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Chronic kidney disease (CKD) induces mineral and bone disorders (CKD-MBD) that
affect calcium and phosphate metabolism. This review links pathophysiology, histo-
logic aspects, and radiologic signs. CKD leads to bone lesions, namely renal osteodys-
trophy, which may combine low or high bone remodeling, impaired mineralization, and
bone loss. CKD-MBD also comprises vascular calcifications, which, together with bone
disease, lead to a high risk of cardiovascular events and osteoporotic fractures that
increase both morbidity and mortality. Osteoporosis assessment is based on screening
for classic risk factors and CKD-related factors (disease duration/severity, transplanta-
tion history, dialysis vintage). Treatment of mineral disorders may combine serum
phosphate lowering drugs, natural vitamin D or its 1-a derivatives, or calcium-sensing
receptor agonists. Treatment of osteoporosis is conventional in mild to moderate
stages but more complex in severe CKD because evidence about the efficacy and safety

Y

fracture

The annual incidence of chronic kidney disease (CKD) in
France is 1%, but 7 to 10% of the population have some kidney
disorder."? The current total number of individuals affected
by CKD stages 1 to 5 worldwide was estimated as > 850
million in 2019.3 CKD is classified in five stages according to
glomerular filtration rate (GFR)* (~Table 1), estimated by the
Chronic Kidney Disease Epidemiology Collaboration equa-
tion, based on serum creatinine (except for older adult
subjects, for whom the Cockcroft formula is still used).

The first two stages must repeatedly include other renal
markers: albuminuria, urinary sediment abnormality, and
kidney lesions of at least 3 months on pathology. Stage 5 is
end-stage renal failure (ESRF), requiring dialysis or trans-
plantation. For instance, in France in 2020, global incidence
of treated ESRF was 157 per million, with almost 51,000
patients on dialysis and 42,000 with kidney transplantation.”
Incidence in recent years has increased most in people 65 to
74 years of age, by 5.8% per year up to 2019.

CKD leads to progressive disorders of calcium and phos-
phate metabolism, impacting bone histology in what is
known as renal osteodystrophy (ROD), with an associated
risk of fracture. It also induces vascular calcifications closely
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of anti-osteoporosis drugs is scant.

associated with clinical cardiovascular events. Bone, vessel,
and metabolic impacts are related pathophysiologically and
together are known as CKD-MBD (mineral and bone disor-
der),® largely implicated in the increased morbidity and
mortality observed in uremic populations.

Osteoporosis is a generalized skeletal disease involving
decreased bone mineral density (BMD) and/or altered bone
microarchitecture, resulting in brittle bone and increased
risk of fracture, whose incidence increases with age and in
women after menopause. Thus CKD-linked osteoporosis
combines primary bone loss related to age and sex
and secondary bone damage specific to kidney failure,’
including ROD, which impacts diagnostic and treatment
strategy. In advanced CKD, and independently of osteoporo-
sis, the bone may also show focal lesions, such as brown
tumors, related to hyperparathyroidism (HPT).

Disorders of Calcium and Phosphate
Metabolism

The pathophysiology of CKD-MBD involves three hormones:
fibroblast growth factor 23 (FGF-23), parathyroid hormone
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Table 1 Stages of chronic kidney disease

Classification
Stage Description GFR, mL/min/
1.73 m?
1 Renal involvement?® > 90
with normal GFR
2 Renal involvement?® 60-89
with slightly
impaired GFR
Moderate CKD 30-59
4 Severe CKD 15-29
Terminal CKD <15o0r
dialysis

Abbreviations: CKD, chronic kidney disease; GFR, glomerular filtration
rate.

20ther markers of renal involvement, such as albuminuria, urinary
sedimentation disorder, tubular function (repeatedly over >3
months), or kidney lesions on pathology.

(PTH), and vitamin D. The decrease in nephron count induced
by CKD causes phosphate retention, stimulating FGF-23
secretion by bone that increases urinary excretion of phos-
phate to readjust phosphate excretion by the remaining
nephrons. Increased FGF-23 reduces synthesis of active
vitamin D (calcitriol) by the kidney. This results in hypocal-
cemia, aggravated by deficient renal tubular reabsorption,
and hyperphosphatemia when CKD worsens, which leads
to secondary HPT (II HPT). Moreover, this progresses in a
context of overall decrease in tissue expression of the
receptors of these hormones, such as loss of bone PTH
receptors, leading to relative bone resistance to PTH. In the
parathyroid glands, similar losses of receptors (vitamin D,
FGF-23, or calcium-sensitive receptors) aggravate Il HPT,
which, together with recurrence of the cell proliferation,
lead to the development of adenomas or hyperplasia and
tertiary HPT (III HPT).

Renal Osteodystrophy

Bone Histology in Renal Osteodystrophy

On the turnover, mineralization, and volume (TMV) classi-
fication (=Fig. 1), histologic bone lesions can affect turn-
over (T), which may be normal, low, or high. In high T,
qualitative abnormalities may also be observed, such as
woven bone, medullary fibrosis, or increased cortical po-
rosity (=Fig. 2), seen in severe HPT. Low turnover without a
mineralization disorder (formerly known as adynamic
bone) is the most prevalent bone lesion in Western coun-
tries, promoted by diabetes, advanced age, and excessive
iatrogenic suppression of PTH. Primary mineralization (M),
consisting of mineral deposition within nonmineralized
collagen, may be normal or low, leading to osteomalacia
(OM). And lastly, there may be alterations in bone mass or
volume (V) in the trabecular and/or cortical compartments.
Abnormalities in turnover and mineralization may be as-
sociated or isolated. They contribute to impaired mechani-

Volume

Fig. 1 Turnover, mineralization, and volume (TMV) histomorpho-
metric classification of renal osteodystrophy (courtesy of Moe et al,
2006°). Axes correspond to the three parameters: bone (T)urnover
(low to high), (M)ineralization (low to normal), and bone (V)olume (or
mass: low to high). Blue: Osteomalacia (OM), low mineralization and
turnover; volume low or normal depending on disease severity and
duration. Purple: Adynamic bone (AB), low turnover without miner-
alization disorder. Purple and dark green: High or very high turnover,
as in moderate hyperparathyroidism (HPT) or severe HPT (OF, osteitis
fibrosa) without mineralization disorder. Light green: Mixed uremic
osteopathy (MUO): high turnover and mineralization disorder.

cal resistance of bone, potentially already affected by low
mass.

Definitive diagnosis is based on iliac crest bone biopsy
for quantitative histomorphometry after double labeling
by tetracycline. Secondary mineralization consists of add-
ing extra mineral input in already mineralized tissue. In
ROD, bone secondary mineralization is impaired by severe
turnover disorders; however, this has been little de-
scribed, although it contributes to brittleness. Histomor-
phometric iliac crest biopsy is the best way to establish
the diagnosis if biological signs are ambiguous, but it
is less used for many reasons, including unavailability of
trephines and tetracycline, and loss of expertise in rheu-
matologists and nephrologists.8 However, a Canadian
study showed that the procedure, performed under
fluoroscopy in interventional radiology, could restore
biopsy to its central place in the management of complex

CE-ISCS.9

Biological Signs and Diagnosis of Renal
Osteodystrophy

Follow-up over several weeks or months of serum bone
alkaline phosphatase (BAP), a bone formation marker inde-
pendent of GFR, combined with a PTH assay, especially in
advanced kidney failure, can provide indications of remod-
eling intensity, differentiating low from “non-low” and high
from “non-high” turnover in almost 80% of cases.'® However,
the occurrence of a major fracture (e.g., hip or pelvis) can
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Fig. 2 Renal osteodystrophy related to tertiary hyperparathyroidism
(I HPT). A 64-year-old hemodialyzed woman with hypercalcemia,
serum parathyroid hormone (PTH) 950 to 1,100 pg/mL; normal <65
pg/mL. (a) Lateral spinal dual-energy X-ray absorptiometry imaging
(black arrows, aortic calcifications; white arrows, vertebral plate
osteosclerosis that characterizes the “rugger-jersey spine.” (b) Three-
dimensional high-resolution peripheral quantitative computed to-
mography images (Scanco Medical) of the patient’s tibial cortex (llI
HPT: lower image) and of an age- and sex-matched patient with
osteoporosis but not chronic kidney disease (CKD) (CTRL: upper
image). Each gray mark is a pore. Center: Measured percentage of
cortical porosity. (c, d) Histologic images of iliac crest cortex, x10
magnification, Masson-Goldner trichrome staining. Left: Normal. H,
Havers canal; m, muscle; p, periosteum Right: Il HPT: tunneling;
arrows: hyperosteoidosis (arrows).

disturb BAP levels for several weeks or even months. More-
over, mineralization disorders can increase circulating BAP
even without high turnover. Other parameters, such as
TRAP5D, a resorption marker independent of GFR, or P1NP,
another bone formation marker, are currently being
studied."’

Radiologic Signs in CKD-MBD

Radiologic signs of very severe secondary/tertiary HPT in-
cluding images on plain radiographs of the “rugger-jersey”
vertebral aspect (as described in =Fig. 3) or phalangeal tuft
resorption (~Fig. 3) are rarely observed. The term “rugger-
jersey” vertebrae describes the increase in vertebral end-
plate density that produces an alternating sclerotic-lucent-
sclerotic appearance mimicking the horizontal stripes of an
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American rugby jersey that can easily be distinguished from
osteopetrosis or Paget’s disease.

Similarly, the occurrence of brown tumors has become
relatively infrequent. Brown tumors are well-defined osteo-
lytic or multilobular cystic lesions. The cortex may be
thinned and/or blown but only exceptionally penetrated.
Giant cell tumor, solid aneurysmal bone cyst, and giant cell
reparative granuloma are included in the differential diag-
noses for brown tumors. Multiple brown tumors (as de-
scribed in =Fig. 3) can still be observed in patients with
mutations of genes responsible for HPT (i.e., paracellin or
parafibromin) or in patients with refractory HPT, especially
those immigrating from countries where ROD is less well
monitored.

Tumoral calcinosis is also a rare and excruciatingly painful
complication of HPT in renal patients that appears on radio-
graphs as dense or multilobulated “cloud-like” calcifications
located in soft tissues (=Fig. 3). Signs of CKD-related OM do
not differ from those observed in OM due to vitamin D
deficiency. Overt OM can induce many fissures/ pseudofrac-
tures that can mimic bone metastases on a bone scan
(=Fig. 4). When localized to the foot, fissure-related swelling
may clinically simulate inflammatory joint arthritis such as
gout or pseudogout that occurs frequently in CKD patients.
Computed tomography (CT) or magnetic resonance imaging
(MRI) facilitates the correct diagnostic (~Fig. 4).

Finally, lesions of vascular origin are commonly observed
on plain radiographs of CKD patients. Vascular calcifications
combine irregular intimal atheroma-related calcifications
and linear media calcifications. Unique or multiple osteo-
necrosis of epiphyses, including femoral head, humerus,
medial condyle, or talus, are more often found in kidney
transplant patients (~Fig. 5). They may be associated with
calcified bone infarction, especially in diabetic patients with
severe ischemic vascular disease (~Fig. 5).

Fracture and Chronic Kidney Disease

Prevalence of CKD in Osteoporosis and of Osteoporosis
in CKD

As mentioned earlier, the incidence of CKD and osteoporosis
both increase with age. Stage 5 CKD patients showed a four-
to sixfold greater risk of nonvertebral fracture than age- and
sex-matched controls.>'? CKD patients with fractures
showed greater mortality than CKD patients without frac-
tures or fracture patients without CKD. In the National
Health and Nutrition Examination Survey III cohort, in the
50- to 74-year-old group, the prevalence of CKD was three-
fold higher in patients with a history of hip fracture than in
those without.'? In the same cohort, women with osteopo-
rosis aged 20 to > 80 years showed 85% prevalence (95%
confidence interval [CI], 79-91%) of slight to moderate
decrease in GFR (< 60mL/min) and 24% (95% CI, 19-29%)
of severe renal disease (GFR < 35 mL/min).'% Taken together,
these findings suggest that CKD is a risk factor for bone
fragility, although the fact that it is an independent factor
remains debated.
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Fig.3 Radiologicsigns of severe hyperparathyroidism (HPT) in chronic kidney disease (CKD). (a-c) Brown tumors related to severe secondary or
tertiary HPT. (a) Plain radiograph and (b) computed tomography (CT) image of upper epiphysis of the humerus in a 22-year-old female patient
with CKD with a paracellin-1 mutation. (c) CT image of tibial brown tumor (patient from =Fig. 2). (d) Phalangeal tuft resorption (right dotted
arrow) combined with acro-osteolysis (left dotted arrow) in diabetic CKD patient combining severe HPT and peripheral arterial disease. (e)
Abdominal and pelvis CT images of a 29-year-old CKD patient with extremely severe HPT (parathyroid hormone >2,000 pg/mL; serum
phosphate > 2.5 mmol/L), presenting with numerous calcium deposits localized to subcutaneous and intramuscular regions (arrows),
associated with extensive arterial calcifications (dotted arrows). (f) Periarticular calcinosis of the foot (arrows).

Diagnosis of Fracture in CKD

Fracture diagnosis strategy does not differ from that used in
patients without CKD and includes clinical examination
followed by plain radiograph or CT, sometimes combined
with MRI and/or bone scan. Difficulties may arise because

these patients, especially when on dialysis, have chronic pain
and often show multiple comorbidities,’® so osteoporotic
fracture in the spine, pelvis, or foot may be overlooked.
Vertebral fracture assessment during dual-energy X-ray
absorptiometry (DEXA), which provides a lateral image of
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Fig. 4 Radiologic signs of osteomalacia (OM). (a, b) A 65-year-old patient with chronic kidney disease (CKD) who presented with limping due to
an aching left foot that was swollen, mimicking inflammatory arthritis. Serum calcium was low (2.01 mmol/L), parathyroid hormone (PTH) was
elevated (175 pg/mL), and bone alkaline phosphatase (BAP) was very high (95 pg/L; normal <20 pg/L). Radiographs did not show any sign
of fracture. Magnetic resonance imaging performed 1 month after radiographs revealed a fracture of the proximal part of the first metatarsal
bone and of the distal region of the talus. Bone biopsy showed OM. (c) Bone scan of a 68-year-old female CKD patient who developed overt OM
with generalized bone pain related to multiple fractures (ribs, sacrum, and femoral neck) with decreased serum calcium (1.99 mmol/L),
increased PTH (485 pg/mL), and very high BAP (342 ug/L; normal <20 ug/L).

Fig.5 Radiologicsigns of vascular originin patients with chronic kidney disease-mineral and bone disorders. (a) Lateral radiograph with fracture
of L2 and L1 (arrows) and aorta calcifications (dotted arrows). (b) Media calcifications of the forearm (dotted arrows). Note the linear continuous
aspect of the calcifications. (c) Lateral dual-energy X-ray absorptiometry image of the spine in a 76-year-old hemodialyzed woman with severe
osteoporosis. Note the aorta calcifications that may impact the accuracy of bone mineral density measurement (dotted arrows). (d) Media
calcifications of femoral arteries (dotted arrows) and bone infraction (arrow) in a diabetic hemodialyzed 69-year-old patient with severe ischemic
peripheral arterial disease.
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the complete dorsolumbar spine without parallax artifacts,
can detect unnoticed vertebral fractures'® (~Fig. 6).

Fracture Risk Assessment and Diagnosis of
Osteoporosis in CKD

Assessment is based on inventorying the classic fracture risk
factors of female sex, family history of fracture, early meno-
pause, corticosteroid treatment, and falls, and CKD-related
risk factors such as duration of dialysis, history of kidney
transplantation, and severe HPT.!" Active screening for prev-
alent fractures is a key point because osteoporotic fracture
indicates brittle bone regardless of BMD values.

Several studies showed that BMD on DEXA predicted
fracture risk in CKD with the same precision as in the general
population for stages 2 to 4'7-'8 and for stage 5.'° However,
DEXA has good specificity for the diagnosis of bone fragility,
but its sensitivity is poor because a third of the patients with
fractures have a Tscore > 2.5. Importantly, in addition, BMD on
DEXA sheds no light on underlying ROD because the BMD
value results from a combination of bone mass abnormality
and the degree of primary and secondary mineralization, as
shown in =Fig. 7. Trabecular bone score, assessing spinal bone
texture on DEXA, is currently under evaluation in CKD.?°

Finally, the combination of fracture risk factors and BMD
in the femoral neck, using digital tools such as FRAX,?!

Normal bone

Postmenopausal
osteoporosis

Fig. 6 An L1 osteoporotic fracture in a female hemodialyzed patient.
Left: Radiographic view. Right: Lateral spinal vertebral fracture as-
sessment view on dual-energy X-ray absorptiometry.

Renal osteodystrophy

Normal bone mineralization

Various degrees of impaired mineralization

[ ]
*

\

Bone with normal mineralization

Nonmineralized osteoid
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Hypermineralized bone

Hypomineralized bone

[

Fig. 7 Primary and secondary bone mineralization and volume abnormalities in renal osteodystrophy. Primary mineralization (mineral
deposition within nonmineralized collagen: osteoid tissue) may be normal or low. Volume may be normal, low, or high. Secondary mineralization
(further mineral input in mineralized tissue) may be normal, low (e.g., hyper-remodeling), or high (hypo-remodeling). These abnormalities

impact bone mineral density.
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QFracture, or Garvan, could be very helpful in predicting
fracture risk in this population.zz’23 High-resolution periph-
eral quantitative micro-CT (HR-pQCT) is presently confined
to research. It is able to measure volumetric BMD and
structural parameters in both the trabecular and cortical
compartments at the tibia and the wrist. Several studies
suggest that HR-pQCT may be useful and exhibit better
performance than DEXA to predict fracture in the CKD
population. However, this device is not widely available
and will never be (~Fig. 2).

Treatment

Treatment of Renal Osteodystrophy

Treatment of ROD is usually initiated by the nephrologist if
the patient is seen early enough. It is based on early preven-
tion of I HPT by natural vitamin D in the early stages of CKD,
then by 1-a hydroxylated derivatives, sometimes associated
with calcium, with dietary advice. In patients on dialysis,
dietary noncalcic phosphate chelators (sevelamer, lantha-
num, or sucroferric oxyhydroxide) are then introduced in
case of HPT, one of the most predictive biological factors for
cardiovascular death.?* Lastly, calcium receptor agonists
such as cinacalcet or etelcalcetide are prescribed to counter
severe Il HPT. To various degrees and with levels of evidence,
these treatments have a beneficial impact on bone when they
act on serum PTH. As a last resort, a partial parathyroidecto-
my can be performed.

Specific Osteoporosis Treatments
According to their summaries of product characteristics, all
anti-osteoporosis treatments are contraindicated (except for
denosumab, which is not metabolized by the kidney) if GFR
is<30mL/min. Thus administration of anti-osteoporotic
drugs in patients with CKD 4 and 5 remains a matter of
controversy?® because of the lack of clinical studies of
appropriate size evaluating these molecules. The increase
in the severity of ROD in these populations makes it difficult
to make confident therapeutic decisions without performing
a bone biopsy, a practice that unfortunately has fallen into
disuse in most nephrology departments.26

There are no large-scale studies of CKD patients with
GFR >30mL/min, but reassessment of patient GFR in the
pivotal studies of anti-osteoporosis treatments showed these
molecules were without danger, notably for renal function in
CKD stage 2 or 3, and that they increased BMD to levels
comparable with those of non-CKD subjects. Most of the
studies were not suited to statistical assessment of change in
fracture rates,?’ although the results indicated efficacy
against fracture. This was the case for bisphosphonates,?3
teriparatide (PTH 1-34),%° raloxifene (a selective estrogen
receptor modulator [SERM]),>® and denosumab (RANKL
inhibitor monoclonal antibody).>' For denosumab, close
monitoring of calcemia is strongly recommended due to
the increased risk of hypocalcemia. And lastly, romosozumab
(an anti-sclerostin antibody promoting bone formation, not
available in France) has begun to show safety and efficacy for
BMD in some small series.>?

Bone and Chronic Kidney Disease Lafage-Proust

Treatment of Fracture

A kyphoplasty®? or a vertebroplasty may be indicated if a
recent vertebral fracture is found, particularly in the event of
intense pain, because the handling of opioids is sometimes
difficult in patients with CKD stage 5. The indications for
fracture surgery do not differ from those of nonuremic
patients. However, because these patients are more fragile
due to numerous comorbidities, the vital and functional
prognosis remains worse than in fractured patients of the
same age without renal insufficiency.3

Conclusion

In kidney failure, bone is of concern to nephrologists, due to
ROD, and to rheumatologists, due to risk of fracture. Diagno-
sis and fracture risk assessment have become more precise in
recent years. Treatment is fairly well standardized in mild
and moderate forms but is more complex in severe cases,
including patients on dialysis.
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