Henoch-Schénlein purpura and thrombocytopenic
purpura. Syphilis may be suspected® but usually presents
earlier.

Serum levels of vitamin C may be difficult to interpret
in scurvy. A more reliable test is the absence of vitamin C
in the buffy coat of centrifuged blood.

TREATMENT

Treatment is administration of vitamin C. Rapid recovery
is usual, with pain and tenderness resolving.

Scurvy is prevented by an adequate intake of vitamin C,
defined as 50 mg/day for infants and children and 75 to
100 mg/day for adults. Intoxication does not occur.
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Hypervitaminosis A

Vitamin A is a fat-soluble vitamin whose primary biologic
functions are concerned with skeletal growth, maintenance
and regeneration of epithelial tissues, and preservation of
visual purple in the retina. It is also necessary for membrane
stability, The normal plasma level for vitamin A is 80 to
100 IU/100 mL. Hypervitaminosis A is very rare, and usually
results from inappropriate use of vitamin supplements."%!
Retinoids used for acne also contain vitamin A and can lead
to toxicity.>1>1

CLINICAL FEATURES

Clinically, the soft tissues overlying the hyperostotic bones
are swollen and tender. Proliferation of basal cells and hyper-
keratinization cause dry, itchy skin.” Anorexia, vomiting,
and lethargy are caused by increased intracranial pressure.’
The child fails to thrive. Hepatomegaly with cirrhosis-like
liver damage or splenomegaly may be present.’

RADIOGRAPHIC FINDINGS

The development of bony changes in patients with hyper-
vitaminosis A is slow, so that radiographs are normal ini-
tially. For this reason, radiographs are normal in young
children less than 1 year old. Once changes do occur, there
is periosteal hyperostosis and thickening of the cortex of
the long bones.* The ulna, radius, metacarpals, and meta-
tarsals are particularly affected. The mandible is spared, a
fact that distinguishes hypervitaminosis A from Caffey’s
disease. Subperiosteal new bone formation is seen (Fig.
31-22). Bone scintigraphy shows increased uptake. Pre-
mature partial or complete physeal closure may be pres-
ent'lﬂ.ll,ﬂ

DIAGNOSIS

The diagnosis is made by determining the plasma level of
vitamin A, which will be elevated 5 to 15 times the normal
value. Hypercalcemia can be present.*” Hypervitaminosis A
must be differentiated from infantile cortical hyperostosis
(Caffey’s disease), scurvy, and congenital syphilis.

TREATMENT

Treatment entails total cessation of administration of vita-
min A and eliminating all foods containing vitamin A from
the diet. Because of the great body reserves of vitamin A,
the hyperostosis will disappear only after a long period of
time, although the systemic symptoms resolve quickly.
Growth of the long bones should be followed, as premature
physeal closure may not become apparent for years following
the initial insult.
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FIGURE 31-22

Hypervitaminosis A in a 2-year-old child. Note the subperiosteal new bone formation and cortical

thickening of both tibiae and both ulnae. The mandible and other facial bones are not affected. A and B, Radiographs
of right and left forearms. C, Radiograph of both lower limbs.
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Hypophosphatasia

Hypophosphatasia is a rare, genetically determined error
of metabolism in which there is a deficiency of alkaline
phosphatase in the plasma and tissues, leading to abnormal
mineralization of bone. There is wide variation in the sever-
ity of the disease, with the prognosis related to the age at
onset. Several forms of hypophosphatasia exist—perinatal,
infantile, childhood, and adult."!"

INHERITANCE

The gene for hypophosphatasia is the tissue-nonspecific al-
kaline phosphatase gene (TNSALP). Many different muta-
tions have been described within the TNSALP gene.**® Au-
tosomal recessive inheritance seems to lead to the lethal
perinatal form and the infantile type, while autosomal domi-
nant transmission produces milder phenotypes. Heterozy-
gous carriers for hypophosphatasia can be detected by ab-
normally diminished alkaline phosphatase concentrations
in the plasma.

PATHOLOGY

The pathology seen in hypophosphatasia closely resembles
that seen in patients with rickets. Osteoid production pro-
ceeds unharmed, but without alkaline phosphatase, mineral-



FIGURE  31-23 Typical radiographic
changes of hypophosphatasia in a 4-month-old
infant. A and B, Both upper limbs. C, Lower
limbs. D, Spine (see text for discussion).
Hlustration continued on following page

ization of the osteoid cannot occur.” This leads to widening
of the physis, with persistence of the provisional zone of
calcification (which cannot calcify) and islands of cartilage
continuing down into the metaphysis. The normal columnar
arrangement of the chondrocytes of the growth plate is dis-
turbed.

If hypercalcemia is present, heterotopic calcification can
occur, especially in the kidney.
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LABORATORY FINDINGS

The hallmark of hypophosphatasia is a decrease in or lack
of alkaline phosphatase. The enzyme is decreased not only
in serum but also in such tissues as the kidneys, bones,
leukocytes, and spleen. Serum phosphorus, vitamin D, and
PTH levels are normal, but hypercalcemia may be present,
especially in young children. Characteristic findings in the
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urine are elevated levels of phosphoethanolamine (which
may be elevated in other endocrinopathies) and inorganic
pyrophosphate. Pyridoxal-5"-phosphate levels are also in-
creased in hypophosphatasia in relation to disease severity.’

Disease carriers have been found to have decreased serum
alkaline phosphatase levels and increased urinary pyrophos-
phate levels.’

CLINICAL FEATURES AND
RADIOGRAPHIC FINDINGS

Perinatal Hypophosphatasia. The clinical findings vary
with the age at which the disease manifests. In the severe
perinatal (or congenital) form, the babies may be stillborn.
If they survive birth, they usually succumb to respiratory
infections in early infancy.

Radiographs of babies with perinatal hypophosphatasia
reveal diffuse, severe demineralization of the entire skeleton
(Fig. 31-23). Ossification of the skull is incomplete, and the
suture lines are very wide. The ribs are unossified at the
ends and slender in the middle. The pelvis is small, soft,
and poorly mineralized. The vertebral bodies are paper thin
and the neural arches cannot be seen. The long bones have
jagged, rarefied defects extending into the metaphysis.

Infantile Hypophosphatasia. The onset of symptoms in
the infantile form is later in infancy, usually around 6
months of age. The children fail to thrive, experiencing an-
orexia, vomiting, dehydration, fever, hypotonia, and some-
times seizures.

Demineralization of the bones is still present but is not
as marked as in the perinatal form. The bones look rachitic,
with widened physes, bossing of the skull, bowing of the

FIGURE 31-23 Continued. E, Skull. F, Fe-
mur, obtained at autopsy (see text for dis-
cussion).

ribs, and flaring of the metaphyses of the long bones and
costochondral junctions. Lucent streaks in the metaphyses
represent nests of unossified physeal cartilage. Fractures and
bowing of the extremities are common. The cranial sutures
are initially wide but close prematurely, leading to increased
intracranial pressure,

Dentition is poor, and the primary teeth fall out very
early.*"! Hypercalcemia may cause renal calcinosis. Renal
failure and hypertension then follow.

Children who survive early infancy tend to improve clini-
cally with time. Stature is normal in the infant, but as the
child matures, dwarfism due to lack of normal enchondral
bone growth becomes noticeable.

Adult Hypophosphatasia. A rare adult form of hypophos-
phatasia exists. Clinically, the disease usually becomes appar-
ent with a fracture. Osteomalacia is present.

PRENATAL DIAGNOSIS

Hypophosphatasia can be diagnosed in fetuses. Ultrasound
shows deficient ossification of the fetal skull.” A definitive
diagnosis can be established through amniocentesis and mo-
lecular genetic testing, looking for mutations in TNSALP in
at-risk infants.’

DIFFERENTIAL DIAGNOSIS

Hypophosphatasia is most commonly confused with severe
type II osteogenesis imperfecta because of the presence of
birth fractures and the severe demineralization. Thanato-
phoric dwarfism and achondrogenesis can also resemble the
perinatal form of hypophosphatasia.



Less severe forms of hypophosphatasia should be differ-
entiated from the various types of rickets. In rickets, the
alkaline phosphatase concentration is generally increased,
whereas in hypophosphatasia it is by definition decreased
or not measurable.

TREATMENT

Currently no successful treatment is available for hypophos-
phatasia. If the diagnosis of rickets is mistakenly made, treat-
ment with vitamin D can worsen the heterotopic calcifica-
tion and nephrocalcinosis. Enzyme replacement therapy is
not yet available,

Fractures require orthopaedic referral. Healing of frac-
tures is generally quite delayed in hypophosphatasia. Occa-
sionally, multiple osteotomies with intramedullary fixation,
as one would do in cases of severe osteogenesis imperfecta,
are needed to correct bowing and lend structural support
to the long bones.
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Hyperphosphatasia

Hyperphosphatasia is an extremely rare bone dysplasia char-
acterized by failure to replace immature woven bone with
mature lamellar bone. Biochemically, serum levels of alka-
line phosphatase are increased (hence the name hyperphos-
phatasia), as is the urinary excretion of hydroxyproline. The
disease is transmitted as an autosomal recessive trait.
Clinically, the long bones are bowed and prone to stress
fractures due to osteopenia and decreased biomechanical
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strength of the bone.’ The patient’s head is enlarged. Pres-
enting complaints are painful swelling of the limbs and
bowing. Muscle mass appears diminished, and the limbs
may be warm. Affected children are very short.

Radiographic findings include generalized diaphyseal
expansion of the bones with subperiosteal new bone deposi-
tion." Fractures are transverse and are usually nondisplaced.
The spine and pelvis show patchy areas of sclerosis. The
base and vault of the skull are thickened.

Pathologic studies of the bone tissue show extensive fi-
brosis of the marrow with cellular hyperactivity. There is
evidence of both increased bone resorption and bone forma-
tion resembling fibrous dysplasia.*® There may be a mosaic
pattern of cement lines resembling what is seen in Paget’s
disease.’

Conditions from which hyperphosphatasia must be dis-
tinguished include Camurati-Engelmann disease, craniodia-
physeal dysplasia, and fibrous dysplasia. Hyperphosphatasia
can be differentiated from all these conditions by the distinct
elevation in serum alkaline phosphatase concentration.

Treatment previously consisted of administering thyro-
calcitonin."* Recently, successful treatment of the disease
has been described with use of bisphosphonates, such as
pamidronate and etidronate.”’~
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Pituitary Dwarfism

A deficiency in the somatotrophic hormone is due to con-
genital hypoplasia or aplasia of the eosinophilic cells in about
two-thirds of cases of hypopituitarism. It is often a hereditary
disorder, and four forms exist, with autosomal recessive,
autosomal dominant, and X-linked types.*’® In the re-
maining cases, cessation of growth results from destructive
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lesions of the anterior pituitary, most commonly a cranio-
pharyngeoma.

CLINICAL FEATURES

In the congenital forms, the infant is of normal size, but
diminished growth is noted around age 2 to 4 years. The
limbs are of normal proportion in relation to the head
and trunk. Intelligence is normal. The condition can be
associated with hypogonadism and a delay in or absence of
sexual maturation.”

In the acquired form caused by a pituitary lesion, signs
of neurologic deficit such as impaired vision, ocular distur-
bances, and pathologic sleepiness are present.

RADIOGRAPHIC FINDINGS

In congenital hypopituitarism, skeletal maturation is de-
layed. The ossification centers are late in both their appear-
ance and closure. Osteoporosis of the long bones and the
skull is present. The fontanelles close later than normal.

Where there is a lesion in the pituitary, radiographs will
reveal an enlargement of the sella turcica, the home of the
pituitary. Intrasellar or suprasellar calcification suggests cra-
niopharyngeoma.

MRI is especially useful in visualizing the pituitary. En-
largement, hypoplasia, or tumor can be seen.'®

DIAGNOSIS

Serum levels of growth hormone will be low or absent.
Because low levels are normal in healthy children, a stimula-
tory test is usually needed to confirm the lack of growth
hormone.’ Insulin or L-arginine is administered to produce
hypoglycemia, which stimulates the release of growth hor-
mone. Growth hormone levels do not increase in patients
with pituitary dwarfism after administration of these agents.

TREATMENT

Pituitary dwarfism is treated by administration of synthetic
growth hormone. " This treatment stimulates growth and
should be monitored by a pediatric endocrinologist. Patients
with growth hormone deficiency following resection of cran-
iopharyngeomas rarely have an isolated deficiency in growth
hormone, so additional hormone replacement therapy is
necessary, under the guidance of the endocrinologist. Some
children with growth hormone deficiency have developed
panhypopituitarism in adulthood, with hypothyroidism and
abnormalities in antidiuretic hormone. On rare occasion,
referral to the orthopaedic surgeon is needed for treatment
of slipped capital femoral epiphysis.
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Hypothyroidism

Thyroid hormone deficiency may be congenital or acquired.
The degree of deficiency, age at onset, and duration of the
deficiency are all factors that determine the severity of dis-
ease. Hypothyroidism is fairly common, with an incidence
of one per 4,000 newborns.'

Congenital hypothyroidism, previously known as cretin-
ism, is characterized by dwarfism and mental retardation.
It is more common in girls than in boys.

ETIOLOGY

The usual cause of congenital hypothyroidism is a structural
abnormality in the thyroid gland. The abnormalities range
from aplasia of the thyroid, hypoplasia, and goiter to ectopic
thyroid tissue. There are familial forms of hypothyroidism,
which are being delineated through molecular genetic re-
Search.].lﬂﬂl,??

CLINICAL FEATURES

Symptoms in early infancy include prolonged jaundice, leth-
argy, sleepiness, feeding difficulties, and constipation. Often
the babies are overweight. Other features include dry skin,
scanty, coarse hair, an enlarged tongue, umbilical hernias,
and an expressionless face (Fig. 31-24). Developmental de-
lay is noted. Associated congenital malformations, especially
heart defects, are more likely to occur in children with
congenital hypothyroidism.”*

In acquired hypothyroidism, which manifests later in
childhood, sluggishness, slowed growth, and worsening school
performance are noted." Slipped capital femoral epiphyses
may occur, leading to groin, hip, or knee pain. Hypogo-
nadism is present, and the children are often overweight.

RADIOGRAPHIC FINDINGS

Thyroid hormone is very important in regulating bone
growth and maturation. In patients with hypothyroidism,
enchondral bone formation is disturbed. The skeleton is



FIGURE 31-24 Typical clinical appearance of congenital hypothy-
roidism.

immature for the baby’s chronological age. Appearance of
the epiphyses is delayed, and they look irregular and frag-
mented, which in childhood resembles what is seen in Per-
thes” disease or multiple epiphyseal dysplasia."' Epiphyseal
dysgenesis was the term used by Reilly and Smyth to describe
the ossific nuclei.” The physis may be irregular and widened,
resembling the radiographic picture in rickets.

The bone age of the patient is delayed. The long bones are
abnormally widened as a result of normal intramembranous
bone formation in the context of disturbed endochondral os-
sification.

The head appears large. Radiographically, ossification of
the skull is retarded and the base of the skull is shortened.
The sella turcica may be enlarged. Closure of the fontanelles
is delayed. A delay in the development of normal dentition
is common.

Spinal radiographs show a tendency toward thoracolum-
bar kyphosis. The vertebral body of L2 is wedge-shaped and
the anterior margin is beaked. L1 and L3 may have a similar
appearance. The bony end-plates are convex.

Some patients have osteosclerosis due to hypercalcemia.
Radiographs in these patients show transverse radiopaque
bands in the metaphyseal areas and thickened cortices, Meta-
static calcification can occur.

MRI has shown enlargement of the pituitary in children
with congenital hypothyroidism.”

DIAGNOSIS

Great gains have been made in the diagnosis of congenital
hypothyroidism. Screening programs are in place to measure

CHAPTER 31—Metabolic and Endocrine Bone Diseases * ** 1713

thyroid-stimulating hormone (TSH) in the newborn nurs-
ery. 212131428 Ap elevated TSH level is suspicious for congeni-
tal hypothyroidism.” Further laboratory evaluation of thy-
roid hormone levels and further imaging studies, consisting
of radionuclide scintigraphy of the thyroid or thyroid ultra-
sound are then performed to ascertain the cause of the
hormone deficiency.***

Early diagnosis is mandatory, because a delay in diagnosis
can lead to irreversible mental retardation. The workup of
the developmentally delayed child should include laboratory
evaluation of thyroid function when the cause of the delay
is unknown.”

There is an association between Down syndrome and
hypothyroidism. One study found that 15 percent of babies
with Down syndrome had congenital hypothyroidism."* An-
other found that 30 of 85 children with Down syndrome
had hypothyroidism, and the authors recommended annual
screening of these children.'®

Other laboratory findings in children with hypothyroid-
ism may include high serum calcium levels.” Patients with
panhypopituitarism will have not only hypothyroidism but
also the other hormonal deficiencies seen in this disorder,
such as growth hormone deficiency.

TREATMENT

Treatment begins immediately upon diagnosis. Hormone
replacement therapy with thyroxine is begun and carefully
monitored. If treatment is begun by age 24 months, sub-
sequent growth has been shown to be normal by age 5.*°
With hormonal replacement therapy, the pubertal growth
spurt is normal, and adult height is within normal limits.”
Long-term thyroxine replacement therapy has not been
shown to decrease bone mass and lead to osteopenia.”
Prompt treatment leads to normal intellectual develop-
ment.”

Prenatal diagnosis through cord blood sampling has been
achieved, and the prenatal treatment of hypothyroidism by
means of thyroid hormone injected into the amniotic fluid
has been successful in experimental settings.***

If congenital hypothyroidism remains untreated, mental
retardation is progressive, and most children die early of
respiratory infections.

ORTHOPAEDIC CONSIDERATIONS

In the older child, slipped capital femoral epiphysis may
be the first manifestation of hypothyroidism (Fig. 31-25).
Loder and associates found that the diagnosis of hypothy-
roidism was made affer the patient presented for treatment
of the slip.*” Screening recommendations range from
screening all patients with SCFE for thyroid disease® to
no routine screening whatsoever. We feel that any patient
who presents with a SCFE and is younger than usual
(less than 11 years old), or who has a family history of
thyroid abnormalities, or who is not of the typical obese
body habitus should be screened for hypothyroidism with
a TSH test. In patients with SCFE secondary to hypothy-
roidism, contralateral prophylactic pinning should be per-
formed, as the incidence of bilateral SCFE in hypothyroid-
ism is 61 percent.
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FIGURE 31-25 A and B, Right
slipped capital femoral epiphysis in a
13-year-old girl. Hypothyroidism was
diagnosed on presentation. Physeal
widening is seen in the asymptomatic
left hip. C and D, In situ fixation was
performed bilaterally. E and F, At
2-year follow-up, the physes were
healed.
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Idiopathic Juvenile Osteoporosis

Idiopathic juvenile osteoporosis is a rare metabolic bone
disease of childhood that is characterized by a profound
reduction in bone mass of unknown cause. The cardinal
features of idiopathic juvenile osteoporosis are (1) onset
before puberty, (2) compression fractures of the vertebrae
and long bones, (3) formation of new but osteoporotic bone,
and (4) spontaneous recovery following skeletal maturity.

ETIOLOGY

The etiology of idiopathic juvenile osteoporosis remains
unknown. The disease is not genetically transmitted. The
basic mechanism of disease is an imbalance between bone
formation and bone resorption. Bone histology usually
shows an excess of osteocytes associated with woven bone.”
In a recent study, secretion of synthesized collagen by cul-
tured skin fibroblasts in some patients with idiopathic juve-
nile osteoporosis was reduced, while the range of collagen
secretion in other patients with the disease overlapped the
normal range.”” Another study found diminished levels of
the carboxy-terminal propeptide of type I procollagen in
patients with juvenile osteoporosis, again indicating abnor-
malities in collagen metabolism."

Biomechanical studies are conflicting. Serum calcium and
phosphorus levels are normal in these patients. Calcium
balance, however, is negative, with poor GI absorption of
calcium.*® Alkaline phosphatase and urinary hydroxyproline
levels are usually normal as well. Although most studies
report normal vitamin D levels,” two recent studies found
low levels of calcitriol (1,25-dihydroxycholecalciferol). Ther-
apy was then directed toward the vitamin deficiency, with
improvement in the disease.””” It may be that different forms
of the disease exist with different biochemical profiles.

CLINICAL FEATURES

The mean age at onset is 7 years, with cases reported in
children as young as 1 year.” By definition, the disease
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FIGURE 31-26

always manifests before puberty. There is no sex predi-
lection.

The presenting complaints in children with idiopathic
juvenile osteoporosis are back pain and leg pain.’? Patients
may refuse to walk or may have a slow gait or limp.!* The
examining physician should always remember that a limp
in children is a common orthopaedic dilemma, whereas
idiopathic juvenile osteoporosis is extremely rare.

RADIOGRAPHIC FINDINGS

Diffuse generalized osteoporosis is seen on radiographs of
the spine and limbs (Fig. 31-26). The normal trabecular
pattern is markedly decreased and the cortices of the bones
are thinned. On lateral radiographs of the spine, a “codfish”
appearance is present. Patients may develop increased tho-
racic or thoracolumbar kyphosis with anterior wedging of
the vertebrae. Vertebral compression fractures may be evi-
dent, and scoliosis may be present.

Another radiographic feature is the presence of long bone
fractures in various stages of healing. The fractures are usu-
ally metaphyseal and tend to occur in areas of highest stress,
such as the femoral neck. Other areas in which stress frac-
tures are common are the distal femur and proximal tibia.

The skull does not have a wormian appearance.

DIAGNOSIS

The diagnosis is one of exclusion. The various known causes
of osteoporosis in childhood are listed in Table 31-1. The

Idiopathic juvenile osteoporosis. A and B, AP and lateral radiographs of the spine showing the severe
osteoporosis. Note the compression fractures of the vertebrae in the lumbar region. C, AP radiograph of both tibiae.
Note the plastic bowing of the fibulae and marked osteoporosis.

TABLE 31-1 Causes of Osteoporosis
in Childhood

Endocrine disorders
Hyperthyroidism
Hyperparathyroidism
Hypogonadism
Glucocorticoid excess—Cushing’s syndrome, steroid therapy
Metabolic disorders
Homocystinuria
Gastrointestinal malabsorption
Idiopathic hypoproteinemia
Vitamin C deficiency
Rickets of any cause
Liver disease
Renal disease
Chronic tubular acidosis
Idiopathic hypercalciuria
Lowe’s syndrome
Uremia and regular hemodialysis
Bone affections
Osteogenesis imperfecta
Idiopathic juvenile osteoporosis
Idiopathic osteolysis
Turner’s syndrome (XO chromosome anomaly)
Malignant diseases
Leukemia
Lymphoma
Miscellaneous causes
Disuse osteoporosis of paralyzed limbs as in myelomeningocele
Generalized osteoporosis of Still's disease, especially after steroid
therapy
Heparin therapy
Anticonvulsant drug therapy




most difficult distinction to make is between idiopathic juve-
nile osteoporosis and mild osteogenesis imperfecta. Those
patients with a positive family history have osteogenesis
imperfecta, yet individuals with no affected relatives still
may have either disease. Other distinguishing features of
osteogenesis imperfecta that are not associated with idio-
pathic juvenile osteoporosis are blue sclerae, dentinogenesis
imperfecta, ligamentous laxity, and easy bruising. Patients
with juvenile osteoporosis do not sustain fractures in early
infancy, and this may help differentiate the two diseases in
some patients. Lastly, the fracture callus in juvenile osteopo-
rosis is osteopenic.

Fibroblast studies may be of some help in establishing
the diagnosis of osteogenesis imperfecta, but overlap of re-
sults with normal ranges and with results in idiopathic juve-
nile osteoporosis may occur in some children."

Bone biopsy is usually not necessary to diagnose either
osteogenesis imperfecta or idiopathic juvenile osteoporosis,
but when performed, increased woven immature bone is
seen in osteogenesis imperfecta, while increased osteoclastic
resorption of bone is seen in idiopathic juvenile osteopo-
rosis.’

Another very important distinction to make clinically is
that between leukemia and idiopathic juvenile osteoporosis.
A child with leukemia may present with osteopenia and
compression fractures, so urgent referral to a pediatric he-
matologist is wise in the evaluation of a patient with osteopo-
rosis. Usually a bone marrow aspirate will be required to
definitively rule out leukemia.

TREATMENT

The treatment of idiopathic juvenile osteoporosis is contro-
versial. Isolated reports of successful medical treatment with
calcitonin,’ calcitriol,? bisphosphonates,’ and estrogen'
have been published. All reported improved bone mineral-
ization and decreased fractures. It appears that when a de-
monstrable deficiency is found through laboratory testing,
treatment aimed toward correcting that deficiency is war-
ranted.

Orthopaedic treatment for the spine is usually conserva-
tive. Bracing may relieve back pain and treat the kyphotic
deformity. The Milwaukee brace has been used for this
purpose, with reported success.*® The role of the brace in
accelerating osteoporosis by stress shielding the spine is
unknown. Use of the brace should be discontinued gradually
as the osteoporosis resolves.

Scoliosis likewise should be managed orthotically when
possible. Spinal fusion has been performed in isolated cases,
but continued progression of the deformity due to bending
of the fusion mass has been described.’

Long bone fractures should be managed by conventional
means. Immobilization should be kept to a minimum, as
prolonged immobilization leads to worsening osteoporosis
and may result in a cycle of fractures.
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Osteogenesis Imperfecta
INTRODUCTION

Osteogenesis imperfecta is a genetic disorder of connective
tissue with the trademark clinical feature of bone fragility
evidenced by long bone fractures. Other major clinical fea-
tures may include skeletal deformity, blue sclerae, hearing
loss, and fragile, opalescent teeth (dentinogenesis imper-
fecta). Less severe manifestations may include generalized
ligamentous laxity, hernias, easy bruisability, and excessive
sweating. The spectrum of the presence of the various poten-
tial manifestations, their severity, and the age at which these
features manifest is very broad.* The extent of the manifesta-
tion of bone fragility is the best example of this spectrum:
fragility can be so severe that the affected infant is born with
crumpled ribs, a fragile cranium, and long bone fractures
incompatible with life, whereas at the opposite end of the
spectrum, an older child who otherwise appears normal may
sustain only a few fractures after a reasonable amount of
trauma. The distinction between child abuse (nonaccidental
injury) and excessive bone fragility may be difficult to make
in these latter circumstances.*****53617 I js now known that
at least 90 percent of affected individuals have an identifiable
genetically determined quantitative and/or qualitative defect
in type I collagen formation.T Type I collagen is the major
structural protein found in bone and skeletal connective
tissue. The disorder may be inherited from a parent in an

*See references 1, 3, 4, 38, 40, 41, 42, 45, 74, 94, 109, 110, 111, 122,
125, 168, 172, 179, 181.
TSee references 1, 33, 38, 40, 41, 43, 45, 56, 122, 129, 175.
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autosomal dominant fashion, may occur as a spontaneous
mutation, or, rarely, may be inherited as a homozygous
autosomal recessive trait from both parents.™*'*

Historical descriptions of individuals who may have been
affected with osteogenesis imperfecta date from Egyptian
times. The most colorful description is probably that of
“Ivar the Boneless,” a Scandinavian prince who led the
invasion of Britain during the ninth century.”""* He was
purportedly carried by his troops into battle on a shield,
because his limb deformities prevented him from walking.
His skeleton is not available for modern substantiation of
this diagnosis, since his remains were dug up and burned
at the direction of William the Conqueror, From a medical
perspective, this disorder has been called by a variety of
names over the years, including fragilis ossium, osteopsath-
yrosis idiopathica, brittle bone disease, Lobstein’s disease, and
Vrolik’s disease. Lobstein'™ described the nonlethal variety
in 1835, and Vrolik'® described the lethal variety manifesting
as multiple birth fractures in 1849. Vrolik was also the first
to use the term osteogenesis imperfecta.

PATHOPHYSIOLOGY

Extensive molecular genetic and collagen qualitative research
has shown that the vast majority (at least 90 percent) of
individuals with osteogenesis imperfecta have an identifiable
defect in the genes responsible for encoding type I collagen.*
Some understanding of normal collagen formation, and of
errors of that metabolic process that are seen in osteogenesis
imperfecta, is essential to understanding the pathophysiol-
ogy and variability of the disorder.

Normal Collagen Metabolism. Collagen is a connective
tissue protein with a left-handed triple-helical structure that
is found in abundance in many areas of the body. Many
specific subtypes have been described that occur in specific
parts of the body relatively frequently. The major structural
collagen of the skeletal system, including bone, ligament,
and tendon, is type I collagen. This type of collagen is
composed of three strands of collagen protein: two alpha, (I)
strands and one alpha, (I) strand. In the normal fibroblast,
precursor subunits for these two types of strands (pro-alpha,
[I] and pro-alpha, [I] polypeptide chains) are synthesized
in the rough endoplasmic reticulum. These two procollagen
polypeptide chains are encoded for by two separate genes,
COLIAI (encoding for pro-alpha; [I]), located on the long
arm of chromosome 17, and COLIA2 (encoding for pro-
alpha; [I]), located on the long arm of chromosome 7. Two
pro-alpha, (I) chains and 1 pro-alpha, (I) chain combine
to form type I procollagen molecules. The combining of
these three chains into the triple helix begins at the carboxy-
terminal end, propagating toward the amino-terminal end.
An essential feature of the pro-alpha chains is a recurrent
pattern of glycine residues at every third peptide position
in the chain, for it is at these residues that cross-linking of
the three chains occurs. The type I procollagen molecules
are secreted from the cell and are processed extracellularly
to type I collagen molecules (Fig. 31-27A).

Collagen Metabolism in Osteogenesis Imperfecta. In the
90 percent of patients in whom the nature of the genetic

*See references 1, 33, 38, 40, 41, 44, 45, 56, 122, 129, 175.

error in type I collagen formation can be determined (to
date), that error is of two basic types: qualitative or quantita-
tive. Type I collagen can be assayed from cultures of fibro-
blasts taken from skin biopsies, using electrophoresis tech-
niques. First, there can be a complete absence of an
identifiable type I collagen, or a quantitative error. Such
patients likely have a stop codon in the affected gene, leading
to an absence of the necessary mRNA, resulting in turn in
no collagen being formed under the direction of the affected
gene. In this circumstance a patient who is heterozygous for
the condition will secrete approximately half of the normal
amount of type I collagen, with no abnormal type I collagen
identifiable (Fig. 31-27B). This is the type of defect most
commonly identified in type IA osteogenesis imperfecta in
Sillence’s classification (see below)."” Cole, in a review of
the molecular pathology of 200 patients with osteogenesis
imperfecta,’ identified rare types that had normal type I
collagen, but with even more severe reductions in quantity
than the typical type I patients in Sillence’s classification,
with levels of 20 percent or less.

Alternatively, there can be an error in substitution or
deletion, usually involving a glycine peptide residue some-
where along the polypeptide chain. In such circumstances
the affected patient will produce an abnormal, less effectual
collagen, usually in reduced amounts. The severity of the
disruption of the function of the affected collagen is in
part related to the location of the glycine residue error.
Substitutions located at the carboxy end of the polypeptide
chains are potentially more serious, since cross-linking of
the triple helix begins at the carboxy terminal of the chains.
This type of defect, a both quantitative and qualitative one
impairing the function of type I collagen, is the more com-
monly identified defect in Sillence’s types II, III, and IV
(discussed below) (Fig. 31-27C). Patients with the most
severe or lethal varieties tend to have the coding defect at
the carboxy end of either the pro-alpha, (I) or pro-alpha,
(I) chains.

CLASSIFICATION AND HEREDITY

The classification of osteogenesis imperfecta has proved
troublesome because of variability in the nature, time of
onset, and severity of the various clinical manifestations
of the disorder. The different patterns of inheritance, the
relatively high incidence of spontaneous mutations, and the
variability in clinical severity even when the mode of inheri-
tance is known further compromise the effectiveness of clas-
sification schemes. The identification of more than 150 spe-
cific locations of disruptions of genetic coding for type I
collagen has improved our understanding of the nature and
variability of the clinical manifestations but has not simpli-
fied classification. There are two classification schemes
(those of Sillence and associates*'®*~'% and Shapiro'®) with
which orthopaedic surgeons attending to the needs of pa-
tients with osteogenesis imperfecta should be familiar.
Sillence and Danks delineated four distinct types of os-
teogenesis imperfecta, based on both clinical and genetic
characteristics.'” Previous classifications did not take genetic
modes of transmission into account in delineating types of
osteogenesis imperfecta. In the original description of Sil-
lence and Danks, four types were described and identified
as either autosomal dominant (types [ and IV) or autosomal
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FIGURE 31-27  Schematic representation of normal and abnormal col-
lagen formation. A, Normal type I collagen formation. Two pro-alpha,
(I} (encoded by COLIAI on chromosome 17) and one pro-alpha, (I)
(encoded by COLIA2 on chromosome 7) polypeptide chains form a left-
handed triple helix, beginning at the carboxy end, and continuing to the
amino end. Cross-linking occurs at glycine residues located at every third
position in the chains. The procollagen molecule is then secreted from
the endoplasmic reticulum into the extracellular matrix, where coales-
cence into the complete type I collagen fiber continues.

B, Quantitative defect typified by Sillence’s type IA osteogenesis im-
perfecta. There is a stop codon for one of the COLIAI genes, resulting
in no mRNA from that gene. As a result, normal pro-alpha, polypeptide
chains are produced in levels approximately 50 percent of normal, re-
sulting in production of about 50 percent of the normal amount of type
I collagen. The collagen produced is electrophoretically normal, and no
abnormal collagen is detectable.

C, Formation of mutant type I collagen from some defect in either
COLIATI or COL1A2. Skips or substitutions for glycine occur at some
point along the polypeptide chains encoding for either pro-alpha, or pro-
alpha;. The mutant polypeptide chain results in poorer cross-linking.
Defects closer to the carboxy terminal are potentially more serious, since
triple helix formation begins at this end. The mutant procollagen is
usually produced in reduced amounts, so that there is a qualitative and
quantitative deficiency of type I collagen. This type of defect is typical
of Sillence’s types I, III, and IV osteogenesis imperfecta.

recessive (types II and ITI)."” According to this formulation,
type I osteogenesis imperfecta was an autosomal dominant
condition characterized by bone fragility and blue sclerae
throughout life. This type was subdivided into type IA, with-
out dentinogenesis imperfecta, and type IB, with dentino-
genesis imperfecta. Type II was considered a lethal autoso-
mal recessive form characterized by extreme bone fragility
and perinatal death. Type III was described as a relatively
rare autosomal recessive condition with relatively severe
bone fragility and white sclera, Type IV was described as

B Chromosome 17
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an autosomal dominant disorder of intermediate severity,
characterized by white sclerae in adulthood. Type IV, like
type I, was subclassified into type IVA, without dentinogen-
esis imperfecta, and type IVB, with dentinogenesis imper-
fecta. More recent work on the nature of type I collagen
disorders and the molecular genetic basis for these disorders,
however, has elucidated the nature of the genetic defect,
and, in fact, true autosomal recessive transmission is rare

in this condition.” Cole has recommended modification of
the original Sillence classification, based on an extensive
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TABLE 31-2 Classification of Osteogenesis Imperfecta Syndromes
(According to Sillence)

Presenile
Hearing
Bone Deformity Growth Loss
Type Inheritance Teeth Fragility of Long Bones Retardation (percent)
I A Autosomal Normal Variable—less severe Moderate Short stature, 2% to 3% 40
dominant than other types below mean
B Autosomal Dentinogenesis imper-  Variable—less severe Moderate Short, 2% to 3% below 40
dominant fecta than other types mean
11 Autosomal Unknown (because of Very extreme Crumbled bone (accor-  Unknown (because of
recessive perinatal death) dion femora) perinatal death)
marked
I Autosomal Dentinogenesis imper-  Severe Progressive bowing of Severe—smallest of all
recessive fecta long bones and patients with os-
spine teogenesis imperfecta
IVA  Autosomal Normal Moderate Moderate Short stature Low
dominant frequency
B Autosomal Dentinogenesis imper- ~ Moderate Moderate Short stature Low
dominant fecta frequency
Prognosis Sclerae Spine Skull Other Incidence
Fair Distinctly blue through-  20% scoliosis and ky- Wormian bones on x- Premature arcus senilis ~ 1/30,000
out life phosis rays
Fair Distinctly blue through-  20% scoliosis and ky- Wormian bones on x- Premature arcus senilis ~ 1/30,000
out life phosis rays
Perinatal death Blue Marked absence of ossi- 1/62,000 live
fication births
Nonambulatory, wheel-  Bluish at birth, become  Kyphoscoliosis Hypoplastic, more ossi- Very rare
chair-bound less blue with age, fied than type II
May die in third white in adult Wormian bones
decade
Fair Normal Kyphoscoliosis Hypoplastic Unknown
Wormian bones
Fair Normal Kyphoscoliosis Hypoplastic Unknown

Wormian bones

review of the collagen defect in 200 patients with os-
teogenesis imperfecta. The features of Sillence’s classification
are summarized in Table 31-2.

Osteogenesis Imperfecta Type I. Osteogenesis imperfecta
type | is characterized by generalized osteoporosis with ab-
normal bony fragility, distinct blue sclerae throughout life,
and presenile conductive hearing loss. This is the most com-
mon type of osteogenesis imperfecta in most series, and the
patients are, in general, the least affected in terms of inci-
dence of fractures. This type is inherited as an autosomal
dominant condition, although spontaneous mutations oc-
cur. Molecular genetic studies have revealed that this type
is characterized by a quantitative defect in type I collagen.*
Specifically, one of the inherited COLIAI genes in affected
patients will not produce effective mRNA for pro-alpha,
collagen, so that the amount of type I collagen is effectively
reduced to approximately 50 percent of the normal amount,
but that 50 percent is electrophoretically normal, and no
“mutant” type I collagen is detectable by electrophoretic
techniques.” Dentinogenesis imperfecta is present in some
of these patients; those without dentinogenesis imperfecta
are subclassified as having osteogenesis imperfecta type IA,
and those with dentinogenesis imperfecta are classified as
having type IB. It is likely that patients with osteogenesis

*See references 1, 15, 40, 41, 45, 56, 122, 175, 180, 188.

type IB have a mutant collagen present and are biochemically
distinctly different from patients with osteogenesis type IA.

Osteogenesis Imperfecta Type II. Type Il osteogenesis im-
perfecta is characterized by extreme bone fragility leading
to death in the perinatal period or early infancy. The long
bones are crumbled (accordion femora), and ossification of
the skull is markedly delayed; on palpation, the cranial vault
feels like numerous small plates of bone. Originally this
condition was thought to be inherited as an autosomal reces-
sive trait.' However, work on the nature of type I collagen
disturbance has revealed that the defect in most cases is a
severe disruption in the qualitative function of type I colla-
gen.” In most cases the condition is inherited as a “dominant
negative” condition, often as the result of spontaneous mu-
tation. In the words of Cole, most affected individuals have
“their own private mutation,” and many different ones have
been described.”

This pattern of inheritance is more in keeping with the
risk of recurrence in subsequent pregnancies of couples with
a prior affected fetus. If the condition were inherited as an
autosomal recessive trait, the risk in subsequent pregnancies
should be on the order of 25 percent, or, if due to spontane-
ous mutations, essentially zero. In fact, the risk of having a
subsequent fetus affected has been estimated at approxi-

*See references 1, 38, 40, 41, 44, 45, 56, 122, 175.



mately 7 percent. In those situations, one of the parents has
been identified as being “mosaic” for the dominant negative
gene, accounting for the low but present risk. For a discus-
sion of diagnostic evaluations for identifying an affected
fetus, please see the section titled Prognostication and Paren-
tal Counseling—Antenatal Diagnosis.

Osteogenesis Imperfecta Type IIL This variety of Os-
teogenesis imperfecta type II1 also is characterized by qualita-
tive and quantitative changes in type I collagen and may be
inherited as an autosomal recessive or “dominant negative”
trait,»414312212 [t is characterized by severe bone fragility,
multiple fractures and progressive marked deformity of the
long bones, and severe growth retardation.***"%!7 The
sclerae are bluish at birth but become less blue with age. In
the adolescent, the sclerae are of normal hue. The most
severely affected surviving patients often have this type of
disease.

Osteogenesis Imperfecta Type IV. Osteogenesis imper-
fecta type IV is inherited as an autosomal dominant condi-
tion, and most patients, like patients with types II and III,
have qualitative and quantitative changes in type I collagen.
At birth the sclerae are of normal hue; if they are bluish,
they become progressively less so with maturation, and are
normal in adolescence. The osteoporosis, bone fragility, and
long bone deformities are of variable severity. Dentinogen-
esis imperfecta also occurs in some affected individuals:
those with normal dentition are classified as having type
IVA disease and those with dentinogenesis imperfecta are
classified as having type IVB disease.

One of the problems for the orthopaedic surgeon and
the families of patients with osteogenesis imperfecta is the
significant variability in the severity of long bone deformity
and fracture frequency within Sillence classification catego-
ries and even within families, whose members presumably
share the same genetic defect. Yet these two clinical features
have a significant impact on the affected individual’s mobil-
ity, morbidity, and need for orthopaedic intervention. In
general, Sillence’s type I patients are the least affected indi-
viduals; Sillence’s type II patients almost invariably are still-
born or die shortly after birth; and Sillence’s types III and
IV patients are more severely affected than most type I
patients, constituting the majority of patients with severe
deformity and frequent fractures; they may require extremity
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intramedullary rodding and have more difficulty ambulating
or are unable to do so. However, within a family, one sibling
may have only a few fractures while another may have re-
peated fractures and deformity requiring intramedullary
rods and difficulty ambulating without lower extremity brac-
ing or upper extremity aid. Because of this practical problem,
the clinical classifications based on the age at onset and the
severity of fractures still has prognostic relevance for the
orthopaedic surgeon and affected individuals.

The evolution of a useful clinical classification based on
the occurrence and severity of fractures is as follows. Looser
in 1906'" classified osteogenesis imperfecta into two types:
osteogenesis imperfecta congenita, characterized by the pres-
ence of numerous fractures at birth, and osteogenesis imper-
fecta tarda, in which the fracture or fractures occur after the
perinatal period.' Seedorff in 1949'' subclassified os-
teogenesis imperfecta tarda into two types: tarda gravis, in
which the first fracture occurs in the first year of life (these
children subsequently develop severe deformities of the long
bones and spine), and tarda levis, in which the first fracture
occurs after the first year of life: deformity and disability
are not so severe in the latter."” Falvo and associates® noted
that age does not always correlate with the severity of the
disease, and therefore recommended subdivision of os-
teogenesis imperfecta tarda according to the presence of
bowing of the long bones; those cases with bowing they
subclassified as tarda type I, and those without bowing as
tarda type IL. Shapiro has recommended a further modifica-
tion of Looser’s classification, based on the evaluation of a
large number of patients with respect to prognosis for sur-
vival and ambulation.' This classification, given in Table
31-3, has excellent practical application for the orthopaedic
surgeon and the families of affected individuals in regard
to prognosis for survival and ambulation. The classification
consists of four categories: congenita A, congenita B, tarda
A, and tarda B. Shapiro classified patients as having os-
teogenesis imperfecta “congenita” if they had fractures in
utero or at birth, whereas Looser and other later authors
used “congenita” only for in utero fractures. The distinction
between the two congenita types is based on the timing of
fractures and radiographic features of the affected bones.
Patients with congenita A are patients who sustain fractures
in utero or at birth, with the additional radiographic features

TABLE 31-3 Shapiro’s Classification of Osteogenesis Imperfecta®*

Positive
Family Ambulatory
Type Description History Deaths  Status
Osteogenesis imperfecta congenita A In utero or birth fractures; short, broad, 0% 15/16 One survivor wheelchair bound
crumpled femora and ribs (94%)
Osteogenesis imperfecta congenita B In utero or birth fractures; normal long 4% 2/27 59% wheelchair-bound; 33% at least
bone contours, no chest deformity (89%) household ambulators
Osteogenesis imperfecta tarda A Fractures after birth but before walking 11% 0/21 33% in wheelchair; 67% ambulatory
(0%)
Osteogenesis imperfecta tarda B Fractures after walking 76% 0/21 100% ambulatory
(0%)

*Clinical features and prognosis in patients with osteogenesis imperfecta as described by Shapiro. Patients with osteogenesis imperfecta congenita (frac-
tures in utero or at birth) are distinguished by the presence or absence of long bone and rib deformities. Patients with osteogenesis imperfecta
tarda (fractures after birth) are distinguished by the onset of fractures prior to, or after, walking.

From Shapiro F: Consequences of an osteogenesis imperfecta diagnosis for survival and ambulation. J Pediatr Orthop 1985;5:456.
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of crumpled long bones, crumpled ribs with rib cage defor-
mity, and fragile skull (Fig. 31-28). These features are in-
compatible with life, and the patients are almost always
either stillborn or die shortly after birth from intracranial
hemorrhage or respiratory insufficiency. In Shapiro’s series,
15 of 16 patients with congenita A died, while one survived
with wheelchair mobility. Patients with congenita B have
fractures at birth but are radiographically distinct from con-
genita A patients in that the long bones, as typified by the
femur, are more tubular and have more normal funneliza-
tion in the metaphysis, the ribs are more normally formed
(although there may be rib fractures), and there is no rib cage
deformity. These patients are obviously severely affected,
but this type of osteogenesis imperfecta is compatible with
survival. In Shapiro’s series, only two of 27 congenital B
patients died, and nine were able to ambulate in some fash-
ion. Patients with osteogenesis imperfecta tarda developed
fractures only after birth. Patients with tarda A have onset
of fractures prior to walking. In Shapiro’s series, 33 percent
were in wheelchairs and 67 percent were ambulatory. The
age at onset of fractures was not prognostic for ambulation
within this group. Patients with tarda B incur their first
fracture after walking age; in Shapiro’s series, all these pa-
tients were ambulatory.

INCIDENCE

The exact incidence of the various types of osteogenesis
imperfecta is uncertain. The population frequency of type
I has been estimated as approximately 2.35 per 100,000 in
Japan, 4.7 per 100,000 in Germany, and 3.4 per 100,000 in
Victoria, Australia. The birth incidence of type II has been
estimated at 1 per 40,000 to 1.4 per 100,000 live births.'®-'"
At present the exact incidence of type III and type IV is
unknown,' but these types are less common than type I in
most clinical series. In Cole’s review of the genetic defect
and type I collagen anomaly in 200 patients, 28 patients had
type IA (two with IB), 47 had perinatally lethal type II (Cole
subdivided this group into three types), 41 had type III, and
79 had type IV.*

In Shapiro’s review and classification based on clinical
severity, 16 patients had congenita A (fractures in utero

FIGURE 31-28 Radiograph showing crumpled femora
and lack of normal funnelization of the long bone in
a child with osteogenesis imperfecta, Sillence’s type II,
Shapiro’s type congenita. This form is virtually universally
fatal, as the child is stillborn or dies in the neonatal period
from intracranial hemorrhage or respiratory insufficiency.

or at birth, with chest deformity and crumpled ribs and
extremities), 27 had congenita B (in utero or birth fractures,
without chest deformity and with more normal metaphyseal
funnelization), 21 had tarda A (fractures after birth but
before walking), and 21 had tarda B (fractures after walking).

PATHOLOGY

The fundamental defect in osteogenesis imperfecta is an
absolute reduction in the amount of normal type I collagen
in bone or its replacement with a poorly functioning mutant
collagen (usually also reduced in quantity). That defect is
manifested histologically in many ways.* Formation of both
enchondral and intramembranous bone is disturbed. Histo-
logic findings vary according to the type of osteogenesis
imperfecta. The morphology of the cells and of the matrix
is not consistent throughout the spectrum of the syndrome.
The amount of woven bone is larger than in normal controls,
and histometric analyses have shown that in type II, the
proportion of primitive osseous tissue with a woven or
irregular collagen matrix is significantly greater than in
other types.*"*

The bone trabeculae are thin and lack an organized tra-
becular pattern. Fractured spicules of trabeculae may be
found. The spongiosa is scanty. The intracellular matrix is
reduced, and as a result there is relative abundance of osteo-
cytes (Fig. 31-29)."' The osteoclasts are morphologically
normal, although they seem to be numerous and have an
increased number of resorption surfaces.

Osteoid seams are wide and crowded by plump osteo-
blasts. The mineralized chondroid lattice is surrounded by
wide seams of basophilic substance.”* This large number
of osteoblasts and osteoclasts, the large size of the osteoblasts,
and the plentiful osteoid tissue covering the thin bone tra-
beculae indicate increased bone turnover. Tetracycline label-
ing studies have confirmed the increased bone turnover in
osteogenesis imperfecta.*”” McCarthy and associates, how-
ever, noted normal or (evidence of) decreased bone turnover
in eight adult patients with Sillence’s type IA osteogenesis
imperfecta."®

*See references 5, 13, 16, 30, 31, 54, 59, 116, 149,



FIGURE 31-29 Histologic appearance in osteogenesis im-
perfecta. There is a relative abundance of osteocytes with a
reduced extracellular matrix. Osteoclasts are morphologi-
cally normal and normal or increased in number, with an
increased number of resorption surfaces.

The lamellae in lamellar bone are thin and tenuous. On
electron microscopy the collagen fibrils do not aggregate in
bundles of normal thickness; instead, they are organized
into thin, loosely compacted filaments.**'”® The compact
bone consists of a coarse fibrillary type of immature bone
without haversian systems. Periosteum and perichondrium
are generally normal, but in one study the periosteum was
thickened, with a defective microvascular system.' The phy-
sis is usually broad and irregular, the proliferative and hyper-
trophic zones are disorganized, and the typical columnar
arrangement is lacking. The calcified zone of the growth
plates is thinner, and metaphyseal blood vessels permeate
the growth plate.® Islands of cartilage are present in the
juxtaphyseal metaphyseal region. Sanguinetti and associ-
ates'® observed that biopsy specimens from patients with
type II osteogenesis imperfecta had a relatively normal ap-
pearance of the growth plate, but in specimens from patients
with types I and III disease they noted reduced cartilage
matrix calcification, thin, newly formed bony trabeculae,
and decreased glycosaminoglycan staining within the
growth plate.'®

The primary spongiosa in the metaphysis is sparse, with
the osseous tissue almost always of the woven variety. The
secondary centers of ossification in the epiphysis are delayed
in maturation, and residual islands of cartilage remain in
the epiphysis.

When a fracture is present the endosteal fracture callus
is primarily cartilaginous and the periosteal reaction is abun-
dant, consisting mainly of woven bone.

Gross anatomic findings consist of porosis (osteopenia),
diminution in size, and skeletal deformities secondary to
fracture and asymmetric physeal growth disturbance (Fig.
31-30), corresponding to the degree of bone fragility.”! In
severely affected individuals, the long bones are slender and
smaller than normal and the cortices are extremely thin,
with a paucity of medullary spongy bone and evidence of
recent or healed fractures with varying degrees of angular
or torsional deformities. The cartilaginous epiphyseal ends
of the long bones in general retain a recognizable shape but
are disproportionately large and have some irregularity of
the articular surface.
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The spine may show varying degrees of deformity, usually
scoliosis, often with compression fractures and wedging of
the vertebral bodies (Fig. 31-31). Kyphosis may be com-
bined with scoliosis.

In the skull there are multiple centers of ossification,
particularly in the occipital region, and wormian bones.

CLINICAL PICTURE

The clinical picture varies according to the variety of the
disease. In the severe congenital form (Sillence’s type II, or
Shapiro’s congenita A), multiple fractures from minimal
trauma during delivery or in utero cause the limbs to be

FIGURE 31-30 The skeleton in severe osteogenesis imperfecta.
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FIGURE 31-31 The spine in severe osteogenesis imperfecta. Vertebral
bodies are biconcave and wedge-shaped, producing kyphoscoliosis.

deformed and short. Crepitation can be demonstrated by
palpation at fracture sites. The skull is soft and membranous.
This type is usually fatal, with death secondary to intracranial
hemorrhage or respiratory insufficiency due to the incompe-
tency of the rib cage; the infant is stillborn or lives only a
short time.

In the nonlethal forms of the disease (Sillence’s types I,
I11, and IV), fragility of the bones is the most outstanding
feature. In severely affected patients, fractures that can occur
on the slightest injury. In general, the earlier fractures that
occur, the more severe is the disease, and, according to
Shapiro, this has direct prognostic significance for ambula-
tion.'" Lower limbs are more frequently affected, as they
are more prone to trauma. The femur is more commonly
fractured than the tibia. The pattern of fracture depends on
the nature of the trauma, the severity of the bone fragility,
and the presence of preexisting deformity acting as a stress
concentrator. Any fracture pattern may be seen in os-
teogenesis imperfecta, and no particular fracture pattern is
specifically diagnostic of osteogenesis imperfecta.” Fractures
heal at a normal rate; nonunion is relatively rare but does
occur.#5! Fracture callus is typically whispy, but on rare
occasions it may be very large and hyperplastic, resembling
osteogenic sarcoma on radiographs.* A pattern of repeated
fractures can develop as the result of a combination of disuse
osteopenia, progressive long bone deformity, and joint stiff-
ness from immobilization. Growth may be arrested by multi-
ple microfractures at the epiphyseal ends. The frequency of
fractures declines sharply after adolescence, although it may

*See references 1, 6, 11-13, 32, 60, 92, 99, 112, 115, 148, 174, 182.

rise again in postmenopausal women. Bowing results from
multiple transverse fractures of the long bones and muscle
contraction across the weakened diaphysis. Typically, an
anterolateral bow or proximal varus deformity; of the femur
develops; an anterior or anteromedial bow of the tibia may
develop. Acetabular protrusion (Otto pelvis) may be present;
in one reported case, this resulted in colonic obstruction.'™
The humerus is usually angled laterally or anterolaterally.
The forearm may be in minimal pronation; its rotation is
often severely limited. Angulation is usually greater in the
upper part of both bones of the forearm. The elbow joint
has cubitus varus with flexion contracture.

The forehead is broad, with prominent parietal and tem-
poral bones and an overhanging occiput. The bulging calvar-
ium causes faciocranial disproportion, giving a triangular,
elfin shape to the face. The ears are displaced downward
and outward. The configuration of the skull in osteogenesis
imperfecta has been likened to that of a soldier’s helmet
and is called “helmet head.”

Severe spinal deformity may develop because of the com-
bination of marked osteoporosis, compression fractures of
the vertebrae, and ligamentous hyperlaxity.* The resultant
scoliosis and/or kyphosis may be very severe and disabling.
Scoliosis is present in 20 to 40 percent of the patients. The
most common type of curve is thoracic scoliosis. Some
patients develop spondylolisthesis consequent on elongation
of the pedicles without any actual break in the pars interar-
ticularis. Cervical spinal fractures or instability are relatively
rare but do occur,'?"****% including with associated cervical
neurologic injury.”*'*> A more commonly reported cervical
anomaly is basilar impression,*#0462114141155 This condition
in osteogenesis imperfecta may be due to an infolding of
the margins of the foramen magnum or upward migration
of the odontoid process, and results in compression of the
brain stem and likely altered cerebrospinal fluid dynamics.
Symptoms are highly variable but include headaches, ataxia,
cranial nerve dysfunction, and paraparesis. Anterior or pos-
terior decompression (or both) may be required.

Short stature is common. It is due to deformities of
the limbs caused by angulation and overriding of fractures,
growth disturbance at the physes, and the marked kyphosco-
liosis. Hyperlaxity of ligaments is common, with resultant
hypermobility of joints. Pes valgus is a frequent physical
finding. Recurrent dislocation of the patellofemoral joint
may occur. The radial head and the hip joint may occasion-
ally be dislocated. Developmental dysplasia of the hip can
occur;” unfortunately, femoral fractures resulting from
screening for the condition have also been reported.” In-
fants suspected of having osteogenesis imperfecta must have
their hips examined very gently, and physical examination
should be supplemented by ultrasound examination when-
ever necessary. Adults may be predisposed to ruptures of
the patellar ligament or Achilles tendon.”'*

The muscles are hypotonic, most probably because of
the multiple fractures and deformities. The skin is thin and
translucent. Subcutaneous hemorrhages may occur. As a
rule, surgical scars tend to be wide.

Blue sclerae are one of the best-known manifestations of
osteogenesis imperfecta” but are not present in all types. In
type I, they are distinctly blue throughout life, and they are

*See references 19, 20, 47, 57, 75, 83, 87, 91, 123, 146, 190,



also blue in type II. In type III, they may be gray-blue at
birth but become less blue with increasing age, and are white
in the adult. In type IV they are usually normal. The blueness
of the sclera is caused by the thinness of its collagen layer,
due to the decreased production of type I collagen. Normal-
colored sclerae in patients with osteogenesis imperfecta have
a normal collagen thickness, but that collagen is, of course,
abnormal. The so-called Saturn’s ring, a frequent finding, is
due to the white sclera immediately surrounding the cornea.
Hyperopia is frequently present, but vision usually remains
unaffected. An opacity in the periphery of the cornea, known
as embryotoxon or arcus juvenilis, is common. Retinal de-
tachment may occur.

The teeth are affected in patients with type IB and IVB
disease as a result of a dentin deficiency.”'"' The enamel is
essentially normal, as it is of ectodermal, not mesenchymal,
origin. Both deciduous and permanent teeth are involved.
They break easily and are prone to caries, and fillings do
not hold well. Yellowish brown or translucent bluish gray
discoloration of the teeth is common (Fig. 31-32). The lower
incisors, which erupt first, are the most severely affected.
Dentinogenesis imperfecta (also called hereditary opalescent
dentin or hereditary hypoplasia of the dentin) can exist as an
isolated condition,"” so that the diagnosis of osteogenesis
imperfecta must be made on criteria other than the presence
of affected teeth alone.

Deafness may occur in osteogenesis imperfecta, usually
onsetting in adolescence or adulthood.'® Tt is present in 40
percent of those with type I disease and is lower in frequency
in type IV disease. Hearing loss may be either of the conduc-
tion type, due to otosclerosis, or of the nerve type, caused
by pressure on the auditory nerve as it emerges from the
skull. Otosclerosis results from abnormal proliferation of
cartilage, which on ossification produces sclerosis of the
petrous portion of the temporal bone.”

Some patients, particularly those with type III disease,
complain of excessive sweating, thought to be due to a
resting hypermetabolic state.**'¥ This is associated with heat
intolerance and difficulty tolerating orthoses and can lead
to chronic constipation.®! A related problem is the possible
susceptibility of patients to the development of malignant
hyperthermia during general anesthesia. The development
of increased temperature, metabolic acidosis, and cardiac
arrhythmia suggesting this diagnosis has been report-
ed. /"1 Porsborg,'* however, noted that the in vitro
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contracture test for malignant hyperthermia was completely
normal in muscle obtained from biopsy in one such affected
patient. Both surgeon and anesthesiologist must be aware
of the potential for such untoward intraoperative prob-
lems.

RADIOGRAPHIC FINDINGS

Severe Form. Radiographic findings in patients with Sil-
lence’s type II disease (or Shapiro’s congenita A) are quite
striking at birth. The long bones of the limbs are short and
wide with thin cortices. The diaphyses are as wide as the
metaphyses. Shapiro noted that this appearance is an impor-
tant distinction from his congenita B type, in which the
metaphyses of the femur have a more normal funneliza-
tion."” There are numerous fractures, some recent and oth-
ers in various stages of healing. Multiple rib fractures and
atrophy of the thoracic cage may simulate asphyxiating tho-
racic dysplasia. The presence of rib cage deformity is the
other important radiographic feature distinguishing con-
genita A from congenita B disease.

Goldman and associates described “popcorn” calcifica-
tions in the metaphyseal and epiphyseal areas of long bones
close to the growth plate, appearing as clustered collections
of rounded or scalloped radiolucencies, each with a sclerotic
margin and some with central radiopacities (Fig. 31-33).”
These collections have been referred to in the literature as
“whorls of radiodensities.” They probably represent trau-
matic fragmentation of the cartilaginous growth plate’®”
The popcorn calcifications appear in childhood and usually
resolve after completion of skeletal growth. They are more
frequent in the lower than in the upper limbs and more
common in the severe congenital type of disease. Their
appearance parallels the development of growth plate irregu-
larity. With a growth spurt, popcorn calcifications increase
in number. In a severely affected nonambulatory child, as
typified by congenita B patients, the lack of normal stress
will give rise to a cystic honeycomb pattern in the long bones.

The skull has a mushroom appearance with a very thin
calvarium. There is marked paucity and delay in ossification.
Wormian bones (described by a Danish anatomist, Olaus
Wormius, in 1643) are a salient radiographic feature of
osteogenesis imperfecta.” They are detached portions of
the primary ossification centers of the adjacent membrane
bones. To be significant, wormian bones should be more

FIGURE 31-32 A and B, Dentinogenesis imperfecta. The dentin is opalescent and the teeth are fragile, prone to
caries, wearing down, and fracture.
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FIGURE 31-33  Appearance of “popcorn” calcifications in the distal fe-
mur, seen in severe osteogenesis imperfecta.

than 10 in number, measure at least 6 mm by 4 mm, and
be arranged in a general mosaic pattern (Fig. 31-34). Cremin
and associates® studied the skull radiographs of 81 patients
with osteogenesis imperfecta and 500 normal children for
the presence of significant wormian bones, which they found
in all cases of osteogenesis imperfecta but not in the normal
skulls.” Wormian bones may be present in other bone dys-
plasias, such as cleidocranial dysplasia, congenital hypothy-
roidism, pachydermoperiostosis, Menkes’ syndrome, and
some trisomies,' so their presence is not pathognomonic for
osteogenesis imperfecta.

The spine shows marked osteoporosis; the vertebral bod-
ies are compressed, becoming biconcave between bulging
disks (Fig. 31-35). Scoliosis and kyphosis eventually develop
in the majority of congenital severe forms of osteogenesis
imperfecta.

Milder Forms. In the milder forms of osteogenesis imper-
fecta the radiographic picture is that of osteoporosis: the
cortices and intramedullary trabeculae are thin. Fractures
vary in frequency and age of occurrence. Radiographs may
show fractures in various stages of healing. Fractures tend
to heal and remodel quite adequately in less severely affected
patients. Plastic bowing of long bones is common and is
due to microfractures and stress fractures or malunion of
fractures. One lower limb may be in valgus deformation
and the other in varus deviation. In the hip, coxa vara and
acetabular protrusion may be found. The patellar joint, the
radial head, or the hip may dislocate. Platyspondyly and
biconcave vertebrae are common, Varying degrees of scolio-
sis and kyphosis develop in up to 40 percent of cases.

In adolescence or adult life, basilar impression of the

foramen magnum into the posterior cranial fossa may de-
velop.*

HYPERPLASTIC CALLUS AND TUMORS IN
OSTEOGENESIS IMPERFECTA

Hyperplastic callus formation in patients with osteogenesis
imperfecta is a rare but clinically disturbing event. The
clinical scenario is of an acute localized inflammation, with
progressive, often alarming enlargement of the involved limb
over a 1- to 3-week period. Hyperplastic callus has been
reported to occur as an apparently spontaneous event,” after
trauma or fracture,'” and after limb surgery, particularly
intramedullary rodding.**""*"*' The condition appears to be
most common in the lower extremities of males with types
III or IV osteogenesis imperfecta. The involved limb devel-
ops an enlarging mass that is painful, warm to the touch,
and tender on palpation. The overlying skin is tense and
translucent, with dilation of the superficial veins. Prolonged
low-grade fever is commonly present. In one case, bilateral
femoral hyperplastic callus formation after intramedullary
rodding led to high-output cardiac failure.”” Laboratory
studies show an elevated erythrocyte sedimentation rate and
alkaline phosphatase level. Radiographs show an enlarging,
irregular, callous mass enveloping the involved bone (Fig.
31-36).

The development of hyperplastic callus is a cause for
great concern, not only in managing the affected extremity
but also because of diagnostic problems in distinguishing
hyperplastic callus from osteogenic sarcoma. Banta and asso-
ciates reported 21 cases of hyperplastic callus."? Three of the
patients underwent amputation for the presumptive diagno-
sis of osteogenetic sarcoma, which subsequently proved to
be hyperplastic callus. To further complicate the picture,
osteogenic sarcoma has been reported in patients with os-
teogenesis imperfecta,”* %15 go this is not an idle concern.
If there is any doubt in the individual case, a confirmatory
biopsy must be performed. One postoperative case was asso-
ciated with initial evidence of deep wound infection,” so
cultures should be performed as well. However, true deep
wound infection has not generally been an inciting or in-
tercurrent condition with hyperplastic callus formation.

Histologic examination of the callus shows fibromucoid,
cartilage-like tissue, or “chondroid,” a transitional form
between fibrous, mucoid, and cartilaginous tissue. In con-
trast, a normal callus consists of a network of woven bone
trabeculae lying in fairly dense connective tissue without
mucoid or chondroid.”** The peripheral part of the mass
shows undifferentiated tissue, while the central part is more
differentiated, resembling normal callus.

Treatment is symptomatic. The affected extremity is
splinted for comfort. Benefit from palliative radiation ther-
apy has been reported in the literature.'>"**!%177 Great cau-
tion must be used in pursuing this course of treatment,
however, because of the risk of development of sarcomatous
changes in the irradiated tissues. Diphosphonates have also
been tried, but without apparent success.”

Osteogenic sarcoma has clearly occurred in patients with
osteogenesis imperfecta.”™>*151% The treating physician

*See references 57, 64, 80, 86, 91, 95, 114, 141, 155.
tSee references 6, 11, 12, 32, 60, 99, 112, 115, 148, 151, 174, 182.



must not only be alert to this possibility but consider this
diagnosis actively when confronted with a patient with hy-
perplastic callus formation. The case reported by Jewell and
Lofstrom occurred in the pelvis of a 49-year-old man.”
In most other reported cases the tumor arose from the
femur’™®5 and the patient died of metastatic disease. Os-
teogenic sarcoma has been reported in all surviving Sil-
lence types.

Other rare tumor or tumorlike conditions that have been
reported in patients with osteogenesis imperfecta include
aneurysmal bone cyst in the radius of an 8-year-old girl,”
and unicameral bone cyst of the proximal humerus in
three patients.'

LABORATORY FINDINGS

In osteogenesis imperfecta, results of routine laboratory in-
vestigations are normal. Specifically, serum calcium and
phosphorus levels are normal. The alkaline phosphatase level
may be elevated.

In general, the diagnosis of osteogenesis imperfecta can
be made based on a positive family history and the presence
of typical clinical and radiographic signs of the condition.
However, spontaneous mutations in affected individuals,
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FIGURE 31-34 A to C, Radiographic appearance
of wormian bones of the skull in a patient with os-
teogenesis imperfecta.

especially in patients who may be mildly affected, with white
sclerae, may make the diagnosis more difficult. More than
90 percent of affected individuals will have a demonstrable
quantitative and/or qualitative defect in type I collagen. A
very large number of genetic mutations result in these de-
fects. As a consequence, only a few families have a sufficiently
documented specific locus of mutation to allow direct or
linkage analysis of the presence of the defective gene in
any given individual. Much more commonly, biochemical
analysis of type I collagen obtained from fibroblasts cultured
from the skin biopsy specimen of the individual in whom
the diagnosis is questioned will be required to confirm
the diagnosis.

DIFFERENTIAL DIAGNOSIS

In the newborn and in early infancy, Sillence’s type 11 os-
teogenesis imperfecta should be distinguished from congeni-
tal hypophosphatasia. In the latter, a lethal affection, the
laboratory tests will show a low phosphatase level in the
serum, a lack of alkaline phosphatase activity in the leuko-
cytes, and excessive excretion of phosphorylethanolamine
in the urine.

In the infant, osteogenesis imperfecta and achondroplasia
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FIGURE 31-35 The spine in an adolescent with osteogenesis imperfecta. Note the structural scoliosis and the collapsed
vertebrae. A, AP radiograph of the spine showing structural scoliosis. B, Lateral radiograph of dorsal spine showing

osteoporosis and bioconcave vertebrae.

FIGURE 31-36 Hyperplastic callus formation in the femur after intra-
medullary fixation.

are frequently confused clinically because an enlarged head
and short limbs are common to both conditions. Radio-
graphs will easily distinguish between the two conditions.

Camptomelic dwarfism may be mistaken for osteogenesis
imperfecta because of the congenital bowing and angulation
of the long bones. Fractures, however, are not a feature of
this type of dwarfism.

The presence of osteoporosis and a proclivity to fracture
in cystinosis may suggest osteogenesis imperfecta.

Patients with pycnodysostosis may have a propensity to
fracture. Patients with this condition will have bony sclerosis
evident on radiographs, persistently wide cranial fontanelles,
micrognathism with absence of the mandible, hypoplasia of
the clavicles, and osteolysis of the terminal phalanges of
the fingers.

The diffuse osteopenia in the early stages of leukemia,
before the appearance of the typical blood picture, may be
mistaken for osteogenesis imperfecta.

Idiopathic juvenile osteoporosis may be very difficult to
distinguish from osteogenesis imperfecta; the former is char-
acterized by being a self-limiting disorder and by its onset
a year or so before puberty. Osteoporosis and compression
fractures of the vertebrae may also be caused by prolonged
intake of steroids.

An important diagnosis to be considered in patient pres-
enting with fractures is nonaccidental injury, that is, child
abuse or battered child syndrome. Accusations of nonacci-
dental injury in children subsequently proven to have os-
teogenesis imperfecta, a presumption of osteogenesis imper-
fecta in abused children, and nonaccidental injury in



children with osteogenesis imperfecta are all known to oc-
cur 291356176 Therefore, the clinician must carefully assess
each child presenting with suspicious fractures. A family
history of disease, blue sclerae, or the presence of dentino-
genesis imperfecta will make this distinction easy in some
patients. The proper diagnosis of milder forms of os-
teogenesis imperfecta, especially in patients without a family
history or obviously blue sclerae (Sillence’s types III and IV,
Shapiro’s tarda A and B) may be more difficult. Other than
the very severe multiple fracture patterns with or without rib
and skull deformities that characterize type Il osteogenesis
imperfecta, no particular fracture pattern will specifically
substantiate or exclude the diagnosis of osteogenesis imper-
fecta, Because a specific diagnosis is clinically important,
skin biopsy for fibroblast culture and type I collagen analysis
may be required.

TREATMENT

There is no specific treatment to correct the basic mutant
gene defect in osteogenesis imperfecta. Until recently, efforts
to medically induce stronger bone less prone to fracture
met with limited or no success. A rehabilitation program
that includes protective bracing and physical therapy to
improve muscle strength and independent function can be
very beneficial for more severely affected children. The or-
thopaedic surgeon will be extensively involved with children
with osteogenesis imperfecta in the course of managing indi-
vidual fractures, repeated fractures, long bone deformity,
and spinal deformity.

Medical Treatment. Until recently, efforts to improve bone
strength by medical means were largely unsuccessful. The
administration of sex hormones,* sodium fluoride,** calci-
tonin, ™" calcium, growth hormone, magnesium oxide, and
vitamins D or C were all attempted in the past, usually with
no or mixed results.

Recently, however, very promising studies regarding the
use of a biphosphonate, aminohydroxypropylidene (pami-
dronate), have been published.”'®¥""% This compound in-
hibits osteoclastic resorption of bone, an activity that appears
to be increased in patients with osteogenesis imperfecta.
Administration of this medication intravenously in dosages
ranging from 15 mg given every 20 days” to 7 mg/kg/
year given every 4 to 6 months™ has resulted in subjective
improvement in complaints of generalized bone pain and
fracture frequency. In addition, increased bone mineral den-
sity as determined from dual-energy x-ray absorptiometry
has been noted.”'®® Transient fever and increased serum
calcium levels can occur during the intravenous administra-
tion of this medication and must be watched for. No negative
effect on longitudinal bone growth or fracture healing has
been noted. However, these reports must be considered
preliminary, as the potential long-term adverse effects of
use of this medication have not yet been published.

The ideal treatment of osteogenesis imperfecta would be
to correct the basic genetic defect by replacing the defective
COLI1A1 or COLIA2 gene with a normal one. That capabil-
ity, of course, does not yet exist. Horwitz and associates®
have published preliminary results in three severely affected
patients treated with bone marrow harvested from an unaf-
fected sibling after host marrow suppression.* Subsequent
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biopsy in the recipients demonstrated exuberant new bone
formation, and most hemopoietic cells were of donor origin.
Correspondingly, bone density measurements improved,
growth velocity increased, and there was a dramatic reduc-
tion in the incidence of fractures. However, one of the three
patients also developed pulmonary insufficiency and sepsis
during treatment. Thus, these promising preliminary results
must be very carefully assessed in the context of the consider-
able morbidity and potential mortality associated with bone
marrow transplantation.

Orthopaedic Treatment. The goal of orthopaedic treat-
ment is to maximize the affected patient’s function, prevent
deformity and disability resulting from fractures, correct
deformities that have developed, and monitor for potential
complicating conditions associated with osteogenesis imper-
fecta. In addition, the orthopaedist should be able to provide
realistic expectations of disability and mobility to the family
of an affected infant. These goals can be analyzed according
to prognostication as to future mobility and complications,
nonoperative rehabilitation, and the specific management
of fractures, long bone deformity, spinal deformity and ba-
silar impression.

PROGNOSTICATION AND
PARENTAL COUNSELING

Parents will need to know the likelihood of survival of the
affected infant, and, when perinatal death is unlikely, what
to expect in the future with regard to ambulation and defor-
mity. They may also want genetic counseling and prenatal
screening in future pregnancies. It is important to emphasize
to the parents that surviving infants, even if significantly
affected by bone fragility, are typically characterized by nor-
mal intelligence, determination, and excellent social skills
that allow them to compensate admirably for their skele-
tal disability.

Survival. The most important indicators of survival of an
affected infant are the location and severity of the fractures
and the radiographic appearance of the skeleton. As has
been pointed out by Sillence'® and Shapiro,'® multiple birth
fractures or fractures in utero associated with chest wall
deformity and crumpled long bones are generally incompati-
ble with life, and if the infant is not stillborn, early death
from intracranial hemorrhage or respiratory insufficiency
will ensue. On the other hand, multiple fractures at birth
without rib cage deformity and with relatively normal fun-
nelization of the femur can be compatible with long-term
survival, and even walking in some cases.'®

Patients who are mildly affected (particularly Sillence’s
type IA patients) often have a normal life span."*'¥ Paterson
and associates'”’ noted that Sillence’s types IB and IV patients
had only modestly reduced life spans.”” More severely af-
fected patients may have their life span shortened by a sus-
ceptibility to cardiac or pulmonary insufficiency related to
chest wall deformity or kyphoscoliosis.'" Paterson and asso-
ciates noted in their review that of 26 patients with Sillence’s
type III disease who had died, 19 did so prior to age 10, so
that those who survived beyond that age seemed to have a
better outlook."”” More severely affected patients are suscep-
tible to the development of basilar impression, causing
death. Finally, deaths have occurred from the consequences
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of polytrauma after accidents that might otherwise be con-
sidered relatively trivial, due to the relative fragility of
such patients.'

Ambulation. The future ambulatory ability of the affected
infant is probably best predicted by Shapiro’s classification
into the categories of congenita A and B and tarda A and B.'*
Although patients with osteogenesis imperfecta congenita A
are unlikely to survive, those with congenita B (fractures at
birth or in utero, with normal funnelization and without
rib cage deformity) are not only likely to survive, but one-
third, in Shapiro’s experience, achieved ambulation. Sixty-
seven percent of patients who sustained fractures after birth
but prior to walking (tarda A) ultimately were able to walk,
by his report, while all patients whose initial fracture oc-
curred after walking age remained ambulatory. Prognosis
using this classification has been substantiated by Daly and
associates, who further found that the age at which the
patient achieved independent sitting was also important: 76
percent of patients who were able to sit independently by age
10 months achieved ambulation, whereas only 18 percent of
those who were not sitting independently by this age were
ultimately able to walk.® These authors also found that
Sillence’s classification was predictive of ambulation. Spe-
cifically, in their patient population, nearly all Sillence type
I patients were independent ambulators, all type 111 patients
were wheelchair dependent, and three of seven type IV pa-
tients were able to walk.

Antenatal Diagnesis. According to Ablin, osteogenesis im-
perfecta is one of the most common skeletal dysplasias to
be diagnosed based on fetal ultrasonographic findings.' Most
cases are Sillence’s type I, and as such represent an unex-
pected finding because of the usual absence of a positive
family history.

The ultrasonographic features of type II, usually identifi-
able by fetal age 16 weeks, include long bone deformity
(implying fracture), severely reduced femoral length, and
decreased echogenicity of the skull, with correspondingly
better than usual visualization of the brain."”' Rib fractures
or chest wall deformity may also be detectable. The prenatal
findings of the fetus affected by Sillence’s type I, III, or IV
disease will vary with the severity of the disease expression,
and may be normal in mildly affected type I patients.

Couples with a history of a fetus affected by type II
osteogenesis imperfecta have a 2 to 7 percent risk of having
another similarly affected fetus owing to mosaicism in one
parent. In such cases the antenatal diagnosis can be made
between 13 and 14 weeks of gestation by DNA analysis of
chorionic villous cells obtained by ultrasound-guided chori-
onic villous sampling.

REHABILITATION

The orthopaedist will be called on to assist in the rehabilita-
tion of infants with osteogenesis imperfecta who survive the
neonatal period. Infants with birth fractures usually need
only careful, supportive handling to prevent futher injury.
If long bone fractures are unstable, minimal external splint-
ing may be used to stabilize the affected limb; such fractures
will usually heal within a week or two. It is important to
avoid immobilization of excessive extent or duration at any
age, since such treatment will aggravate osteopenia and in-

duce joint stiffness, either of which in turn increases the
risk of fracture.

Protective bracing to prevent fractures and aid in ambula-
tion is a mainstay in the conservative management of pa-
tients with osteogenesis imperfecta.* Typically, lightweight
plastic and metal hip-knee-ankle-foot orthoses (HKAFOs)
are required for effective lower extremity bracing in the most
severely affected patients, These braces may allow patients to
stand or walk, usually with the upper extremity aids of
crutches or a walker. In addition, HKAFOs can reduce the
incidence of lower extremity fractures compared to the inci-
dence in unbraced patients.””

Lightweight air-filled fluted trouser splints have been re-
ported to be an effective simple alternative to HKAFQOs
for the purpose of allowing severely affected children to
stand.®'%** These splints are lighter than conventional or-
thoses and easier to fit, provided the child does not have
major lower extremity long bone deformity. However, they
are not in common use in North America.

Nonambulatory osteogenesis imperfecta patients are
ideal users of motorized wheelchairs, since they have the
intelligence to use them effectively and often have upper
extremity deformity or weakness that hinders the use of
standard wheelchairs. Custom inserts may be required to
support the trunk and accommodate spinal deformity. Such
mobility aids should be made available to nonambulatory
patients as soon as the child’s intellectual development
allows him or her to safely operate one.

MANAGEMENT OF LONG BONE FRACTURES

The management of long bone fractures depends on the
severity of the fracture and the age of the patient. General
management principles are based on the facts that most
fractures heal, recurrent fractures are common, and inherent
osteopenia may be aggravated by prolonged immobilization,
thus making the patient even more susceptible to fracture.
For these reasons, fractures should be immobilized only until
symptoms resolve, with the minimum amount of external
immobilization required to provide comfort. Patients should
be encouraged to return judiciously to their usual level of
activity as soon as feasible. Radiographs are not always re-
quired, especially if the fracture is not grossly unstable or
does not result in a new deformity. The patient’s immobiliza-
tion should be based on symptoms, and for minor fractures
serial radiographs are not usually necessary. Frequently chil-
dren present with pain suggesting a fracture but radiographs
show no evidence of one. Such patients should be immobi-
lized as if a fracture were present (which it almost certainly
is). Although technitium 99 bone scan, MRI, or follow-up
radiographs can demonstrate fracture, these investigations
are rarely necessary and are of no help to patient or physician
in the management of the fracture. Many times, the parents
of a severely affected child will not even seek medical assis-
tance for minor fractures because of the frequency of such
fractures and the confidence gained by the parent in treating
the infant or child symptomatically.

Fractures in the newborn, if unstable or interfering of
normal handling, may be splinted with padded tongue de-
pressors, padded aluminum splints, or plaster splints. Usu-

*See references 23-27, 50, 68, 72, 73, 100, 124.
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FIGURE 31-37 Olecranon fracture in a patient with mild osteogenesis imperfecta type I. A, Preoperative radiograph
showing the typical avulsion pattern of this fracture. B, Postoperative radiograph after open reduction and internal

fixation using tension-band wiring technique.

ally only a week or two of splinting will be required until
the fracture has stabilized. Fractures in the older child or
adult, particularly when the patient has relatively minor
involvement, should be treated by means appropriate to
the fracture, including reduction and casting, percutaneous
pinning, or internal fixation. The operating surgeon must
exercise extreme caution in handling the patient and the
fracture to prevent further fracture or fragmentation of the
fracture under treatment. As a general principle, intramedul-
lary fixation is preferable to plates and screws whenever
possible because of the stress risers produced by the latter.
The operating surgeon must be familiar with the techniques
and pitfalls unique to the use of intramedullary fixation in
patients with osteogenesis imperfecta, as discussed below
under Management of Long Bone Deformity. Presumably,
external fixation may also be used in these patients when
indicated, and external fixation has been used to correct
deformities in patients with osteogenesis imperfecta.®*¥
However, the use of external fixation for fractures in patients
with osteogenesis imperfecta has not been described in the
literature, and the benefits and risks of this technique must
be carefully assessed by the treating surgeon.

Other than extreme fragility and the crumpled long bone
deformities seen in severe cases of osteogenesis imperfecta,
no specific fracture pattern is unique to these patients.”
One fracture that occurs commonly, usually in more mildly
affected Sillence type I patients, is a displaced fracture of
the olecranon.™'"*'*!” These fractures will often occur bilat-
erally, although not usually simultaneously.*'*'” They can
be managed by tension band wiring techniques, with good
restoration of function (Fig. 31-37).'¢

Nonunions are an uncommon sequela of fracture or sur-
gery in osteogenesis imperfecta, but they do occur. Gamble
and associates reported 12 nonunions in 10 patients; the
nonunions occurred most commonly in the femur and hu-
merus, but also in the radius, ulna, and pubis.” Nine of the
10 patients had osteogenesis imperfecta type III. Frequent
fractures and deformity at the affected site were often associ-
ated with the development of nonunion. Eight of the nine

fractures that were operated on healed after intramedullary
fixation and grafting. This treatment failed in one supracon-
dylar femoral nonunion, and the patient required an ampu-
tation for pain relief.

MANAGEMENT OF LONG BONE DEFORMITY

Long bone deformity is one of the most frequent conditions
requiring treatment in patients with osteogenesis imperfecta.
Its incidence is in general related to the severity of the
underlying bone fragility, and thus it is more likely to be
seen in Sillence’s types III and IV, although this deformity
is by no means limited to these types. Long bone bowing
is induced by bone fragility, deforming muscular forces, and
repeated fractures and, in turn, results in repeated fractures.
Thus, the most important indication for surgical correction
of long bone deformity is repeated fractures induced by the
deformity. A further indication for surgery is to remove
deformity to allow bracing for either protection against fur-
ther fractures or to aid in ambulation. It is not clear from
the literature, however, that the correction of long bone
deformity alone results in long-term ambulation.”” Long
bone deformity in infants and children can be corrected
by closed osteoclasis without intramedullary fixation,' by
closed osteoclasis with percutaneous intramedullary fixa-
tion,fo!17120LIBIE g d by open osteotomy with internal fixa-
tion.* In addition, external fixation by the Ilizarov circular
fixator with wire fixation and osteotomy have been used to
correct long bone deformity in young adult patients.®*'¥

Closed Osteoclasis Without Internal Fixation. Manual
osteoclasis of long bone deformity has been described' and
is generally indicated in medically fragile children who may
not be able to tolerate blood loss and other physiologic
stresses of a formal open operative procedure but whose
deformity creates management difficulties. In essence, the
treating physician gently manipulates the deformed bone

*See references 9, 10, 29, 39, 49, 50, 58, 65, 70, 71, 89, 97, 106-108,
118, 127, 128, 130, 139, 150-152, 169, 171, 177, 185-187, 189, 191.
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with the child under adequate sedation or anesthesia and
immobilizes the limb until union. This procedure is usually
followed by the application of protective bracing to help
prevent further fractures and recurrent deformity. The pro-
cedure is indicated only when one of the procedures de-
scribed below is not possible for any reason.

Closed Osteoclasis with Percutaneous Intramedullary
Fixation. This procedure is essentially the same as above,
except that in addition to the external manual correction
of deformity, the operating surgeon attempts to “splint”
the long bone by percutaneously threading a smooth rod
(Kirshner wire, Steinmann pin, or Rush rod) in an intramed-
ullary fashion 6117 12012L15818 This procedure is also indicated
for the patient who sustains repeated fractures that interfere
with care and in whom formal open fixation is not feasible
due to bone fragility. The basic surgical technique is to
percutaneously thread a small-diameter smooth rod within
the intramedullary canal of an affected bone while simulta-
neously bending or breaking the bone by external compres-
sion to allow the rod to pass within the intramedullary canal.
Fluoroscopy and good fortune are required. We prefer to
manage patients conservatively until their age, bone size,
and medical stability allow them to undergo open osteoclasis
with intramedullary fixation.

Open Osteotomy with Intramedullary Fixation (Sofield
Procedure). A procedure entailing multiple diaphyseal os-
teotomies (“fragmentation”) with intramedullary fixation
was described for osteogenesis imperfecta by Sofield and
Millar,'® although Springer had earlier described this tech-
nique for correction of long bone deformity in rickets,'”’
The indications for fragmentation and rodding are long
bone deformity that interfere with the fitting of orthoses

FIGURE 31-38 Sofield procedure of fragmentation and intramedullary fixation
of long bone. A, Preoperative appearance of long bone deformity. B, Intraoperative
photograph showing multiple osteotomies to allow straightening of the bone, with
A intramedullary fixation of the fragments on a rod (see text).

and impair function, and repeated fractures. These indica-
tions are much more frequent in the lower extremity than
in the upper extremity. The basic principle is to expose the
deformed bone subperiosteally, make appropriate wedge-
shaped osteotomies in the deformed metaphysis and diaphy-
sis to allow straightening of the bone, and to fix the fragments
on an intramedullary rod of some sort to maintain align-
ment and provide long-term internal splinting of the fragile
bone (Fig. 31-38). A great deal has been written about
the technique and the results achieved with different intra-
medullary devices.* In general, reports are favorable in
that deformity is corrected and mobility maintained or
achieved.t Daly and associates, however, in a survey of adults
were unable to demonstrate that intramedullary fixation had
a long-term influence in respect to maintaining the ability
to ambulate. Complications of the procedure include non-
union, infection, and rod migration. These complications
are remarkably uncommon, however, in the context of a
procedure that produces multiple devascularized segments
of long bone.

Sofield used a fixed intramedullary rod (a “straight,
round steel rod,” Rush rod, or Kuntscher rod) for internal
fixation.'"” Other authors have used Rush rods"™™™ or
Williams rods."**'" The technique of Williams rod insertion
is described in Chapter 21, Disorders of the Leg, in the
section titled Intramedullary Fixation. When a Williams rod
is used in the tibia, the rod is usually left embedded within
the tibia itself, and is not left across the ankle and subtalar

*See references 9, 10, 29, 32, 34, 39, 49, 50, 58, 65, 66, 70, 71, 89, 97,
106-108, 115, 118, 120, 123, 127, 128, 130, 139, 150-152, 169, 171, 177,
185-187, 189, 191.

tSee references 39, 58, 65, 89, 97, 106, 123, 128, 171, 185, 191.



joints. This procedure must be undertaken with careful pre-
operative planning and good communication among the
orthopedic surgeon, operating room personnel, and anes-
thesiologist. All parties must handle the fragile child care-
fully. Blood pressure cuffs may not be advisable if humeral
fragility is extreme. The patient’s temperature will often rise
during surgery, and the patient should be kept cool. The
anesthesiologist must be alert to temperature elevation, met-
abolic acidosis, the potential for cardiac arrhythmias, and
the potential development of true malignant hyperthermia
(see Chapter 8, Anesthesiology). Excessive bleeding requir-
ing transfusion is a distinct possibility and must be prepared
for. Patients with osteogenesis imperfecta tend to bruise
easily and may develop a bleeding diathesis. The surgeon
probably will not be able to use a tourniquet during extrem-
ity surgery, extensive exposure of the deformed bone will
be necessary to perform corrective osteotomies, and many
trying technical challenges may arise as the surgeon attempts
to thread a series of fragile, macaroni-shaped wisps of bone
onto an unforgiving rod. Thus, when surgery on both femora
or on all four lower limb segments is indicated, the opera-
tions may need to be staged to avoid life-threatening hemor-
rhage.

The operating surgeon and the operating staff must have
a full assortment of lengths and breadths available of the
intramedullary device to be used, and pliers and bolt cutters
to modify the device as needed during insertion. Fluoros-
copy should be available to help guide insertion where inser-
tion is not done under direct vision, such as through the
epiphyses.

An extensive exposure of most of the length of the in-
volved bone is almost always required. The femur is ap-
proached anterolaterally and the tibia directly anteriorly.
Care should be taken to identify the landmarks of the antero-
lateral approach to the femur, especially the intermuscular
septum. Otherwise, excessive bleeding and damage to muscle
will result. Once the curved bone is exposed, the surgeon
cuts into it with a knife, rongeur, osteotome, or saw, as
needed, in as many places as necessary to create a straight
diaphysis. Although some authors have recommended pre-
serving as much periosteal insertion in the bone as possible
to preserve blood supply to the individual segments,"”"'* in
fact, nonunion or infection harbored by devascularized bone
is surprisingly infrequent, and such periosteal insertion pres-
ervation may not be important. Straightening the deformed
limb will result in soft tissue lengthening, so portions of
bone may have to be removed to avoid excessive soft tis-
sue tension.

Intramedullary reaming is often required. The surgeon
should choose the narrowest bone fragment first and ream
with a drill of appropriate diameter. There may be no medul-
lary cavity. Beginning at one metaphyseal or epiphyseal end,
depending on the rod being used, the rod is then advanced
toward the other metaphysis, with the bone fragments
threaded on the rod as it is advanced. The rod must be
carefully sized for length before it is advanced into the final
segment, and cut as necessary. In most instances, rotational
control of the bone is poor, and the patient should be
immobilized in a long-leg or spica cast. Weightbearing in
the cast should be encouraged as soon as is feasible, and
the cast should be replaced with HKAF orthoses as soon as
union is evident radiographically.
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Use of the Extensible Intramedullary (Bailey-Dubow)
Rod. One of the problems that can develop with the use
of a fixed-length intramedullary device in children is growth
of the epiphysis beyond the rod. This in turn often results
in progressive deformity beyond the limits of the rod, with
fracture or rod protrusion. Revision of the intramedullary
fixation is thus often required, especially if the child was
young when the procedure was first performed. To over-
come this problem, Bailey and Dubow introduced an exten-
sible intramedullary fixation device to reduce the need for
reoperation because of bone overgrowth (Fig. 31-39).” The
telescoping intramedullary rod consists of an outer tubular
sleeve with a detachable T-shaped end and an inner obtura-
tor rod with a solid T-shaped end. The inner rod can be
entirely telescoped into the sleeve (Fig. 31-40).

The surgical approach to the femur and tibia and the
technique of fragmenting and stringing the diaphysis on the
rod are similar to those of Sofield and Millar. The bowed
bone is exposed subperiosteally from metaphysis to metaph-
ysis. Additional exposure of the epiphyses is required for
insertion of the T-piece for the outer rod and the inner,
fixed T-ended rod. In the femur, the intercondylar notch is
exposed by knee arthrotomy. Usually only minimal exposure
of the upper end of the femur is required, in the region of
the greater trochanter. In the tibia, the tibial plateau is
exposed by knee arthrotomy. Access to the distal tibia is
gained by arthrotomy and mobilization of the talus. The
latter is accomplished by dividing the deltoid ligament, for-
mally osteotomizing the medial malleolus (usually not re-
quired or feasible because of bone fragility), or detaching
the deltoid ligament insertion with a sliver of medial malleo-
lus using a knife.

The length of the outer rod must be carefully determined.
The fragments may be directly measured, or the limb may
be gently pulled out to length and the distance between
the epiphyses measured. The outer rod should be several
centimeters shorter than the total length estimated to be
needed, to allow some settling after surgery and to maximize
proper rod elongation. The outer rod has a detachable
T-piece and a like-diameter drill bit with a threaded base.
The drill bit can be threaded onto the outer rod in place of
the T-piece to facilitate rod insertion during surgery. In the
femur, the outer rod is usually placed proximally where the
greater fracture stresses tend to occur. In addition, this
T-piece can detach from the rod, and this complication is
less of a problem if it occurs at the greater trochanter than
in the knee.

After a rod of appropriate length and diameter has been
selected, the most effective sequence of rod insertion for the
femur is as follows (Fig. 31-41). (1) The drill bit is inserted
into the proximal end of the outer rod. (2) Commencing
from either the distal end of the lowest metaphyseal fragment
(if this is close to the epiphysis) or from the intercondylar
region of the distal femur, the surgeon drives the outer rod
proximally, threading the segments of bone on it as the rod
is advanced. (3) When the rod exits the proximal femur at
the greater trochanter or base of the femoral neck, the outer
rod and drill bit are driven further proximally until they
tent the skin. (4) A small incision is made over the rod, the
drill bit is removed, the T-piece is threaded in place, and
the outer rod is crimped over the threads with a pair of
pliers to help prevent the T-piece from disengaging from
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the rod. (5) The outer rod with the T-piece engaged is
pushed back into the upper femur, where it is countersunk
into the femur. The T-piece should be grasped with small
pliers or a similar instrument and rotated 90 degrees to help
secure the outer rod within the proximal epiphysis. (6) The
obturator is then passed through the intercondylar notch
into the outer rod under direct vision or fluoroscopic con-
trol. Its T-piece, which is solid on the rod, is likewise count-

FIGURE 31-39 Use of a Bailey-Dubow extensible
rod in the tibia. A, Preoperative lateral radiograph of the
tibia of a boy with osteogenesis imperfecta type I with
repeated fractures and anterior bowing of the tibial
diaphysis. B, Postoperative AP view of the tibia. Multiple
osteotomies of the tibial diaphysis have been performed,
with intramedullary fixation of the tibia with a Bailey—
Dubow extensible rod. C, Postoperative lateral view dem-
onstrating correction of the anterior bow deformity.
D, AP view of tibia 2 years later demonstrating extension
of the rod. The patient sustained no further fractures of
this tibia. E, Lateral radiograph demonstrating mainte-
nance of the deformity correction.

ersunk under the distal femoral epiphyseal cartilage and
rotated 90 degrees.

In the tibia, the sequence of steps is similar. Because
the detachable T-piece of the outer rod is intra-articularly
located, there is no advantageous position for it, in contra-
distinction to the femur. Because gaining access to the distal
tibial epiphysis can be awkward, it may be a little easier to
thread the outer rod from proximal to distal, remove the
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FIGURE 31-40 Bailey—Dubow extensible rod, used for intramedullary fixation of long bone. A, The device consists
of a hollow outer rod, one end of which is threaded to receive either a like-diameter drill bit or T-piece; a narrower
inner rod with a fixed T-piece; and inserters. B, The outer rod has a threaded end to accept the T-piece for fixation
into the epiphysis. C, The inner rod slides into the outer rod and has a fixed T-piece end. D, The outer rod may be
inserted by using the removable drill bit, which threads into the end of the rod. See Figure 31-41 for a description

of the surgical details.

drill bit as it exits the distal tibia into the ankle joint, replace
it with the T-piece, and then push the rod proximally until
the T-piece can be countersunk in the distal tibial epiphysis.
However, authors have described both proximal and distal
insertion of the outer rod in the tibia. These rods can also
be used in the humerus, although the need to correct defor-
mity here is much less frequent than in the femur and
tibia. Furthermore, complications related to intramedullary
fixation are more common here than in the lower extrem-
ity 71917 When used in the humerus, the outer rod is
inserted via the upper humerus, to exit at the greater tuber-
osity, and the inner obturator rod is inserted through the
lateral epicondyle. These rods are not indicated for use in
the radius or ulna.

Although most authors have described burying the
T-pieces in the epiphysis and rotating them 90 degrees to
help keep them in the epiphysis,* it should be noted that
the originators of the device originally described leaving
the T-pieces outside the epiphysis.*'*"*' We agree with the

*See references 58, 65, 70, 89, 97, 106, 128, 171, 185, 191.

majority of authors on this topic in that we believe that the
T-pieces should be buried within the epiphyseal cartilage.
Stockley and associates have described a modified version
of the original device."” The device comes in a broader array
of lengths and diameters, the T-pieces are fixed to the end
of both rods, and the T-pieces are butterfly shaped so that
they can be more easily grasped for rotation during insertion
into the epiphysis.'”'%

Clearly, the insertion of such a rod is more complex
than the insertion of fixed devices such as Kirschner wires,
Steinmann pins, Williams rods, Rush rods, or other fixed-
length rods. Correspondingly, the intraoperative procedure
is much more complex and the opportunity for technical
problems and rod failure much greater. Complications spe-
cific to this device include failure of the rod to elongate,
extrusion of the rod into the soft tissues (especially the
proximal thigh), disengagement of the T-piece, and bending
of the rod with bone fractures at the junction of the outer
and inner rods (Fig. 31-42). Other complications of the
procedure include infection, nonunion, hypertrophic callus
formation, and growth arrest (rarely). These complications
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FIGURE 31-41 Surgical technique of extensible rod insertion into the femur. A, After subperiosteal exposure of the
femur from metaphysis to metaphysis, an appropriate number of osteotomies are made to allow straightening of
the bone and fixation on the intramedullary rod. B, The individual bone segments are reamed to accept the rod,
and the largest-diameter rod is selected based on the reaming. An outer rod of appropriate length is selected either
by direct measurement of the fragments or by gently pulling on the limb and measuring from epiphysis to epiphysis.
The outer rod should be a few centimeters shorter than this measurement to permit postoperative settling of the
fragments and normal telescopic action of the rods. C, With the drill bit attached to the proximal end of the selected
outer rod, the rod is carefully driven proximally under direct vision or fluoroscopic control. The individual fragments
are threaded on the rod as it is advanced. When the rod exits the proximal femur, it is advanced until it tents the
skin. The skin is incised at this point, the drill bit is removed, and the T-piece is inserted into the rod. The end of
the rod should be crimped over the threaded portion with a pair of pliers before the rod is reinserted, to help prevent
disengagement of the T-piece. D, The outer rod is pushed back to the level of the proximal femur and into the bone.
The T-piece is grasped with a small clamp and rotated 90 degrees under the cortex of the bone. This helps prevent
proximal migration of the outer rod and keeps the rod in the proximal portion of the femur. E, Under direct vision
of fluoroscopic guidance, the inner rod is inserted through the intercondylar drill hole into the outer rod. The T-piece
of the inner rod is pushed into the distal femoral epiphysis and similarly rotated 90 degrees with a small clamp. The
wounds are then closed and the patient is immobilized in a spica cast.
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FIGURE 31-42 Complications associated with the Bailey—Dubow extensible rod. A, Failure of the rod to elongate.
This may occur because the inner rod becomes jammed in the outer rod or because of inadequate anchoring of either
T-piece in the epiphysis. B, Rod migration into the soft tissue. This also occurs after inadequate fixation of the T-piece
in the epiphysis. C, Disengagement of the outer rod’s T-piece. This complication may be avoided by crimping the end
of the rod with a pair of pliers before the T-piece is embedded in the epiphysis. D, Rod extrusion from the metaphyseal
cortex. This complication is more common with fixed-length rods in growing children, as in this example. E, Resorption
of the diaphysis around the rod. Note also bending of the inner rod. F, Fracture around a rod, with bending of the

intramedullary rod.
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are well documented in a number of publications,* in which
the reported complication rate varies from 7 percent to 100
percent. In addition, several authors have noted that an
alarming involution of cortical bone can occur around the
rod, with the original bone all but disappearing. Fortunately,
no specific clinical problem has been identified with this
radiographic finding. On the other hand, when the rods do
perform as intended, most publications comparing tele-
scoping rods and fixed-length rods note this advantage
when the patient has enough growth remaining to warrant
the more complex index procedure. Just what age corre-
sponds to “enough growth remaining” is uncertain, but use
of these rods should be strongly considered in children
less than 10 years old. Rodriguez and Wickstrom reported
their experience with fragmentation and use of the exten-
sible intramedullary rod; in 13 of the 15 long bones oper-
ated on, the telescoping rod proved effective.' In the experi-
ence of Marafioti and Westin, the use of 47 Bailey-Dubow
elongating rods increased the average length of time be-
tween replacement operations, yielded a lower removal rate,
and showed no additional adverse effects.'” Reoperation
was required three and a half times less often with the tele-
scoping rod than with the solid rod. Jerosch and associates
evaluated the results of 107 rods placed in the upper and
lower extremities of 29 patients.” They reported a 68 per-
cent complication rate. The most common complication
was proximal rod migration into the gluteal region or the
knee. The second most common complication was T-piece
loosening. In addition, there was a 5 percent infection rate
and two nonunions. Additional complications reported with
the extensible rod include failure to elongate as desired
and bending of the obturator rod at the junction of the two
after fracture. Porat and associates, however, in a 10-year
follow-up comparison of 32 Bailey-Dubow rods and 24 Rush
rods used in the lower extremities of 20 patients, found
that the overall complication rate was 72 percent for the
Bailey-Dubow rod and 50 percent for the Rush rod.” The
authors found that the reoperation rate and time to re-
vision surgery were similar for the two types of rods. Thus,
they felt that the results of the Bailey-Dubow rods did not
justify the burden of the additional technical challenges
their insertion presents to the surgeon. We recommend
the procedure, but the operating surgeon must be alert
to, and warn families of, the relatively high complication
rate.

SPINAL DEFORMITY AND ITS MANAGEMENT

Involvement of the cervical spine, other than basilar
impression, is a relatively uncommon feature of os-
teogenesis imperfecta,'***+!* Inyolvement of the thoraco-
lumbar spine is much more common. Vertebral body
fracture has been reported,®'* as has spondylolisthesis,™!*
but by far the most common deformity is scoliosis with
or without kyphosis.T The incidence of scoliosis has been
reported in 39 percent to 100 percent of patient popula-

*See references 29, 32, 49, 57, 65, 70, 71, 89, 97, 106, 108, 115, 128,
132, 150, 151, 171, 185, 191.

TSee references 14, 19, 20, 47, 57, 75, 79, 83, 87, 91, 103, 123, 146,
167, 190.

tions, according to Ishikawa and associates.” The incidence
of scoliosis can be related to the severity of bone fragility,
being more common in patients with more severe fragility,
and also to vertebral body shape and strength. Specifically,
both Ishikawa and associates®” and Hanscom and associ-
ates” noted that patients with biconcave vertebral bodies
and radiographic evidence of osteoporosis were at risk
for the development and progression of scoliosis and
kyphosis; Ishikawa and associates found that the develop-
ment of six or more biconcave vertebrae before puberty
was a strong risk factor for the development of scoliosis
of more than 50 degrees. These radiographic anomalies
were more likely to occur in patients with congenita B
osteogenesis imperfecta, and these and other authors have
found the classifications of Falvo and associates” or Sha-
piro'® more useful in identifying risk for the development
of scoliosis. In general, however, scoliosis is more prevalent
in patients with Sillence’s type III or IV disease.

Conservative management of scoliosis with orthosis has
generally not prevented progression of the deformity, and
may be detrimental."***™'" External pressure applied on the
rib cage in an effort to control the spinal deformity may
result in secondary compressive deformity of the rib cage
itself. Furthermore, the excessive sweating and heat sensitiv-
ity often observed in Sillence’s type III patients usually make
it impossible for the patient to tolerate a spinal orthosis.
Thus, use of a corrective spinal orthosis in the management
of spinal deformity in osteogenesis imperfecta is rarely indi-
cated.

Spinal fusion has been recommended for the manage-
ment of severe (greater than 40 or 50 degrees) progressive
deformity in patients with osteogenesis imperfecta.* The
specific problems faced by the treating surgeon in complet-
ing this recommendation are manyfold. The patients are
typically of the more fragile variety and thus are more prone
to fractures and other anesthesia-related complications.'™
Intraoperative bleeding tends to be greater than average,
presumably related to bone fragility and the bleeding diathe-
sis noted in osteogenesis imperfecta patients in general. Spi-
nal fragility demands very careful surgical exposure and
makes instrumentation very difficult. The iliac crest will
often serve as only a meager source of autologous bone graft
material. Finally, the patient may not tolerate postoperative
external immobilization well, for the same reasons that spi-
nal orthoses for the prevention of progression are not toler-
ated well. Thus, when spinal stabilization is deemed war-
ranted, the operating team must be prepared to handle
the delicate patient carefully, must be prepared for blood
transfusion, and must have allograft bone graft or other
bone graft substitutes available to supplement whatever au-
tologous bone can be obtained.

Initially, spinal fusion was performed using in situ tech-
niques or Harrington instrumentation with methylmethac-
rylate augmentation of hook sites.T However, stable poste-
rior segmental fixation with Luque sublaminar wires or tapes
appears to be ideally suited to the instrumentation manage-
ment of these difficult cases (Fig. 31-43).” It is not clear
that even successful instrumentation and fusion will halt

*See references 19, 20, 57, 75, 79, 123, 146, 190.
tSee references 19, 20, 47, 75, 79, 82, 83, 91, 103, 146, 190,
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FIGURE 31-43 Scoliosis in osteogenesis imperfecta. A, Preoperative radiograph showing the typical deformity in a
severely affected patient. B, Postoperative radiograph obtained after posterior fusion and instrumentation using the
Luque technique. Minimal correction was noted. An allograft was required to supplement the local bone graft.

progression of the spinal deformity.?” However, these pa-
tients are not at high risk for pseudarthrosis after posterior
fusion alone, and anterior spinal growth is modest after
fusion. Thus, although successful anterior spinal fusions
have been described,” anterior spinal fusion would seem to
be rarely required in these patients.

BASILAR IMPRESSION

Basilar impression is an unusual but well-recognized com-
plicating condition seen in patients with osteogenesis imper-
fecta.* Although case reports and reviews of general popula-
tions of patients with osteogenesis imperfecta would suggest
that this condition is relatively rare, Engelbert and associates
found radiographic evidence of basilar impression in 10 of
47 patients with osteogenesis imperfecta.”” Presumably due
to pathologic bone softening, the foramen magnum margins
invaginate into the posterior cranial fossa in the affected
patient, translocating the upper cervical spine into this de-
pression. This in turn produces direct brain stem compres-
sion and, likely, alteration in cerebrospinal fluid flow dynam-
ics, resulting in a wide variety of symptoms. Symptoms
can include headaches, facial spasm and numbness, bulbar
symptoms (difficulty swallowing and speaking, and respira-
tory depression), and long-tract signs or weakness in the

*See references 57, 64, 80, 86, 95, 114, 141, 155.

upper and lower extremities. Basilar impression was the
confirmed or suspected contributory cause of death in six
patients in a study of mortality in osteogenesis imperfecta
patients by McAllion and Paterson." The condition has
been reported in all Sillence types except type IL Although
basilar impression has been reported in a 3-year-old child,'”
most reported cases have occurred in adults 5480869511414
More severely affected patients with associated dentinogen-
esis imperfecta may be more susceptible to the development
of basilar impression, and those with ligamentous laxity may
be less susceptible, but exceptions to these generalities have
been reported.

Diagnosing basilar impression solely on the basis of plain
radiographic findings has always been difficult, due to dif-
ficulty in identifying radiographic landmarks at the foramen
magnum and variation in normal measurements in this area.
CT with three-dimensional reconstruction and, even more
important, MRI of the upper cervical spine and brain stem
greatly simplify the clinician’s investigation. These studies
should be performed whenever the treating physician’s sus-
picions of this diagnosis are raised based on the patient’s
complaints or on physical findings on neurologic exami-
nation,

Relatively short-term relief of symptoms and neurologic
signs has been reported after posterior decompression
only. #5541 However, based on the pathophysiology of
the deformity, combined transoral anterior decompression
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and posterior fusion of the occiput to the lower cervical or
thoracic spine, as recommended by Harkey and associates,
seems the most appropriate management of this condition.*
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