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Abstract: Familial exudative vitreoretinopathy (FEVR) is a genetic disorder whose presentation can include osteoporosis, multiple
fractures, and incomplete retinal angiogenesis leading to retinal detachment and blindness if left untreated. Discussed herein are the
cases of two pediatric siblings who presented to the orthopedic service with multiple fractures and, through interdisciplinary
management, were diagnosed with FEVR and treated appropriately before permanent visual impairment. The skeletal manifestations
of FEVR, which have not been explored in depth in prior literature, are described. One sibling presented to orthopedic services for
evaluation of a closed distal radius fracture sustained while playing sports. A comprehensive history revealed he had suffered at least
four appendicular fractures in his lifetime, and dual-energy x-ray absorptiometry (DEXA) scan revealed his bone density to be in the
first percentile for his age. Concurrent evaluation of his younger sibling revealed a similar history of multiple fractures and low bone
density. Referral to genetic services and ensuing whole-exome sequencing revealed a likely pathogenic variant in both siblings’ LRP5
gene, the only known causative mutation for FEVR that leads to skeletal manifestations. While FEVR is well known in genetic and
ophthalmologic settings, greater awareness of FEVR and other genetic disorders that predispose to fractures in pediatric populations is
warranted in orthopedic settings. This will lead to reduced sequelae in pediatric patients with genetic disorders and improved
interdisciplinary expertise. The story of these siblings illustrates that a high index of suspicion for genetic diseases is essential
when treating children with osteoporosis and growth delays.
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Introduction

The diagnosis of children with multiple sequential fractures and osteoporosis is especially challenging. One comes into contact
with genetic conditions that are rare and unfamiliar to the orthopedic surgeon but can cause multisystem functional disabilities
if not diagnosed accurately. The orthopedic surgeon often sees these patients first and is therefore challenged with the
sensitivity to recognize the presence of genetic abnormalities. One such genetic condition is familial exudative vitreoretino-
pathy (FEVR). FEVR is a hereditary disorder whose phenotype can include osteoporosis, multiple fractures, and incomplete
retinal angiogenesis leading to retinal detachment and permanent visual impairment or blindness if left untreated. Other
genetic diseases can present similarly and also lead to blindness or other functional disabilities.

Described here are the cases of two pediatric siblings who presented to the orthopedic service with multiple sequential
fractures and growth delays and, through interdisciplinary management, were diagnosed with FEVR and treated
appropriately before permanent visual and skeletal impairment. The skeletal characteristics and the ocular and genetic
abnormalities are presented. These cases illustrate that a high index of suspicion for genetic diseases is essential when
treating children with multiple fractures, especially when they are accompanied by growth disturbances. Remaining
vigilant for the potential for underlying genetic pathology can reduce the frequency and consequences of fractures and
even prevent blindness and other functional disabilities for pediatric patients.
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Case Report

Two siblings with sequential fractures and delayed growth were seen in the Osteoporosis and Bone Health Clinic. A 13-
year-old boy presented with a closed distal radius fracture sustained while playing sports. A comprehensive history
revealed he had suffered at least three other appendicular fractures, including of both radial growth plates at different
ages and a metacarpal fracture, all secondary to trauma. Physical examination revealed his height to be 60.3* (8th
percentile) and his weight to be 84 lbs (4th percentile). He appeared well-nourished with a normal stance and gait,
a normal spine without compression fracture, and normal range of motion in the lumbar spine. His elbows were
hyperextensible but his knees were not. Sclerae were normal. His hearing was normal, and no frontal bossing was
present. A radiographic skeletal survey revealed widened medullary canals with thin cortices typical of osteoporosis,
gracile bones, and valgus proximal femoral neck-shaft angles (Figure 1). Dual-energy X-ray absorptiometry (DEXA)
scan showed his bone density to be two standard deviations below the mean for his age (Figure 2).

Concurrent evaluation of his 10-year-old sister revealed a similar history of multiple sequential fractures, including
a distal phalanx fracture, a fracture of both bones of the forearm requiring surgical stabilization, and an impacted 2-part
fracture of the proximal humerus. Physical examination showed her height to be 58.3” (68th percentile) and her weight to
be 97 1bs (42nd percentile). Like her brother, she appeared well-nourished with a normal stance and gait and a normal
spine without compression fracture. Her elbows were hyperextensible but her knees were not. Sclerae were normal. She
had no frontal bossing. A radiographic skeletal survey revealed gracile bones and widened medullary canals and thin
cortices typical of osteoporosis (Figure 3). A dental Panorex film demonstrated impaired dentinogenesis of 5 adult teeth
(Figure 4). DEXA scan revealed her bone density to be at the 1st percentile for her age.

Referral to the genetics service was made. Based on clinical features, the differential diagnosis was broad but included
disorders resulting in low bone density. Whole-exome sequencing identified a likely pathogenic variant in both siblings
resulting in a guanine to adenine substitution at nucleotide 1481 in the cDNA sequence for the low-density lipoprotein
receptor-related protein 5 (LRPS5) gene (c.1481G>A). This results in an arginine to glutamine substitution at amino acid 494 in
the LRPS protein sequence (p.R494Q). Mutations in the LRP5 gene have been described to cause both skeletal and ocular
dysmorphogenesis,' and an ophthalmologic consult was obtained. Eye examination, including fluorescein angiography,
revealed a temporal retinal capillary dropout and a retinal hole in the older sibling’s right eye, possibly representing an
atrophic hole due to surrounding peripheral ischemia, and he was diagnosed with FEVR (Figure 5). Fluorescein angiography
also revealed a temporal retinal capillary dropout in the younger sibling’s left eye, and she was diagnosed with FEVR as well.

The older sibling was treated with a laser retinopexy in the right eye as prophylaxis for retinal detachment (Figure 6). Both
have since been followed by orthopedic and ophthalmologic services. At 2 years follow-up, vision has been preserved in both
children. Both have ceased playing contact sports, and no new fractures have occurred. DEXA scans demonstrate progressive
slow increase of bone density for their ages, though they remain below normal range (Figure 2). Indications for pharmacotherapy

Figure | Radiographic findings in a |3-year-old boy with FEVR. (A) Anteroposterior views of the femora demonstrating thin, gracile bones. (B) Anterior view of the left
humerus showing a widened medullary canal and thin cortices. (C) Anteroposterior view of the pelvis exhibiting coxa valga with a neck-shaft angle approximating 150
degrees.
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Figure 2 DEXA Z-scores in a |3-year-old boy with FEVR. Bone mineral density (BMD) at initial presentation (leftmost circle with cross) showed a Z-score of —3.0 (Ist
percentile). A Z-score represents a patient’s BMD as the number of standard deviations away from the mean compared to an age- and sex-matched cohort and is calculated
using the raw BMD score obtained by the DEXA scan (y-axis). Lighter and darker blue areas on the graph represent up to two standard deviations above average BMD for
age/sex (Z-scores of 0 to 2 or 50th to 95th percentile) and up to two standard deviations below average BMD for age/sex (Z-scores of —2 to 0 or 5th to 50th percentile),
respectively. Two years after initial presentation, this patient had kept pace with the expected bone density increase rate for his age (rightmost circle with cross) but was still

osteoporotic with a Z-score of —2.6 (Ist percentile).

Figure 3 Radiographic findings in a |0-year-old girl with FEVR. (A) Anteroposterior view of the left humerus exhibiting gracile bones and thin cortices. (B) Anteroposterior
film of the right forearm showing gracile bones. (C) Anteroposterior view of tibias revealing endosteal reabsorption with widened medullary canals and thin cortices

characteristic of osteoporosis.
for bone density were discussed and reviewed with the patient’s parents. Currently, there is no FDA-approved medication with
which to treat children with osteoporosis. Given that both children’s fractures were trauma related, no vertebral compression

fractures were apparent, and both children were entering puberty at the time of evaluation, pharmacological treatment for low
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Figure 4 Panorex film of a 10-year-old girl with FEVR. Impaired dentinogenesis is manifested by the absence of the maxillary right and left lateral incisors, maxillary right and
left 2nd pre-molars, and right mandibular Ist pre-molar.

Figure 5 Mid-phase fluorescein angiography of the retina of a |3-year-old boy with FEVR. Capillary dropout, defined as areas of hypofluorescence and indicating reduced
perfusion (open arrow), and a retinal hole (solid arrow) can be seen.

Figure 6 Fundus photographs exhibiting the temporal area of the right eye of a |3-year-old boy with FEVR before and after laser retinopexy treatment. (A) Atrophic hole in
temporal periphery before treatment (green arrow). (B) Atrophic hole in temporal periphery after treatment (green arrow) surrounded by 360° laser scar extended to area
of capillary dropout to prevent neovascularization or further atrophic hole in that area.
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bone density is being omitted until clinical progression via additional fractures or lack of bone mass accumulation. However, the
importance of adequate calcium and vitamin D intake was emphasized.”

Discussion
Several genetic mutations affect both the skeleton and the eye. The patients presented here displayed heterozygous mutations
in the LRP5 gene. Total loss-of-function of this gene results in the osteoporosis-pseudoglioma syndrome (OPPG), whose
phenotype is characterized by congenital or infancy-onset blindness and severe osteoporosis.'> Most forms of FEVR affect
only the eye and may be caused by mutations in LRP5 or in about 14 other genes including FZD4, TSPANI2, NDP, and
KIF11.* Incomplete loss-of-function mutations in LRP5 can result in a distinct form of FEVR whose phenotype includes
osteoporosis and predisposition to fracture in addition to the incomplete or anomalous vascularization of the peripheral retina
for which the condition is known.* ® Because OPPG and LRP5-mutation-induced FEVR arise secondary to similar genetic
mechanisms, it has been proposed that the conditions are in fact a continuum and should not be considered separate
entities.>”"®

While the skeletal characteristics of adolescents with OPPG have been described,”'® the skeletal phenotypes of
patients with LRP5-mutation-induced FEVR have not been explored in depth. The cases presented here indicate that
prominent skeletal characteristics of the c.1481G>A mutation in LRPS include growth delay, osteoporosis, fractures, thin
gracile bones, coxa valga, and impaired dentinogenesis. Observation of children with these skeletal features should alert
the clinician to the possibility of underlying genetic abnormalities and stimulate referral for genetic characterization.

The LRP5 gene encodes for the LRP5 transmembrane receptor, which is a major contributor to bone health and is
a key receptor for the canonical Wnt signaling pathway. The specific mutation identified in the cases presented here was
a guanine to adenine substitution at gene locus 1481 (c.1481G>A). This results in an arginine to glutamine substitution
(p-R494Q)) in the LRPS5 transmembrane receptor, impairing its function and reducing Wnt signaling. The Wnt pathway is
highly conserved and highly complex, with Wnt proteins regulating a variety of cellular processes including cell fate
determination, motility, polarity, primary axis formation, organogenesis, and stem cell renewal.!' The Wnt pathway’s role
in the pathogenesis of FEVR’s ocular manifestations is not entirely understood, though it has been hypothesized that the
canonical Wnt pathway functions to upregulate endothelial cell growth during retinal angiogenesis, presenting a plausible
mechanism for the dysvascular retina observed in FEVR.®

The phenotype of the skeletal manifestations of FEVR is related to mutations in the LRPS5 gene. The role of Wnt and the
LRP5 transmembrane receptor in bone formation and remodeling is not entirely understood and is an area of active
investigation.'>'* Proposed mechanisms by which inhibited LRP5 transmembrane receptor functioning and canonical Wnt
pathway signaling affect the skeleton include 1) direct downregulation of osteoblast proliferation, function, or

differentiation;'"'* 2) direct effects on osteocyte function,'>'®

possibly by way of interference with osteocyte-mediated
skeletal mechanotransduction;'” 3) LRP5-mediated osteoclast differentiations that increase resorptive capacity;18 and, perhaps
most controversially, 4) a Wnt pathway-independent, gut-derived serotonin-mediated endocrine axis involved in osteoblast
proliferation. '

FEVR can present as a consequence of several genetic mutations and can be acquired through autosomal dominant,
autosomal recessive, or X-linked patterns of inheritance.?” The prevalence of FEVR in the general population is unknown,
but one multicenter study performing screening ocular exams in about 200,000 newborns found the incidence in that
population to be 0.11%.>' A 2022 systematic review and meta-analysis including over 3200 FEVR patients found the
frequency of the LRPS mutation to be 13.6%, the highest of any known mutation linked to FEVR.?? Out of the known
causative mutations for FEVR, only those of the LRP5 locus have been linked to reduced bone mass and predisposition to
fracture.® In the patients reported here, heterozygous ¢.1481G>A (p.R494Q) mutations in LRP5 were discovered and
determined to be the likely cause of their disorder, consistent with the association of this mutation with FEVR and OPPG.*

Conclusion

FEVR is one of the several genetic diseases that can lead to osteoporosis, fractures, and vision loss. The evaluation of
pediatric patients with these conditions is difficult, in part, because rare genetic conditions presenting with reduced bone
mass and fractures often resemble osteogenesis imperfecta. A high index of suspicion by the orthopedic surgeon for
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genetic diseases is essential in children with fractures and decreased bone density. Not to do so can be tragic for the
young patients, but careful and sensitive analysis of children with low bone density can reveal conditions for which
interventions may yield great benefits to the patients and considerable gratification for the surgeon. Precise diagnosis is
often challenging and usually requires a multidisciplinary approach. The key point for the orthopedic surgeon is that
suspicion for these developmental mutations should be a part of the evaluation of children with multiple fractures and
slow physical development, and the threshold should be low for obtaining measurements of bone density and genetic
consultations. In these cases, blindness can be avoided and the frequency and consequences of fractures mitigated.
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FEVR, familial exudative vitreoretinopathy; DEXA, dual-energy X-ray absorptiometry; LRPS, low-density lipoprotein
receptor-related protein 5; BMD, bone mineral density; OPPG, osteoporosis-pseudoglioma.
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