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Abstract

Skeletal fluorosis (SF) is endemic in many countries and millions of people are affected
worldwide, whereas in the United States SF is rare with occasional descriptions of unique cases.
We report a 28-year-old American man who was healthy until two years earlier when he gradually
experienced difficulty walking and an abnormal gait, left hip pain, loss of mobility in his right
wrist and forearm, and progressive deformities including enlargement of the digits of both hands.
Dual-energy x-ray absorptiometry (DXA) of his lumbar spine, femoral neck, total hip, and the
one-third forearm revealed bone mineral density (BMD) Z-scores of +6.2, +4.8, +3.0, and -0.2,
respectively. Serum, urine, and bone fluoride levels were all elevated and ultimately explained by
chronic sniffing abuse of a computer cleaner containing 1,1-difluoroethane. Our findings reflect
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SF due to the unusual cause of inhalation abuse of difluoroethane. Because this practice seems
widespread, particularly in the young, there may be many more such cases.
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II) Introduction

Skeletal fluorosis (SF) is a major endemic problem in India, China, Japan, Mexico,
Argentina, Australia, and countries in the Middle East and Africa, and is generally related to
drinking well water or tea high in fluoride (F") content.(12) In the United States, SF is
uncommon and occurrences have unusual causes.3-9) For example, in 1978, a nurse with
painful periostitis and osteosclerosis had markedly elevated F~ levels in her serum, urine, and
bone that were ultimately attributable to inhalation abuse of an organofluoride anesthetic.(®)
Tea drinking is popular in the United States, and consumption of extreme volumes or
concentrations of the beverages prepared from Camellia sinensis can cause SF due to the F
levels sometimes found in commercial tea preparations. In 2005, Whyte et al® reported a
woman with SF due to chronic daily intake of one to two gallons of extra-strength instant
tea, and subsequently similar patients consuming instant tea®) or brewed tea. () At the
Mayo Clinic from 1997 to 2006, four patients with sclerosing bone disease had chronic
intake of high volumes of tea in the face of renal compromise.() In 2007, an enigmatic case
of SF was reported in a middle-aged man apparently due to frequent dental brushing and
perhaps surreptitious ingestion of toothpaste.(®) In 2013, Kakumanu and Rao published the
radiographs showing SF affecting a woman who consumed tea daily that was made from
100 to 150 tea bags.(®

Herein, we report a young man who presented with progressive pain and ankylosis of a hip,
abnormal gait, advancing deformation of his hands and upper extremities, and limited
mobility due to inhalation abuse of a computer cleaner containing 1,1-difluoroethane.

[Il) Case Report

In 2010, this 28-year-old American office worker had been healthy until two years earlier
when he developed difficulty walking, an abnormal gait, pain in the anterior left hip, loss of
movement of his right forearm and wrist, and progressive deformities including enlargement
of bone in both hands. Then, an orthopedic surgeon noted his asymmetric gait and flexion
contractures of 20 and 35 degrees of the right and left hips, respectively. The left hip also
lacked internal and external rotation, with flexion to 80 degrees. Marked bony masses were
present along the phalanges of all digits in his hands. A large bony excrescence overlay the
lateral aspect of his left elbow where pronation was 70 degrees and supination zero degrees.
Interphalangeal motion was limited in both hands. Imaging studies revealed multiple
exostoses, ossification of the capsule of the left hip nearly with ankylosis, and multiple
surface lesions along the radius and about the left elbow (see Radiological Findings). Blood
chemistry profile showed increased serum alkaline phosphatase (ALP) activity of 227 U/L
(NI, 40-130), but normal calcium, albumin and intact parathyroid hormone (PTH) levels at 9
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mg/dl, 4.3 g/dl, and 53 pg/ml (NI, 10-66), respectively. Serum 25(OH)D was low at 14 ng/ml
(NI, 32-100) and 1,25(0OH),D elevated at 91 pg/ml (NI, 10-75). Urine N-telopeptide/
creatinine (NTx/Cr) ratio was markedly increased at 283 nM BCE/mMCr (NI, 3-51).
Complete blood count reflected his history of thalassemia minor; Hb 12 gm/dl (NI, 13.5 to
16), Hct 37% (NI, 37 to 47), and MCV 64 (NI, 80 to 98) with serum total bilirubin 0.7 (NI,
0.2 to 1.3), iron 77 mcg/dl (NI, 49 to 181), and ferritin 105 ng/ml (NI, 22 to 322).

In September 2010, the patient was referred to us for continuing expansion of the bones of
his hands (Figure 1). Weight was 142 Ibs and height 66 inches. He was stooped, walked
tilted to the left, and had ankylosis of the left hip with limited mobility. Serum 25(OH)D was
17 ng/ml, 1,25(0OH),D 104 pg/ml (NI, 18-64), and bone-specific alkaline phosphatase
(BSALP) 70 ug/L (NI, < 20). Following vitamin D supplementation, serum 25(OH)D rose to
38 ng/ml. Radiographs demonstrated marked periostitis deformans in his hands (Figure 2)
and high bone density in his spine. Whole-body bone scintigraphy revealed areas of mild
diffuse increased uptake in the shoulders, hips, knees, feet, ankles, and wrists (Figure 3).
Computed tomography (CT) showed diffuse trabecular heterogeneity with a generalized
increase in bone density that was more striking in his left upper extremity than pelvis.
Prominent hypertrophic spurring was present at the acetabular margins. The findings were
not simply ectopic mineralization from metastatic or dystrophic calcification, but bone in
large part emanating from skeletal surfaces yet not conventional periosteal new bone
formation. Areas of relative radiolucency and a coarse trabecular pattern suggested rare
disorders of high bone turnover with skeletal expansion (see Radiological Findings).(0)

Reminiscent of our patient's presentation was the report of Little et al1) in 2008 of a 33-
year-old man who, during loss of consciousness, crashed his car and sustained multiple
fractures. He was intoxicated from inhaling an aerosol propellant containing 1,1-
difluoroethane, CoH,4F5, used in “dust spray” cans.(!1) Several months after orthopedic
repairs, radiographs revealed rapid pathologic bone formation about a proximal humeral
metaphysis, proximal femur, elbow, and soft tissues. Aerosol abuse was considered the
etiology of his skeletal changes.(1) Accordingly, in May 2011, we questioned our patient.
He admitted to regularly sniffing for 3 to 4 years a computer cleaner, Dust Off®, for its
highs. This stopped 5 months later in October 2011. The F~ content of his municipal water
was at acceptable levels. Dual-energy x-ray absorptiometry (DXA) revealed his BMD Z-
scores and T-scores both at +6.2 in his spine, +4.8 and +4.7, respectively, at the femoral
neck, and both +3.0 at the total hip. The forearm “one-third” Z-score was -0.2.

In February 2012, left hip arthrotomy for ankylosis included extensive osteochondroplasty
of the femoral head and neck and prophylactic pinning of the femoral neck. Six months later,
hip function was markedly improved and his gait was nearly normal. We studied femoral
exostosis fragments by histopathological analysis (see Histopathological Findings) and by F-
analysis. Two 300-micron sections of the bone specimen had been embedded in
methacrylate and dry-ashed at 600°C overnight. The ash was pulverized with a stainless
steel mortar and pestle into a finely divided, pure-white powder. The bone ash and
appropriate F~ standards were analyzed for F~ using the ion-specific electrode following
overnight hexamethyldisiloxane-facilitated diffusion.(!2) The bone F~ concentration was
markedly elevated at 16.4 gm F7/kg of ash (NI, ~ 0.5 - 1.2).(13)
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Six months after reportedly no longer “sniffing”, the patient's plasma F- level (Quest
Diagnostics) was still elevated at 0.16 mg/L (NI, < 0.08) and 24-hour urine F~ (Quest
Nichols Institute/Chantilly, Chantilly, VVA) was still elevated at 18.9 mg/L (NI, 0.2-3.2).

In January 2013, after /n vivo tetracycline labeling, transiliac crest bone biopsy was
unsuccessful due to the extremely hard bone. Later, he complained of severe pain in the left
hip due to a pathologic fracture around a femoral screw placed during hip exploration. The
fracture later healed.

In July 2013, finite element analysis (FEA) based on a CT scan of his proximal left femur
was performed (O.N. Diagnostics, Berkeley, CA) to estimate the overall femoral strength (in
units of Newtons, N) during a simulated sideways fall (see Results).(!4) As is the protocol
for that analysis, it was assumed that the bone material quality was normal. Volumetric
BMD was also measured for the trabecular and cortical compartments. For that analysis, the
“cortical bone” was defined as any bone having a volumetric density of more than 1.0 g/cm3
or being within 3 mm of the periosteal surface, but not necessarily histologically “cortical
bone”.

In February 2014, serum chemistry profile included serum ALP of 31 U/L (NI, 42-121),
PTH 21 pg/ml (NI, 12-88), 25(0OH)D 37 ng/ml, and F~ 2.9 umol/L (NI, 0-4), and urine
NTx/Cr was normal at 55 nmol/mmol.

In 2014, BMD was essentially unchanged compared to 2011 and 2012. He no longer
“sniffed” and was doing well, walking more normally, and regularly “working out”. In 2015,
he expressed no interest for follow-up.

Following informed written consent, we performed mutation analyses to search for genetic
contributions to his high bone mass and rapid skeletal turnover using our published methods.
(15-17) We studied all coding exons and adjacent mRNA splice sites for the three major genes
involved in RANK signaling: 7NMFRSF11A encoding RANK, 7TANFRSF11B encoding
osteoprotegerin (OPG), and TN/FSF11encoding RANKL. No mutations were identified.

IV) Results

A) Radiographic Features of Skeletal Fluorosis

Radiographs available from our patient to characterize and illustrate his SF included the
images at presentation and two years later upon referral together with CT images of his left
upper extremity and pelvis and proximal femurs before arthroplasty.

In the hands, marked tumoriform proliferating periosteal bone involved the tubular bone of
the middle and proximal phalanges of his hands; less so on the metacarpals (Figure 2).
These periosteal pseudotumors (“periostitis deformans™) are characteristic of SF. The distal
phalanges showed exostoses at the distal interphalangeal joints. The proliferations were bone
with striated trabeculae projecting at right angles to the shafts showing sharply demarcated
outer margins, but irregular or wavy contours. The underlying cortex may have been
completely lost, and replaced by bone extending out from the medullary cavity.
Proliferations extended off some carpal bones along with the distal radius and ulna where
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marginal osteophytes were at the radiocarpal joints. These periosteal bony proliferations
were decreased and smoother on later radiographs. However, none disappeared.

Pelvic radiographs showed diffuse osteosclerosis including the sacrum (Figure 4). Marked
osteophyte formations affected the hips, greater on the left where bone bridged the
acetabulum to the femoral neck. Capsular calcifications involved both hips. Small marginal
bone proliferations affected the pubic and ischial bones, trochanters, lateral iliac bone
margins, and superior and inferior iliac spines. Sacrospinous ligament calcification was
apparent on the left. Osteophytes formed at the inferior aspects of the sacroiliac joints, and
periosteal new bone on the femora. The proximal femoral neck showed focal osteopenia
with cystic changes, seen best on the pelvic CT. Mild improvement was apparent on the last
radiograph.

The lateral spine demonstrated uniformly osteosclerotic vertebral bodies and neural arches
(Supplementary Appendix, Figures 1-3). The thoracic and lumbosacral spine exhibited no
osseous bridging, ligamentous calcifications, ossifications, abnormalities in shape, or rugger
jersey appearance. Small bony excrescences projected from the neural arches and the
anterior vertebral bodies. The scapulae were osteoscleratic, had irregularity of their lateral
margins from periosteal bone proliferations, as did the proximal humeri and outer clavicles.
In the chest, uniform osteosclerosis was apparent in the ribs and clavicles without expansion
of these bones (Supplementary Appendix, Figure 2).

The elbows showed proliferating periosteal new bone on each side of the elbow joint (Figure
5) that was smoother and smaller on the later radiographs. The joints were spared. Some
proximal interosseous fusion affected the forearm bones. CT of the left forearm showed
multiple periosteal excrescences off the radius and ulna along with intraosseous membrane
ossification.

The bones at the knees were osteopenic. The right cruciate ligament was calcified. Irregular
periosteal thickenings affected the femora, tibia, and fibulae. Patellar and marginal
osteophytes occurred at the joints. Radiolucencies were noted in the acetabuli, femoral
necks, and intertrochanteric regions without cortical disruption. Partial ossification affected
the left radial ulnar interosseous membrane.

The foot bones were uniformly osteosclerotic in the tarsals along with marginal
irregularities. The metatarsals and phalanges had periosteal irregular bone formation along
the shafts greatest in the fifth metatarsals and phalanges. Periostitis deformans was greater in
the hands than the feet.

B) Histopathological Findings

The specimen from the hip arthrotomy consisted largely of highly vascularized and entirely
lamellar cortical bone (Figure 6A-C). Both cortical and trabecular bone exhibited many
surfaces showing bone formation, with osteoid, osteoblasts, and incorporation of the single
tetracycline label administered before surgery (Figure 6D). Osteoclasts were present,
particularly in typical cutting cones in the cortex, but were not increased or abnormal in
shape (not shown). The articular surface on one fragment showed disorganized
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chondrocytes, damage to the surface cartilage, and increased subchondral bone typical of
osteoarthritis (Figure 6E,F).

C) Finite Element Analysis

With his history of a nondisplaced femoral neck fracture, the results from the FEA strength
analysis indicated that the patient's bone material quality was likely not normal since
otherwise — if it were normal — the overall bone would be too strong to sustain a non-
traumatic fracture. Assuming normal bone material quality, the FEA-estimated overall
femoral strength was 11,920 N. This value is about two-fold higher than expected for an
average 30-year-old white male(8) and clinically, a femoral strength value of more than
5,000 N indicates a low risk of fracture. Further, analysis of the volumetric BMD for the
trabecular and cortical compartments indicated that the mass of the “cortical bone” was
highly elevated compared to the mass of the trabecular bone (63.3 g versus 28.3 g, ratio =
2.24) compared with a ratio of approximately 0.90, on average, ranging from 0.6-1.2, for
white males under age 65 (data on file at O.N. Diagnostics).

V) Discussion

F- is widely distributed throughout the earth's crust, and reportedly the Earth's 13t or 17th
most abundant element.(19-23) \lolcanos even when seemingly inactive, are the major natural
source of environmental F~.(19.24) Industrial processes such as aluminum smelting, coal
burning, cement and phosphate fertilizer production, and brick and ceramic firing are other
important environmental sources of fluorine and F~.(19.24)

Chronic F~ intoxication was first described in India in 1937.(2%) Generally, SF results from
imbibing over years large quantities of F~ in drinking water from wells, which can affect the
teeth, skeleton, and secondarily the nervous system.(® In the largest series of 1065 cases of
SF, significantly high levels of F~ were found in blood, urine, and bone.® In 1952,
“periostitis deformans” was characterized in Spain in six patients with hyperostosing
polyostotic disease,®) and in 1965 attributed to wine with high F~ levels,(¢7) as
subsequently verified in 28 additional cases.(?8) In China, water-related and coal-combustion
fluorosis were treated vigorously in the 1950s and 1970s.(2% SF was additionally discovered
in Asia in the 1980s due to consumption of inferior quality “brick” tea made from the twigs,
berries, and old leaves of the tea plant Camellia sinensis. In Tibet, a survey of SF in adults
revealed habitual consumption of brick tea with high F~ content, a food intimately related to
the Tibetan lifestyle.(9) There, daily F~ intake reached 12 mg, of which 99% originated from
brick tea-containing foods. Nearly 90% of affected individuals had symptomatic joint
dysfunction, with their SF more severe compared to water-type and coal-type fluorosis.(?9)

Other causes of SF are unusual, as we reviewed above for the USA.(-9 In 2005, a French
woman developed SF from brushing her teeth 18 times daily.(3%) She swallowed her
fluoridated toothpaste for its taste, providing an estimated 69 mg of F~ daily.(9 In 2011, an
English woman with markedly increased BMD reported consumption of large amounts of
tea and toothpaste high in F~ content.(31) Recently, periostitis and periostitis deformans
followed transplantation of lung, liver, heart, or stem cells because of subsequent long-term
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therapy with the potent F*-containing antifungal agent voriconazole.(32-3%) Now, many such
antifungal agents and other pharmaceuticals contain F~.(3%)

Beginning in the 1960s, sudden death from cardiac arrhythmia, hypercapnia, and stress
occurred in young Americans following sniffing inhalation of volatile hydrocarbons such as
trichloroethane and fluorinated refrigerants.(36) Serious and fatal automobile accidents
occurred due to driver unconsciousness or erratic behavior from inhalation of a
difluoroethane duster. Corpses were discovered alongside a canister of duster.(37:38) Post-
mortem examination showed high difluoroethane concentrations in the blood and in a
number of organs and tissues.(37:38) In 2014, Chitkara et al(®% reported periostitis
deformans, subperiosteal hematomas, ectopic calcifications, and a serum F- level of 3.9
mg/dl (NI, < 0.2) from chronic “huffing” of Freon® or inhaling a chlorofluorocarbon gas
from a plastic bag. Inhalation for two years of Freon® by a 72-year-old man caused
numerous hard fixed masses on all extremities. Radiographs revealed multiple exostoses, a
radio-dense pelvis, and densely calcified ligaments and cartilage. His serum F- level was 3.9
mg/1.(40)

The radiographic features of chronic F~ toxicity include the classic, virtually pathognomonic,
periosteal hyperostosis, which can become profound and is termed periostitis deformans. It
can affect any tubular bone, but may be most apparent in the hands. These large periosteal
nodules project out from the bone with a defined, round, wavy, or multicircular margin that
cloaks the bone. Striated trabeculae extend out at right angles to the shaft. The underlying
cortex may be lost with bone extending out from the medullary cavity. MRI has shown thick
irregular periosteal edema along the cortical surfaces.(3% These bony outcroppings can
regress as high F~ levels subside. Larger joints may have large marginal osteophytes of
endosteal or periosteal origin that expand and block joints and create bizarre shapes. Typical
are large osseous lamellae extending into the interosseous membranes of the forearm and
leg. Bone nodules may occur in tendon sheaths or muscles. Initially, the ones may become
osteopenic. Axially, osteosclerosis includes trabecular condensation creating dense ribs,
vertebrae, and pelvis. The skull is typically spared. \ertebral osteophytes encroach on the
spinal canal and inter-vertebral foramen. Bony excrescences develop at leg ligamentous
attachments; e.g., the iliac crests, ischial tuberosities, and sacrospinous ligaments.
Calcification can affect the paraspinal, intraspinal, and posterior longitudinal ligaments. The
bony findings of SF from Freon®, F-contaminated water or certain Spanish wines, or
voriconazole are similar.

Our patient apparently had SF due to inhalation abuse of a commercial duster containing
difluoroethane. SF was suggested by his periostitis deformans and increased spine and hip
BMD, and confirmed by increased F~ levels in his blood, urine, and bone. Our patient's
femur fractured during attempted iliac crest biopsy. In 8,266 Chinese adults, overall fracture
risk and hip fracture risk were significantly increased at drinking-water levels of F-
exceeding 4.32 mg/L.(41) In the early 1990s, high-dose F~ given to osteoporotic women
increased cancellous BMD, but cortical BMD decreased, and skeletal fragility increased,
with no significant reduction in fractures.(2-44) Exposure to high levels of F~ weakens bone
without appreciably altering BMD.“5)
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The safety materials from Falcon Safety Products, Inc. (Branchburg, NJ) concerning its
product Dust-Off®, described the potential of fire and explosion, and frostbite with liquid
contact.(6) Animal studies were in keeping with deleterious effects on the central nervous
system, lungs, heart, kidneys, and bone marrow. In man, inhalation effects included central
nervous system depression, incoordination, and unconsciousness as well as cough and
dyspnea, respiratory depression, arrhythmias, cardiac arrest, and sudden death.(45) However,
except for bone marrow effects in animals, there was no mention of deleterious skeletal
effects in man. When we asked Falcon Safety Products, Inc. about urinary F~ levels in
individuals inhaling Dust-Off®, their toxicologists indicated that the difluoroethane was
poorly metabolized, and even the small amount that might be metabolized is not metabolized
entirely to F~.(47) Also, with a typical short inhalation, elimination from the bodly is via rapid
exhalation of unmetabolized substance.(4”)

SF is slowly reversible after cessation of F~ intake, but the elevated skeletal mass and F
content lasts many years.(8:48) In 2007, we reported that nine years after cessation of
excessive F~ intake, radiographs revealed a decrease in sclerosis and coarsening of
trabeculae, particularly in the lumbar vertebral bodies.(®) There was a reduction in DXA
BMD of 23.6% and 15.1% in lumbar spine and femoral neck (with Z-scores of +9.3 and
+4.8), respectively.(®) After 8.5 years, bone F~ was reduced by 36%, but was still 10 times
the reference value. Furthermore, a chronic problem developed soon after excessive F~ intake
stopped and excess skeletal mineral was lost -- hypercalciuria and calcium oxalate
nephrolithiasis.® It is not clear how long any residual effects of F~ last on the material
quality of the bone tissue itself — presumably remodeling over time replaces any inferior
quality bone tissue with new normal bone. In our patient, BMD remained markedly elevated
at his spine and hip three years after “huffing” stopped.

In summary, as demonstrated in our patient, relatively rapid development of periostitis, a
sclerotic skeleton, periostitis deformans, and calcification or ossification of ligaments,
tendons, and interosseous membranes should raise suspicion of SF. The diagnosis is
supported by elevated blood and urine F~ levels and confirmed by increased bone F~ content.
Cessation of excessive F~ exposure, including huffing abuse, can gradually alleviate
musculoskeletal symptoms, but elevated BMD can persist for years. Careful follow-up,
including attention to urinary calcium excretion and therapy of hypercalciuria, may prevent
renal calcium stone disease.(®

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Patient's Right Hand
Bony masses due to periostitis deformans are present along the phalanges of all digits.
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Figure 2. Radiographs of the patient's hands
(A) Postero-anterior radiograph at age 28 years, while continuing to “huff”, demonstrates

marked proliferating periosteal new bone (periostitis deformans) at many tubular bones
(greatest in the proximal and middle phalanges) with some loss of the underlying cortex in
the larger excrescences. The proliferations are bony with undulating peripheral margins that
have distinct surfaces. Proliferations are also seen coming off the carpal bones, as well as off
the radius and ulna.

(B) Nearly two years later, after cessation of “huffing”, the proliferations have decreased and
have smoother outer margins.
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Figure 3. Bone scintigram
Mild diffuse increased uptake is present at the shoulders, hips, knees, ankles, wrists, and

feet.
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Figure 4. Patient Radiographs and CT of the Pelvis and Femoral Neck
(A) Antero-posterior pelvis shows diffuse osteosclerosis with marked osteophyte formations

about the hips (arrows) greater on the left. Small marginal proliferations project off all the
bones, but are not well shown.

(B) CT of the left hip shows marked marginal osteophytes and bridging capsular and neck
ossifications and impingement deformities (arrows).

(C) CT shows cystic osteopenic changes in the femoral neck (arrows).
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Figure 5. Patient Radiographs and CT of Left Elbow
Antero-posterior (A) and lateral (B) radiographs of the left elbow show new bone on each

side of the elbow joint (arrows). CT shows osteophytes (C arrow) and periosteal new bone
formations (D arrow).
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Figure 6. Histology of Femoral Tissue
A,B) Low and higher power images of von Kossa-stained cortex show robust cortical bone

and highlight an abundance of vascular channels. C) Visualization of an H&E stained image
of cortex under polarized light demonstrates lamellar bone. D) Fluorescence imaging of an
unstained section shows mineralization associated with osteoid, consistent with high levels
of bone formation. E,F) Goldner trichrome stained sections of a fragment from an articular
surface show irregular and disrupted cartilage, with regenerative nests of chondrocytes, and
an abnormal osteochondral interface. Scale bars A,E =1 mm; B,C,F = 500 mu; D = 200 mu.
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