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Abstract

Fracture risk is a serious yet underrecognized complication among patients with chronic
kidney disease (CKD), especially in those with stages G3-G5D. The overlap between CKD-
Mineral and Bone Disorder (CKD-MBD) and osteoporosis leads to complex bone changes
that increase the likelihood of fragility fractures. Studies show that 18% to 32% of CKD
patients also have osteoporosis, and these individuals are more than 2.5 times as likely to
suffer from fractures compared to those without CKD. In the advanced stages of the disease,
fracture risk is up to four times higher than in the general population, with the femur,
forearm, and humerus being the most commonly affected sites. Hip fractures are of partic-
ular concern as they are linked to longer hospital stays and higher rates of morbidity and
mortality. Furthermore, dialysis patients who experience hip fractures have a mortality rate
2.4 times higher than those in the general population with similar fractures. This increased
risk underscores the need for proactive bone health maintenance in CKD patients to prevent
fractures and related complications. This review explores the underlying pathophysiologi-
cal mechanisms, diagnostic challenges, and treatment options related to bone fragility in
CKD. Diagnostic tools, such as bone mineral density (BMD) assessments, the trabecular
bone score (TBS), and biochemical markers, remain underused, especially in advanced
CKD stages. Recent treatment strategies emphasize a multidisciplinary, stage-specific
approach, incorporating calcium and vitamin D supplements, anti-resorptive agents like
denosumab, and anabolic therapies such as teriparatide and romosozumab. Effective
management needs to be tailored to the patient’s bone turnover status and stage of CKD.
Despite progress in understanding bone fragility in CKD, significant gaps remain in both
diagnosis and treatment. Personalized care, guided by updated KDIGO recommendations
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and based on an interdisciplinary approach, is essential to reduce fracture risk and im-
prove outcomes in this vulnerable population. Further research is needed to validate risk
assessment tools and refine therapeutic protocols.

Keywords: fracture risk; dialysis; CKD-MBD; renal osteodystrophy; bone health

1. Introduction
Fractures are a well-known and dramatic consequence of bone fragility in chronic

kidney disease (CKD), contributing significantly to morbidity and mortality. Beyond their
clinical impact, fractures also substantially impair quality of life and increase healthcare
costs for patients with CKD [1]. Strategies to identify patients at risk through an appropriate
evidence-based management can prevent or mitigate these serious skeletal complications.
Although mineral and bone disorder related to chronic kidney disease (CKD-MBD) is one
of CKD major complications, osteoporosis and related fractures issues have long been
neglected in the nephrology community and still remain an unmet clinical need. Yet, CKD
is an independent risk factor for osteoporosis, and the latter has a high prevalence in
CKD [2,3]; furthermore, the incidence of fractures is significantly higher in patients with
CKD stages G4-G5D, especially among older adults aged over 65 years and other frail
subgroups [4,5].

Importantly, major osteoporotic fractures (the hip, spine, humerus, and forearm) can
affect CKD patients during the transition period to dialysis, spanning from one year before
to one year after dialysis initiation [6]. Notably, these patients may present with normal
serum vitamin D, parathyroid hormone (PTH), calcium and phosphate [2], making clinical
vigilance essential.

In 2017, KDIGO Guidelines (CKD-MBD Update Work Group), for the first time,
suggested the assessment of bone mineral density (BMD) in CKD G3-5D patients with risk
factors for fractures, highlighting the clinical relevance of osteoporosis in this population [7].
Subsequently, the term “CKD-associated osteoporosis” was frequently used, and more
recently, the new term “CKD-MBD/osteoporosis” has been proposed, placing osteoporosis
into the official broader CKD-MBD spectrum [8]. However, despite increased awareness,
we need a strong call to action. Nephrologists, together with other bone specialists, should
develop and lead a multidisciplinary osteoporosis team to counteract the enormous impact
that bone fragility can have on patients’ quality of life and healthcare costs [1].

The aim of this review is to provide a complete and up-to-date overview of the
pathophysiology, diagnosis and management of CKD patients easily exposed to the risk of
fracture, and this manuscript is structured as a narrative review based on a comprehensive
synthesis of the relevant peer-reviewed literature.

2. Osteoporosis in Chronic Kidney Disease: A Rising Comorbidity in an
Aging Population

The global prevalence of CKD is steadily increasing, accordingly with population
aging, posing a growing public health challenge. Osteoporosis is a common comorbidity
in patients with CKD, particularly in advanced stages. Indeed, it is twice as prevalent
among those with an eGFR less than 60 mL/min/1.73 m2 compared to individuals with
preserved kidney function and affects up to 30% of patients in stages G3-G5 [2]. This
increased risk is largely attributable to impaired calcium and phosphate metabolism,
secondary hyperparathyroidism, and vitamin D deficiency [9]. By 2030, nearly 2 million
people worldwide are projected to be receiving chronic dialysis, a population with a 3-
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to 8-fold increased risk of bone fractures compared to the general population [10]. The
incidence of CKD in the older population is rising, particularly in industrialized countries.
Although cardiovascular and infectious diseases remain the leading causes of death among
dialysis patients, systemic complications such as osteoporosis have recently gained greater
recognition [9]. Systematic reviews have highlighted the increasing global burden of
fractures, with hip fracture rates in women ranging from 100 to 600 per 100,000 inhabitants
and vertebral fracture rates from 100 to 1400 per 100,000, varying by region. The highest
hip fracture rates are found in Scandinavian countries (26%) and the lowest in Eastern
Europe (18%). Vertebral fracture rates are most prevalent in South Korea and the United
States and least common in the United Kingdom. In the United States, these issues are
more common in the white population than in the black population [11,12].

Nephrologists frequently encounter bone health concerns in their patients, particularly
osteoporosis in older CKD patients, who often have additional risk factors such as smoking,
diabetes mellitus, and heart failure. As renal function declines, CKD-specific alterations
in bone metabolism emerge, primarily driven by secondary hyperparathyroidism [13].
In the early stages of CKD, the decreased synthesis of 1,25-dihydroxyvitamin D and
phosphate clearance lead to the overstimulation of the parathyroid glands and vascular
calcifications, which are linked to increased cardiovascular mortality. These biochemical
changes constitute the CKD–mineral bone disorder (CKD-MBD), a condition that can
progress to renal osteodystrophy [13]. The coexistence of osteoporosis and CKD presents
a significant clinical challenge, particularly with the rising fracture incidence in aging
populations. Despite the elevated fracture risk, patients with CKD stages G3-G5D are
often underdiagnosed and undertreated, mainly because they are excluded from major
clinical trials. Bone fragility in CKD is multifactorial and influenced by premature kidney
aging, chronic wasting, and disturbances in vitamin D/mineral metabolism. Embedding
osteoporosis management within CKD-MBD guidelines is essential, though there remains
an urgent need for dedicated clinical trials to inform evidence-based fracture prevention
strategies in this vulnerable population [14].

The primary aim of this review is to provide an updated and comprehensive overview
of the current state of the art of the therapeutic approaches to bone fragility and fracture
risk in patients with CKD. Given the high prevalence of bone mineral density loss and the
increased fracture risk in this population, a thorough understanding of diagnostic strategies
and treatment options is critical for improving patient outcomes.

3. Overview of Osteoporosis: Definition and Core Concepts
Definitions: Osteoporosis is characterized by reduced bone density and the deteri-

oration of skeletal microarchitecture, leading to decreased bone strength and increased
fracture risk, particularly in areas like the vertebral column, hip, and wrist. The World
Health Organization defines osteoporosis as a bone mineral density (BMD) more than
2.5 standard deviations (SD) below the young adult mean, while most fractures occur in
individuals with osteopenia (T-scores between −1.0 and −2.5 SD), who represent a larger
population [15].

The concept of CKD-MBD was introduced in 2006 by the Kidney Disease: Improving
Global Outcomes (KDIGO) [16] project to summarize the clinical syndrome characterized
by (a) phosphate retention; (b) reduced serum vitamin D3 concentration due to decreased
activation to 1,25-dihydroxyvitamin D by 1-α-hydroxylase, which declines for filtrates
<60 mL/min/1.73 m2; (c) calcium anomalies (hypocalcemia likely due to hyperphos-
phatemia, PTH resistance, and reduced active vitamin D3 concentration); (d) increased
serum FGF23 in response to reduced Klotho receptors; (e) bone resistance to PTH (sec-
ondary and tertiary hyperparathyroidism); and (f) extraskeletal calcifications. These bone
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metabolism anomalies worsen the quality of life and increase cardiovascular mortality.
KDIGO aims to develop a clear, internationally valid classification system based on labora-
tory markers and imaging for clinical patient evaluation [16].

The traditional term “Renal Osteodystrophy” (ROD) represents the phenotypic ex-
pression of CKD-MBD metabolic alterations on bone that affects virtually all adults and
children with chronic kidney disease [2,17]. Within bone pathology (turnover, mineraliza-
tion, growth, and bone strength anomalies), this term should be reserved for identifying
specific histomorphometric patterns detected by biopsy [18].

KDIGO has identified three osteodystrophy markers represented by the TMV system
(turnover, mineralization, and volume) [6]: (a) osteitis fibrosa cystica: high bone turnover
and hyperparathyroidism; (b) adynamic bone disease: low turnover due to PTH suppres-
sion; and (c) osteomalacia: low bone turnover and slow bone mineralization (less frequent
due to the reduced prescription of aluminum-based phosphorus binders and improved
dialysis concentrates) [13]. The literature reports a relationship between fragility fractures,
osteoporosis, and CKD-MBD, leading to increased social costs, morbidity, and mortality in
CKD patients [19].

4. Pathophysiological Mechanisms Underlying Fragility Fractures in
CKD Patients

The pathophysiology of fragility fractures in CKD is multifactorial [20], involving
imbalances in trabecular bone structure, disorganized turnover, and altered mineraliza-
tion. The main pathophysiological mechanisms underlying bone fractures in CKD are
summarized in Table 1.

Table 1. Underlying mechanisms of bone fractures in CKD.

Mechanism Pathophysiological Features Clinical Implications

Mineral Metabolism Imbalance Impaired P excretion and ↓ Ca reabsorption due to
declining renal function.

Predisposes individuals to osteomalacia and poor
bone quality; necessitates correction of
the imbalance.

Secondary Hyperparathyroidism Higher PTH levels increase osteoclastic activity, leading
to excessive bone resorption and lower strength.

Associated with osteitis fibrosa cystica; requires
PTH monitoring and control.

Vitamin D deficiency
↓ synthesis of 1,25(OH)2D due to loss of
1-α-hydroxylaze activity leads to ↓ Ca absorption and
impaired bone formation.

↑ susceptibility to fractures; requires vitamin D
replacement and monitoring.

Uremic toxin accumulation
Retention of toxins like indoxyl sulfate and AGEs
inhibits osteoblast function and enhances
osteoclast activity.

Linked to skeletal resistance to PTH and reduced
bone quality; highlights need for toxin
reduction strategies.

Bone remodeling disruption Disorganized or suppressed bone turnover, often due
to suppressed PTH, leads to structurally weak bone.

Associated with adynamic bone disease and
fracture risk; necessitates tailored
treatment decisions.

Vascular calcification Deposition of calcium in blood vessels limits calcium
availability for bone.

Increases risk of cardiovascular events and skeletal
fragility; complicates treatment planning.

Inflammation and oxidative stress Chronic inflammation and ROS damage osteocyte and
impair bone healing, contributing to cortical porosity.

Exacerbates bone loss and increases fracture risk;
anti-inflammatory interventions may be beneficial.

Sarcopenia and muscle weakness
Reduced muscle mass and strength increase fall risk
and lead to reduced mechanical loading on bone,
weakening bone structure.

Important contributor to falls and fracture risk in
older CKD patients; requires exercise and
nutrition intervention.

Notes: AGEs = advanced glycation end-products; CKD = chronic kidney disease; PTH = parathyroid hormone;
ROS = reactive oxygen species. ↑: Higher; ↓: lower.

Bone health is closely linked to kidney health, with bone strength determined by bone
mineral density (BMD) and bone quality (BQ). BMD measures the mineral content in bone,
while BQ includes characteristics like microarchitecture, the turnover rate, and the presence
of micro-damage. Calcium and phosphate homeostasis is primarily regulated by epithelial
calcium and phosphate cotransport in the kidneys and intestines, under the influence
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of hormones such as 1,25-dihydroxyvitamin D (1,25(OH)2D), fibroblast growth factor 23
(FGF23), and PTH. In patients with CKD, declining kidney function disrupts mineral
homeostasis, finally causing bone loss and fragility fractures [21], while cardiovascular
disease, exacerbated by vascular calcification [22], remains a significant complication in
CKD [5,23]. Uremic toxins, such as indoxyl sulfate and AGEs, contribute to impaired
BQ and skeletal resistance to PTH, leading to increased bone fragility. Microdamage
accumulation due to low bone turnover further elevates fracture risk [24], as illustrated
in Figure 1. Vitamin K deficiency is common in patients with CKD and contributes to
both cardiovascular disease and bone fragility. Vitamin K plays a crucial role as a post-
translational cofactor for the γ-carboxylation of vitamin K-dependent proteins including
osteocalcin, which are essential for inhibiting vascular calcification and supporting bone
health. Poor vitamin K status is linked to the progression of chronic kidney disease and
its associated complications, indicating a potential benefit of vitamin K supplementation,
though further studies are needed to determine the appropriate dosage [25]. In CKD, the
loss of muscle mass, as well as the loss of muscle strength and low physical performance,
are also commonly observed and may lead to sarcopenia as a result of the accelerated
protein catabolism; this condition enhances the risk of falls and fractures, particularly in
older patients [26].

Figure 1. Pathophysiological mechanisms linking chronic kidney disease (CKD) to bone fragility. The
figure illustrates the complex interactions between kidney dysfunction and bone fragility in the con-
text of chronic kidney disease (CKD). The pathway begins with reduced kidney function, which leads
to impaired phosphate excretion and decreased active vitamin D (1,25-dihydroxyvitamin D) produc-
tion with lower intestinal calcium absorption (1). Osteoblasts and osteoclasts increase FGF23 secretion
to maintain a neutral phosphate balance, but this results in decreased 1-alpha-hydroxylase synthesis
and the suppression of 1,25-dihydroxyvitamin D production with the development of secondary
hyperparathyroidism. This disruption causes an imbalance in calcium and phosphate homeostasis,
promoting secondary hyperparathyroidism. Elevated parathyroid hormone (PTH) levels stimulate
bone resorption, further exacerbating bone loss. Additionally, CKD-induced inflammation, oxidative
stress, and the accumulation of uremic toxins (metabolized by the intestinal flora) contribute to
bone mineralization defects and alterations in the bone microarchitecture. The combination of these
factors leads to a significant increase in bone fragility, predisposing CKD patients to fractures. This
complex interplay highlights the importance of early intervention in managing bone health in CKD.
Legend: CKD = chronic kidney disease; PTH = parathyroid hormone; PO4

3− = phosphate ions;
FGF23 = fibroblast growth factor 23; Ca2+ = calcium ions.
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5. Diagnostic Management
Understanding the mechanisms of bone loss is crucial for preventing fractures, espe-

cially for the diagnosis of fractures in patients with CKD, which requires a multifaceted
approach, integrating clinical evaluation with biochemical, imaging, and histological as-
sessments (Table 2).

Table 2. Diagnostic management options in CKD-related bone fragility.

Diagnostic Tool Purpose CKD-Specific Considerations

Serum Biochemical Markers Calcium, phosphate, vitamin D, and FGF-23 levels are
useful to understand mineral metabolism.

Interpretation must account for CKD stage and
concurrent therapies.

PTH Reflects bone turnover status; essential in
distinguishing high vs. low turnover disease.

PTH targets are CKD stage-specific; extreme values
indicate altered turnover.

BSAP Marker of osteoblastic activity; helps evaluate
bone formation.

May be elevated in high turnover states; needs
correlation with other markers.

BMD through DXA Quantifies bone mineral content; commonly used for
osteoporosis diagnosis.

May overestimate bone strength due to vascular
calcifications or soft tissue changes

TBS Provides information on bone microarchitecture and
fracture risk beyond BMD.

Complementary to DXA; useful in CKD stages
where BMD is less predictive.

FRAX, Adapted Estimates fracture probability, though not validated for
CKD (requires clinical adaptation).

Not fully validated in CKD; clinical judgment
required to adjust risk estimates.

Vascular Imaging (e.g., CT, X-ray) Identifies vascular calcifications often associated with
CKD-MBD.

Helpful in advanced disease; calcifications may
influence treatment choices.

Bone Biopsy Gold standard for diagnosing renal osteodystrophy
and differentiating bone turnover types.

Invasive and rarely used clinically; reserved for
complex cases or research.

Notes: BMD = bone mineral density; BSAP= bone-specific alkaline phosphatase; CKD = chronic kidney disease;
CT = computed tomography; DXA= dual-energy X-ray absorptiometry; FGF23 = fibroblast growth factor 23;
FRAX = fracture risk assessment tool; MBD = mineral bone disorder; TBS = trabecular bone score.

5.1. Bone Biomarkers

Bone fragility in CKD is a multifactorial condition resulting from altered mineral
metabolism, the reduced activation of vitamin D, phosphate retention, hypocalcemia,
and secondary hyperparathyroidism. These factors disrupt the normal balance of bone
formation and resorption, leading to impaired bone quality and increased fracture risk,
particularly in advanced stages of CKD and among dialysis patients. Managing bone
pathology is more complex in CKD patients compared to the general population of the
same age because of abnormalities in calcium, phosphorus, PTH, and vitamin D, with
epiphenomena including vascular and soft tissue calcifications and alterations in bone
physiology, turnover, and mineralization [13]. Biochemical markers are pivotal in distin-
guishing between various forms of bone disease. Serum calcium, phosphate and PTH
levels are routinely monitored to assess abnormalities in mineral metabolism. Elevated
PTH levels, especially in advanced CKD, often point towards secondary hyperparathy-
roidism, which can predispose patients to high-turnover bone disease, such as osteitis
fibrosa. Conversely, low PTH levels may suggest adynamic bone disease, a condition of
low bone turnover. Bone-specific alkaline phosphatase (BSAP), a marker of bone formation,
is particularly useful in differentiating high from low bone turnover. Fibroblast growth
factor 23 (FGF23), a protein produced by mature osteoblasts [27], plays a role in mineral
homeostasis by binding to its receptor complex, FGFR/Klotho, primarily located in the
kidneys. It is considered one of the newest biomarkers of bone dysfunction, but its serum
levels can be influenced by various factors, such as inflammatory processes, iron status,
hypoxia, heart failure, or erythropoietin concentration, all of which can negatively impact
mortality. Additionally, active vitamin D levels are typically low in CKD due to the im-
paired synthesis of 1,25-dihydroxyvitamin D, which further contributes to altered bone
metabolism and increased fracture risk [7,28,29]. The interconnections between all bone
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biomarkers involved in mechanisms underlying bone fracture risk in CKD are reported in
Figure 1.

5.2. Fracture Risk Tools in CKD

The Fracture Risk Assessment Tool (FRAX) is an algorithm, introduced in 2008, that
estimates the 10-year probability of major osteoporotic fractures (the spine, forearm, hip, or
shoulder) based on a scoring system that combines independent clinical risk factors, such
as age, sex, body mass index, previous fragility fracture, a parental history of hip fracture,
the use of glucocorticoids, rheumatoid arthritis, secondary osteoporosis, current smoking,
and an alcohol intake of three or more units per day [30]. In an Italian study conducted on
postmenopausal women attending an osteoporosis center, the systematic use of FRAX and
clinical parameters allowed the discovery of a high prevalence of unrecognized fracture
risk, underlining the importance of targeted screening strategies in the outpatient setting as
well [31]. The use of T-scores in relation to fractures in patients receiving HD is recognized
and well-established. Although the FRAX prognostic threshold for the identification of an
increased risk of major bone fractures in hemodialysis patients is >5% [32], and it should be
used as an intervention threshold for pharmacological antifracture treatment in HD patients,
there is a paucity of data regarding the additional contributions of FRAX in assessing frailty
status and falls and their its relationship with fracture [33]. An important update to
the FRAX score is FRAXplus, introduced in 2024. FRAXplus is an improved version of
the standard FRAX tool that allows for a more refined risk assessment by incorporating
additional clinical information and adjustments into the FRAX model. While the standard
FRAX tool primarily uses 11 standard clinical risk factors and bone mineral density (BMD)
to predict fracture risk, FRAXplus can also predict fracture probability based on factors such
as the recency of osteoporotic fractures, the duration of type 2 diabetes, glucocorticoid use,
fall history, trabecular bone score (TBS) information, concurrent lumbar spine BMD and hip
axis length (HAL) information [34]. Italian bone specialists have developed and updated
the Derived Fracture Risk Assessment (DeFRA) tool. The DeFRA algorithm provides an
assessment of the different fracture risk factors that align with those considered by Italian
health authorities such as the Istituto Superiore di Sanità (ISS) and the Agenzia Italiana del
Farmaco (AIFA). DeFRA has been endorsed by the Italian Society of Osteoporosis, Mineral
Metabolism and Skeletal Diseases (SIOMMMS), the Italian Society of Rheumatology (SIR)
and the Italian Bone Interdisciplinary Specialists Group (GIBIS). The latest version of the
DeFRA algorithm includes a number of comorbidities; amongst them are CKD and other
conditions that were not previously considered such as neurological disorders like dementia
and Parkinson’s disease. This enhanced tool moves beyond simple dichotomic answers
and provides detailed responses regarding the frequency of previous fractures and the use
of medications that increase fracture risk, such as adjuvant hormone therapy, in addition to
corticosteroids [35]. Fusaro et al. introduced Kidney Derived Fracture Risk Assessment
(K-DeFRA) in 2017. K-DeFRA considers the different stages of CKD and distinguishes
between various dialysis methods. It has been observed that fracture risk is higher in
patients undergoing conventional hemodialysis (HD) compared to those on nocturnal
hemodialysis (HDN) and peritoneal dialysis (PD), offering a more tailored approach to
fracture risk assessment in CKD patients [5].

The association between bone quality, muscle strength and fracture risk has recently
been confirmed in the dialysis setting and through the use of tools such as the trabecular
bone score and quantitative phalangeal ultrasonography (QUS), which have proven to be
useful predictors of skeletal fragility in hemodialysis patients [36].

While FRAX, DeFRA, and K-DeFRA represent valuable tools in the general population,
their application in patients with advanced CKD remains problematic. These models do not
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incorporate key CKD-specific factors such as bone turnover status, vascular calcification, or
dialysis vintage, and their predictive performance in this population is poorly validated.
As a result, clinicians may either over- or underestimate fracture risk. There is an urgent
need for tailored risk assessment models that reflect the complex interplay between mineral
metabolism, comorbidity burden, and functional status in CKD. Future research should
prioritize the development and validation of such tools to improve fracture prevention
strategies in this high-risk population.

In patients with advanced CKD, bone diagnostic tools present unique challenges.
While DXA remains the most accessible method for assessing BMD, its utility in CKD
G4–G5D is limited. Vascular calcifications, degenerative changes, and fluid overload can
artificially elevate BMD readings, especially at the lumbar spine. Similarly, TBS, though
promising, may be affected by body composition changes and lacks validation in dialysis
patients. In clinical practice, a low BMD or degraded TBS should raise suspicion for
increased fracture risk, but normal values do not exclude bone fragility in this population.
Where available, HR-pQCT offers superior resolution and can distinguish cortical and
trabecular defects, although its accessibility is limited. In settings lacking advanced imaging,
the integration of biochemical markers of bone turnover (e.g., PTH, bone-specific ALP,
PINP, CTX) alongside clinical risk factors and fracture history remains crucial. Ultimately,
diagnosis in CKD must balance technological limitations with a contextual, multimodal
approach [36].

6. Radiologic Imaging
The lack of the specificity of humoral biomarkers encouraged the development of

dedicated non-invasive techniques to assess changes in bone quantity, microarchitecture
and mineral composition. In this context, radiologic imaging gained a decisive role thanks
to its repeatability and relative non-invasiveness.

6.1. Conventional Radiography

Despite its worldwide availability, conventional radiography is insufficient for the
monitoring of BMD due to the intrinsic limitation of qualitative evaluation and the im-
possibility to score bone mineralization and its modifications. However, conventional
radiography represents the first choice for the identification of fractures in a symptomatic
patient in cases where pain, trauma or a suspected fracture is present [37]. In the case
of patients with augmented bone fragility like CKD patients, a conventional radiologic
study can show signs of bone remodeling. These phenomena are very dependent on the
anatomic area: sub-periosteal resorption is commonly found at distal phalanges, while
sub-tendinous resorption is more common at trochanter and ischial tuberosity [38]. Other
signs of systemic bone remodeling in cases of CKD are the “salt and pepper” appearance of
skull bones or radiolucent areas of focal bone resorption with endostal scalloping, normally
referred to as brown tumors, which tend to be localized in long bones, ribs and pelvic
bones [37].

An early x-ray assessment of symptomatic areas can also reveal areas of osteomalacia,
also known as stress fractures, visible as linear radiolucent bands perpendicular to the
cortex, which represent a radiologic manifestation of incomplete fractures. Extraosseous
manifestations of CKD-BMD are also visible upon using a conventional X-ray, appearing as
extra skeletal calcifications (chondrocalcinosis, tumoral calcinosis and vascular calcifica-
tions) [37,39].
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6.2. DXA

Bone mineral density can be evaluated using dual-energy X-ray absorptiometry (DXA)
or high-resolution peripheral quantitative computed tomography (HR-pQCT), which is
a valuable tool for assessing bone geometry and microarchitecture in CKD patients, pro-
viding insights into the structural changes that predispose these patients to fractures [4].
Nowadays, DXA, implemented into clinical use in 1987, represents the best tool for BMD
measurement. Using two X-ray beams at different kilovoltage peak potential values (con-
ventionally 30 to 50 and 70 keV), DXA allows an areal BMD measurement of the lumbar
spine (L1–L4 vertebral bodies), femur (the neck and trochanteric region), and distal radius,
with the subtraction of soft tissues. After an operator supervises automatic segmenta-
tion, DXA provides areal density values (g/cm2), Z scores (standard deviations, with
comparisons made among age- and gender-matched reference populations) used for pre-
menopausal women, men up to 50 yr and children, and T scores (standard deviations, with
comparisons made among the young adult reference population) [40,41]. The advantages
of this technique are its low radiation dose, worldwide availability and low costs. Unfortu-
nately, DXA has known limitations, especially when performed on CKD patients: in fact,
as a bidimensional imaging method, it is not able to discriminate patient-specific charac-
teristics like spinal degenerative changes and the presence of calcified vascular plaques in
major abdominal vessels (aorta and iliac arteries) that could overlap in the analyzed area,
often leading to an overestimation of BMD; such limits are not present with volumetric
techniques such as CT. These pitfalls unavoidably increase the risk of underestimating
depletive bone remodeling and related fracture risks.

Bone quality can also be assessed through the trabecular bone score (TBS), a textural
index that evaluates pixel gray-level variations in the lumbar spine DXA image and pro-
vides an indirect indicator of bone microarchitecture, high-resolution QTC bone imaging
and bone biopsy. Although the 2009 KDIGO guidelines recommended against routinely
measuring BMD with DXA in patients with CKD stages G3a-5D due to a lack of evidence on
its predictive value for fracture risk [42], revised recommendations in 2017 marked a shift in
opinion. These updated guidelines suggest that assessing BMD in CKD stages G3a-G5D can
indeed predict longitudinal bone loss that occurs at the proximal radius [43] and fracture
risk, particularly when the results influence treatment decisions [44]. BMD measurement
via DXA has proven valuable in predicting fracture risk across the full spectrum of CKD
stages G3a to 5D. For the first time, guidelines have recommended BMD assessment in
CKD G3-5D patients who exhibit CKD-MBD and/or fracture risk factors, provided that the
results have the potential to influence therapeutic decisions. This approach underscores
the critical role of BMD evaluation in managing osteoporosis in CKD patients [45,46].

6.3. Computed Tomography (CT)

By providing volumetric BMD measurements, CT has overcome some of the limita-
tions of bidimensional planar imaging. Available techniques for BMD measurement are
quantitative computed tomography (QCT) and high-resolution peripheral QCT (HR-pQCT).
Volumetric reconstructions allow the differentiation between trabecular and cortical bone
and also avoid interference from extraskeletal calcifications and degenerative changes to
the lumbar spine or other confounding conditions like scoliosis. Central QCT involves an
areal scan of the lumbar spine or hip, and (through calibration with dedicated phantoms)
allows a quantitative and morphological evaluation of trabecular-rich regions, areas prefer-
entially affected in CKD-related bone loss. This makes it less susceptible to artifacts, but its
significantly higher radiation dose compared to DXA limits its use to specific cases [37].

HR-pQCT requires dedicated scanners for BMD volumetric measurement in peripheral
areas such as the distal radius and tibia. It carries all the advantages of volumetric bone
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assessment with a significantly lower administered radiation dose. It allows an assessment
of trabecular and cortical bone architecture with a quantitative assessment of trabecular
thickness, number, separation, and cortical porosity—parameters not captured by standard
QCT. While HR-pQCT has demonstrated strong correlations with fracture status in both
postmenopausal women and elderly men, its role in CKD remains to be explored. Studies
have suggested that cortical deterioration and increased porosity, especially in type 2
diabetic patients—a group commonly overlapping with CKD—may be early indicators of
skeletal fragility despite preserved BMD. Nevertheless, HR-pQCT is currently confined
to research settings due to its limited availability, high cost, and restriction to peripheral
sites [40].

6.4. Magnetic Resonance Imaging (MRI)

MRI use has also been investigated for bone trabecular architecture evaluation in the
past, but its complex scanning protocols and reduced availability have led to the preferred
use of other techniques. In addition, the very short relaxation time of the mineralized
matrix has previously limited a direct evaluation of bone structure. On the other hand,
through specific sequences such as water–fat chemical shift MRI, quantitative susceptibility
mapping and MRI spectroscopy, MRI enables the radiation-free quantification of bone
marrow fat fraction fat saturation and water content [41].

The recent development of ultrashort echo time (UTE) or zero echo time sequences
have allowed us to acquire rapidly decaying MRI signal from the bone matrix, enabling
a direct MRI evaluation with the quantification of bone water content. Comparative
studies with DXA and HR-pQCT demonstrated increased water content in patients with
osteoporosis due to the decreased mineralization of the bone matrix with a negative
correlation against BMD obtained with DXA and HR-pQCT [47,48]. These parameters may
be correlated to impaired bone strength due to the increased porosity of cortical bone in
sensitive anatomic areas such as the proximal femur in vivo. Despite these capabilities, the
clinical use of MRI in bone fragility assessment remains limited, mainly due to its long
acquisition times, reduced availability and low spatial resolution compared to CT-based
methods and the need for specialized sequences.

6.5. Quantitative Ultrasound (QUS)

QUS represents another non-ionizing and low-cost technique for the assessment of
fracture risk. It bases its principle on the quantitative analysis of the propagation of
ultrasound waves through cortical bone. The measurement of speed of sound waves
conduction through bone and the broadband attenuation of wave quantification allows the
estimation of bone density modification. Literature studies have demonstrated a correlation
between osteoporotic fracture risk and decreased ultrasound cortical speed in a normal
population and in dialysis patients with secondary hyperparathyroidism [49,50]. QUS is
conventionally measured at the calcanean, tibial or phalangeal surface, but measurements
are solidly validated only at heels; however, the variability in measurement with the
different measurement sites and different existing scanner types, the lack of validation and
the limited diffusion of dedicated scanners still restrain QUS use at the research level [41].

6.6. Nuclear Medicine

Molecular imaging modalities are able to map the accumulation or radionuclide-
marked bone metabolites with high sensitivity, allowing the early detection of bone
metabolic uptake changes due to impaired or increased osteobastic activity in patients
with osteoporosis [34]. Different tracers have been studied in the past few decades, and
nowadays, the most promising application for osteoporosis assessment is represented by
18F-sodium fluoride (NaF) PET/CT [41,51]. NaF uptake reflects osteoblastic activity and
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is closely associated with regions of high bone remodeling. In a glucocorticoid-induced
postmenopausal osteoporosis cohort study, NaF-PET showed high sensitivity in capturing
NaF uptake modification after 3 months of treatment with alendronate administration,
anticipating any BMD modification [52]. However, the interpretation of tracer kinetics in
CKD patients may be complicated by an altered phosphate metabolism and prospective
studies are necessary to validate the role of NaF in extensive clinical use. Moreover, despite
the promising results, logistical challenges, high cost, and limited access to PET tracers
(cyclotron preparation) currently restrict their use to research settings. Although bone
biomarkers and imaging techniques are commonly used to assess bone health in CKD
patients, they have inherent limitations. In cases where these methods provide inconclusive
results, bone biopsy remains the gold standard for definitive diagnosis. A transiliac bone
biopsy, combined with histomorphometric analysis, allows for the direct evaluation of
bone turnover, mineralization, and volume, which is crucial for distinguishing between
the various forms of ROD, such as osteomalacia, osteitis fibrosa, and adynamic bone dis-
ease. This approach is particularly valuable when considering anti-resorptive therapy, as it
guides appropriate treatment strategies based on the specific bone pathology. Despite its
diagnostic value, bone biopsy is rarely utilized in clinical practice and research. To address
this gap, the European Renal Osteodystrophy initiative was launched in 2016 to promote
the use of bone biopsies and foster research on the epidemiology, clinical implications, and
potential reversibility of ROD. By encouraging the use of this diagnostic tool, the initiative
aims to improve the understanding of ROD and ultimately enhance patient outcomes
in CKD, advocating for more comprehensive and targeted approaches to diagnosis and
treatment [53].

7. Therapeutic Strategies
The therapeutic management of osteoporosis CKD requires a tailored approach due to

the complex interplay between bone and mineral metabolism, particularly in advanced
stages of CKD. To facilitate a clearer understanding and guide clinical decision-making,
we have stratified therapeutic strategies based on the patients’ eGFR. The therapeutic
options for patients with an eGFR ≥ 30 mL/min/1.73 m2 and eGFR < 30 mL/min/1.73 m2

and those undergoing hemodialysis (G5D) differ significantly due to variations in bone
turnover and mineral metabolism. A summary of the main therapeutic options in distinct
CKD stages is reported in Table 3.

Table 3. Therapeutic strategies for bone fragility in chronic kidney disease by CKD stage.

CKD Stages Drug Mechanism Pros and Cons Key Considerations

All Calcium and vitamin D
(cholecalciferol, calcitriol)

Supports bone
mineralization, suppresses
PTH

Essential for bone health;
risk of hypercalcemia and
vascular calcifications

Monitor levels,
avoid overload

G1-G3
(eGFR ≥ 30 mL/min/
1.73 m2)

Biphosphonates
(alendronate, risedronate)

Inhibit
osteoclast-mediated bone
resorption

Pros: improve BMD,
reduce fracture risk; cons:
risk of renal complications,
gastrointestinal
side effects

Avoid in severe CKD,
monitor renal function

Denosumab RANKL inhibitor, reduces
osteoclast activity

Pros: not renally cleared,
improves BMD; cons: risk
of hypocalcemia, rebound
bone loss after
discontinuation

Monitor calcium, continue
supplementation

Romosozumab Sclerostin inhibitor,
promotes bone formation

Pros: increases BMD,
reduces fractures; cons:
potential
cardiovascular risk

Avoid in patients with
cardiovascular
disease history
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Table 3. Cont.

CKD Stages Drug Mechanism Pros and Cons Key Considerations

G4-G5
(eGFR < 30 mL/min/
1.73 m2)

Denosumab RANKL inhibitor
Pros: effective in
advanced CKD; cons:
higher hypocalcemia risk

Close calcium
monitoring required

G5D (dialysis) Cinacalcet, etelcalcetide Calcimimetics, decrease
PTH

Pros: control secondary
hyperparathyroidism;
cons: may reduce
bone turnover

Monitor bone biomarkers,
adjust dose

Teriparatide Anabolic, stimulates
osteoblasts

Pros: improves BMD and
bone markers; cons:
hypercalcemia,
contraindicated in
nephrolithiasis

Cautious use,
monitor closely

G3-G5 Extended-release
calcifediol

Vitamin D prohormone,
increases 25 (OH)D and
suppresses PTH

Pros: effective in SHPT,
fewer side effects; cons:
less effective in late CKD

Use early in CKD; monitor
25(OH)D and PTH

Notes: BMD = bone mineral density; CKD = chronic kidney disease; eGFR = estimated glomerular filtration rate;
PTH = parathyroid hormone; RANKL = Receptor Activator of Nuclear Factor Kappa-B Ligand; SHPT = secondary
hyperparathyroidism.

7.1. Therapies Available for All CKD Stages

Calcium supplementation is commonly employed in the prevention of osteoporotic
fractures, including among patients with CKD. The most widely used formulations are
calcium carbonate, which contains 40% elemental calcium, and calcium citrate, which
contains approximately 21% but offers distinct clinical advantages [54,55].

Calcium carbonate is cost-effective but requires an acidic gastric environment for
optimal absorption, making it less effective in elderly patients or those on proton pump
inhibitors. In CKD, excessive intake has been associated with hypercalcemia and vascular
calcifications [16].

Calcium citrate, in contrast, is absorbed independently of gastric pH and is generally
better tolerated, and its citrate component can increase urinary citrate—a known inhibitor
of calcium stone formation and potential contributor to bone protection. In patients with
mild metabolic acidosis, which is frequent in advanced CKD, citrate may help buffer acid
load and reduce bone resorption. Recent evidence suggests that urinary citrate may serve as
a noninvasive biomarker of systemic acid–base status and a predictor of bone strength. In a
study by Esche et al., low urinary citrate levels were associated with impaired bone strength
in adolescents and higher fracture risk in adult females. The authors concluded that chronic
low-grade metabolic acidosis, reflected by reduced citraturia, could be detrimental to bone
health from childhood into adulthood and that dietary or metabolic acid load may play
a key role in long-term skeletal integrity [56]. The KDIGO 2017 guidelines recommend
limiting the use of calcium-based phosphate binders, including calcium carbonate, in
patients with CKD G3a–G5D to avoid calcium overload complications. However, they do
not directly address the choice of calcium salt for bone health. In this context, calcium citrate
may represent a preferred option in selected cases, such as recurrent stone formers, those
with metabolic acidosis, or patients intolerant to carbonate [7]. In light of these findings,
calcium citrate could represent a preferential choice in patients with CKD, particularly in
the presence of reduced citraturia, not only to prevent nephrolithiasis but also to contribute
to the maintenance of bone health. Its alkalinizing effect, in fact, counteracts chronic
mild metabolic acidosis and promotes an environment favorable to bone mineralization,
reducing the risk of fragility fractures.
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7.2. Patients with eGFR ≥ 30 mL/min/1.73 m2 (CKD Stages G1–G3)

In patients with an eGFR ≥ 30 mL/min/1.73 m2, therapeutic management mirrors
that of the general population with added caution for renal complications. The first line of
treatment focuses on lifestyle modifications, including diet, smoking cessation, caution with
the use of a proton pump inhibitor in patients without a strong indication [57], adequate
calcium and vitamin D intake [58], and regular exercise to prevent further bone loss [59].
Pharmacologic therapy can be initiated if necessary [60].

• Bisphosphonates: Oral bisphosphonates such as alendronate and risedronate are the
primary agents for reducing fracture risk in CKD G1–G3 patients. Studies have con-
firmed the efficacy of bisphosphonates in improving BMD and preventing fractures in
CKD patients with preserved renal function. However, the risk of renal complications
mandates close monitoring [61].

• Denosumab: Denosumab, a monoclonal antibody that inhibits RANKL, offers a
promising alternative to bisphosphonates. It is safe in patients with an eGFR ≥ 30 mL/
min/1.73 m2, as it is not excreted by the kidneys. However, the risk of hypocalcemia
necessitates calcium monitoring, especially in patients with CKD, who may already
have altered calcium metabolism [62]. Recent data suggest that renal function may
also influence the skeletal response to denosumab therapy, underlining the impor-
tance of personalized monitoring. In an Italian study conducted in postmenopausal
osteoporotic women, renal function levels were associated with significant changes in
bone mineral density during treatment with denosumab [63].

• Romosozumab: Approved by the FDA in April 2019, it is used to treat osteoporosis
in postmenopausal women at a high risk of fractures. It functions by inhibiting scle-
rostin, both enhancing osteoblast and preventing osteoclast activity, and consequently
promoting bone formation. Sclerostin does not only act on bone: it is also involved in
vascular mechanisms, influencing vascular calcification and endothelial remodeling.
Recent studies have highlighted its possible role as a mediator in cardiovascular
physiopathology, suggesting a link between bone metabolism and vascular risk [64].
In chronic dialysis patients, osteoporosis remains inadequately managed despite the
increased fracture risk. Romosozumab has been shown to increase bone mineral
density in these patients without significant adverse effects, although hypocalcemia
may occur, particularly when co-administered with calcium-sensing receptor agonists.
This suggests that romosozumab may be a treatment option for severe osteoporosis in
postmenopausal women on dialysis, but the careful monitoring of calcium levels is
required. Its fracture prevention efficacy is evident in patients with moderate renal
function (eGFR ≥ 30 mL/min/1.73 m2), while further studies are needed for those
with more severe kidney impairment [65,66]. However, the use of romosozumab
has raised concerns about a possible increase in cardiovascular risk, especially major
ischemic events. Some clinical studies, such as the ARCH trial, have reported a higher
incidence of myocardial infarction and stroke in patients treated with romosozumab
compared to the control group. This has led regulatory agencies to contraindicate
romosozumab in patients with previous major cardiovascular events. In light of
this, the use of romosozumab in patients with CKD, already at high cardiovascular
risk, must be carefully evaluated, favoring an individualized approach and a careful
balance between skeletal benefits and cardiovascular risks [67].

• Calcium and Vitamin D Supplementation: If there are no biochemical signs of CKD-
MBD (such as hyperparathyroidism or hyperphosphatemia), calcium and vitamin D
intake should be similar to that of people without CKD. Daily calcium requirements
vary depending on age and specific conditions. Taking calcium alone may slightly
reduce fracture risk, primarily in older individuals. However, a more significant
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reduction is observed when calcium is combined with vitamin D [58]. The goal of
vitamin D deficiency treatment is to rapidly restore normal serum levels of 25(OH)D.
For severe deficiency, 50,000 IU of cholecalciferol weekly for 2–3 months is recom-
mended, followed by maintenance up to 2000 IU daily. This aims to improve bone
density, decrease fracture incidence, and improve the quality of life [58]. In recent
years, extended-release calcifediol has received increasing attention as a therapeutic
strategy in patients with CKD and hypovitaminosis D, particularly in those with
secondary hyperparathyroidism. Unlike cholecalciferol, calcifediol bypasses hepatic
hydroxylation and is more effective in rapidly normalizing 25(OH)D levels, with a
predictable and more stable effect on PTH. In CKD stages G3–G4, the early use of
calcifediol may prevent the progression of hyperparathyroidism and improve bone
and cardiovascular outcomes. Furthermore, compared to calcitriol, which is the active
form 1,25(OH)2D and acts rapidly but with a higher risk of hypercalcemia and vascu-
lar calcifications, calcifediol offers a more favorable safety profile, especially in the
pre-dialysis phase. In addition to its well-known action on bone metabolism, vitamin
D also exerts pleiotropic effects at the renal level, modulating tubular inflammation
and contributing to the protection of tubular structure and function, as demonstrated
in patients with tubulointerstitial nephropathies and chronic renal diseases [68]. A
cost-effectiveness analysis evaluated early vitamin D therapy in CKD patients with
vitamin D insufficiency and secondary hyperparathyroidism (SHPT) to prevent frac-
tures and other complications [69]. Extended-release calcifediol has been shown
to effectively increase 25-hydroxyvitamin D levels and reduce PTH levels in both
clinical trials and real-world studies, regardless of CKD stage or baseline PTH levels.
Initiating treatment in CKD stages G3 or G4, rather than waiting until stage G5/G5d,
was found to be more cost-effective, reducing both cardiovascular events [70] and
fractures [71].

7.3. Patients with eGFR < 30 mL/min/1.73 m2 (CKD Stages G4–G5 Non-Dialysis)

For patients with advanced CKD (eGFR < 30 mL/min/1.73 m2), osteoporosis manage-
ment becomes more complex due to CKD-MBD. In these patients, therapeutic options must
be cautiously selected, considering both efficacy and the risk of exacerbating metabolic
disturbances. For this category of patients, it is crucial to rule out the presence of CKD-MBD
through biochemical investigations or, if necessary, bone biopsy [7].

• Bisphosphonates are typically not recommended for patients with an eGFR be-
low 30 mL/min/1.73 m2 (for alendronate, risedronate, and ibandronate) or below
35 mL/min/1.73 m2 (for zoledronic acid). Their routine use in patients with an
eGFR < 30 mL/min/1.73 m2 is discouraged and should only be considered by
clinicians specialized in CKD-MBD management, following comprehensive bio-
chemical testing and/or bone biopsy to exclude ROD, especially in those with an
eGFR < 15 mL/min/1.73 m2. In stage G4-G5 CKD patients, however, bisphosphonate
use is typically avoided due to the risk of acute renal failure and atypical fractures [72].

• Denosumab: In advanced CKD, denosumab remains a viable option due to its non-
renal clearance. Denosumab has been explored as a treatment option for bone loss
in patients with CKD, particularly those with advanced stages [73]. Initial studies,
such as the FREEDOM trial [74], demonstrated its efficacy in reducing fracture risk
in osteoporotic women, with subsequent post hoc analyses showing similar benefits
across varying levels of kidney function [75]. A retrospective study evaluated the
effectiveness of denosumab in improving BMD in patients previously treated with
bisphosphonates while also assessing the impact of CKD on treatment response.
Among 134 patients, denosumab significantly increased BMD at the lumbar spine,
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total hip, and femoral neck. However, patients with an eGFR below 35 mL/min
showed a lower response at the total hip and femoral neck compared to those with an
eGFR above 35 mL/min, which was associated with PTH levels [76].

7.4. Patients on Hemodialysis (CKD Stage G5D)

As the eGFR declines, BMD decreases and fracture risk increases, with dialysis patients
having the highest risk among CKD populations. For this population, fall prevention is criti-
cal as they are often frail and at a heightened risk of falling. Several factors contribute to this
elevated fracture risk, including frailty, protein energy wasting (PEW), uremic toxins [77],
diabetes, advanced glycation end products (AGEs), oxidative stress, and sarcopenia. Sar-
copenia, characterized by reduced muscle mass and strength, further exacerbates their
vulnerability. Key non-pharmacologic interventions, such as muscle strengthening and
balance improvement, should be integrated into their management. Simple clinical tests,
such as grip strength and gait speed, can help assess muscle weakness, while targeted
physical therapy focused on core strength and balance training can reduce the risk of falls
and fractures [78]. This phenomenon also affects patients undergoing PD [79].

• Non-Pharmacologic Measures: In addition to pharmacologic therapy, patients should
follow non-pharmacologic strategies such a balanced diet, weight loss exercises [59],
and fall prevention strategies. These measures are crucial for reducing fracture risk
and supporting bone health, especially in patients with severe CKD. Moreover, it
is recommended to aim for a total calcium intake (from diet and supplements) of
1200 mg/day, with no more than 500 mg/day coming from calcium supplements [58].
The remaining calcium should be obtained through dietary sources, such as calcium-
fortified orange juice, soy products, and vegetables, especially for patients who need
to limit dairy due to its phosphorus content. Additionally, a daily intake of 800 inter-
national units of vitamin D (either cholecalciferol or ergocalciferol) is suggested. In
CKD-MBD patients with low BMD and fragility fractures, vitamin D supplementa-
tion can prevent secondary hyperparathyroidism, activate osteoblasts, relieve muscle
weakness and myalgia, and reduce vascular calcification [80].

• The Management of Secondary Hyperparathyroidism: Controlling secondary hyper-
parathyroidism (SHPT) is critical for maintaining bone health in HD patients. Elevated
PTH levels can lead to high bone turnover and increased fracture risk. Calcimimetics
and vitamin D analogs are essential in managing secondary hyperparathyroidism and
reducing bone resorption [81]. The efficacy of cinacalcet remains evident even in pa-
tients undergoing chronic HD with severe secondary hyperparathyroidism. Notably,
improvements in bone markers, reductions in fibroblast growth factor 23 levels, and
the stabilization of vascular calcification have been observed. Consequently, cinacalcet
offers beneficial effects on chronic kidney disease-related mineral and bone disorder
in severe cases of secondary hyperparathyroidism. It may serve as an effective initial
therapy to lower PTH levels before considering surgical parathyroidectomy and as an
alternative option for patients who are not suitable candidates for surgery [82]. Ab-
normalities in vitamin D metabolism are common, contributing to both bone fragility
and vascular calcifications. Calcitriol, the active form of vitamin D, plays a key role in
managing these imbalances. It was found that treatment with oral calcitriol signifi-
cantly reduced the prevalence of vertebral fractures, without increasing the burden of
aortic or iliac calcifications. This suggests that calcitriol may help mitigate fracture
risk in CKD patients while maintaining a stable VC profile, though further research is
needed to solidify these findings [83].
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Etelcalcetide, a calcimimetic used to manage secondary hyperparathyroidism in HD
patients, has demonstrated positive effects on bone health over a 36-week treatment period.
In a recent study, etelcalcetide was associated with significant improvements in BMD and
trabecular bone quality, specifically increasing areal BMD at key skeletal sites such as the
spine, femoral neck, and total hip. Additionally, the TBS at the spine showed a notable
improvement, reflecting better microarchitecture. Despite these positive changes, there was
a reduction in bone turnover, as indicated by a decreased bone formation rate observed
in biopsies. Importantly, these changes occurred without negatively affecting the material
properties of the bone, suggesting that etelcalcetide may improve bone strength without
compromising bone quality. These findings indicate that etelcalcetide could play a role
in enhancing bone strength and reducing fracture risk in HD patients by improving both
bone density and structural integrity. This makes it a potential therapeutic option in the
management of osteoporosis and fracture prevention in this population [84].

• Denosumab in Hemodialysis: Denosumab has shown significant efficacy in improving
BMD in patients with advanced CKD and those on dialysis (G5/G5D) [85]. Studies
report progressive increases in both cortical and trabecular BMD over 2–3 years of
treatment, particularly in key areas such as the hip region [86,87]. These improvements
make denosumab a promising option for enhancing bone strength in this population,
despite the lack of direct evidence for fracture risk reduction. However, the risk
of hypocalcemia is a critical concern, especially in patients with CKD and those
undergoing dialysis. Denosumab is neither metabolized nor excreted by the kidneys
and is not dialyzable. Calcium and vitamin D supplementation are necessary during
treatment to prevent severe hypocalcemia, a frequent complication in these patients
due to their impaired renal function [86]. The close monitoring of calcium levels is
essential to mitigate this risk and ensure the safety of denosumab therapy. Moreover,
denosumab’s discontinuation poses additional challenges. Rapid and significant bone
loss has been observed within one year after stopping treatment, particularly in the
greater trochanter, highlighting the need for continued surveillance even after therapy
cessation [88]. This underscores the importance of managing treatment carefully,
especially considering the potential for BMD decline following discontinuation. While
some authors support denosumab’s efficacy and safety in treating osteoporosis in
HD patients, potentially reducing fracture risk, these risks—severe hypocalcemia
during treatment and rapid bone loss after the discontinuation of treatment—should
be considered with caution in clinical practice [89].

• Anabolic Therapy: Teriparatide, a recombinant 1-34 N-terminal sequence of human
PTH, is an anabolic treatment for osteoporosis that may be cautiously used in patients
with severe CKD. Although data on its safety are limited, recent studies indicate that
teriparatide can effectively increase BMD and improve bone formation markers, even
in patients undergoing dialysis. A Japanese post hoc analysis of elderly patients with
advanced CKD demonstrated increased BMD and procollagen type 1 N-terminal
propeptide (P1NP) levels without serious adverse events, highlighting its potential
use in this high-risk group, though hypercalcemia needs careful monitoring [90].
Teriparatide may also be beneficial for patients with adynamic bone disease as it can
inhibit sclerostin and promote bone formation. Although teriparatide has shown effi-
cacy in improving BMD, it is contraindicated in those with a history of nephrolithiasis
and can lead to adverse effects like hyperuricemia, hypercalcemia, and hypercalciuria.
Compared to antiresorptive therapies like denosumab, which also improve BMD
but carry a risk of severe hypocalcemia, teriparatide presents an anabolic alternative
that could be particularly beneficial in CKD patients with osteoporosis. However,
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further large-scale studies are needed to confirm its long-term safety and effectiveness,
especially in complex CKD–mineral and bone disorder cases [91].

Another anabolic option is abaloparatide, a synthetic analog of parathyroid hormone-
related peptide(PTHrP[1–34]), approved for the treatment of postmenopausal osteoporosis
at a high risk of fracture. It acts as a PTH1 receptor (PTH1R) agonist, stimulating osteoblastic
activity and increasing bone mass. Compared to teriparatide, abaloparatide has a more
selective effect on receptor activation, resulting in a lower incidence of hypercalcemia,
potentially making it safer in patients with CKD. Clinical studies have shown a significant
increase in bone mineral density and a reduction in the risk of vertebral fractures as early as
18 months of treatment. Although the AUC (area under the curve) increases in patients with
renal insufficiency, no dosage adjustment is necessary, and efficacy has also been confirmed
in subjects with moderately to severely reduced renal function. However, caution is
required in patients with pre-existing hypercalcemia or a history of nephrolithiasis, and use
is contraindicated in those at an increased risk of osteosarcoma (such as in rare metabolic
bone diseases or previous bone radiotherapy). Pending specific studies in the dialysis
population, abaloparatide represents a promising future alternative, especially for patients
with CKD stages G3-G4 at a high risk of fracture and contraindications to vitamin D analogs
or antiresorptive drugs [92].

8. Physical Activity for Bone Health in CKD
Physical activity and structured exercise interventions represent a cornerstone of the

non-pharmacological strategy to maintain bone health and prevent fractures in patients
with CKD, particularly those on dialysis. These interventions offer multidimensional
benefits that extend beyond the musculoskeletal system by improving functional capacity,
cardiorespiratory fitness, neuromuscular strength and the overall quality of life. Exercise
programs are not only effective but also safe and feasible at all stages of CKD, including
for dialysis patients and kidney transplant recipients, when appropriately adapted and
monitored [93]. A systematic review on this topic reported that physical activity may be
associated with improved BMD in both HD and kidney transplant recipients, although
most evidence comes from cross-sectional studies [94]. However, interventional data
provide encouraging results in patients with CKD in stages 3–4, HD and post transplant,
emphasizing the potential of exercise to positively influence bone health [94].

Different exercise modalities have proven to have varying degrees of effectiveness.
For example, aerobic exercise in patients with advanced CKD has been associated with a
significant increase in circulating irisin and the attenuation of osteodystrophy progression.
These effects appear to be due to the anabolic stimulation of osteoblasts via the integrin
alphavbeta5 pathway, without causing any detectable burden on the kidneys [95]. Although
evidence for BMD outcomes in dialysis patients is limited, in an experimental study
included in the systematic review, no significant changes in BMD were observed in the
lumbar spine or femoral neck after 12 weeks of intradialytic aerobic exercise training.
Nevertheless, the BMD of the femoral neck was maintained in the intervention group
compared to the control group, indicating a possible protective function [94]. Beyond
skeletal endpoints, aerobic training remains essential for improving physical performance
and mitigating cardiovascular risk [96,97].

Resistance training, performed either during dialysis treatment or independently,
appears to have a more consistent effect on the bones. In HD and transplant patients,
resistance training has shown improvements in BMD and bone turnover markers [94].
In a pilot study with older HD patients, a 24-week training program with traditional or
cluster resistance training led to an increase in total BMD, femoral BMD, L3-L4 BMD
and femoral neck BM [98]. In another study in which elastic bands and foot weights
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were used during intradialytic sessions, a significant increase in femoral neck BMD, an
improvement in the T-score and a reduction in the prevalence of osteoporosis were observed
after 24 weeks [99]. Despite a certain variability in the results in the different skeletal areas,
resistance training consistently showed a positive effect, particularly on the femoral neck
and proximal femur [94].

Combined aerobic and resistance programs also appear to be beneficial, although data
on their specific effects on BMD are still lacking. Several meta-analyses and systematic
reviews suggest that these protocols significantly improve the physical performance of
dialysis patients. This is evidenced by improvements in 6 min walking distance, sitting and
standing performance, grip strength and Short Physical Performance Battery scores [94,97].
These improvements indirectly lead to a reduced risk of falls—a major factor in fractures in
the CKD population.

Balance training, which is often integrated into endurance-based programs, has shown
particular promise in patients with CKD who do not yet require kidney replacement therapy.
A 12-month randomized controlled trial showed that balance training combined with
endurance training was superior to the combination of strength and endurance training in
maintaining whole body BMD and improving T and Z scores in patients with stage 3–5
CKD [100].

The biochemical response to exercise in terms of bone turnover markers remains
unclear. The above-mentioned systematic review reports that only a few markers—such
as alkaline phosphatase (ALP), bone-specific ALP (BALP) and osteoprotegerin (OPG)—
show significant modulation, while the levels of osteocalcin (OC), trap-5b and osteopontin
(OPN) generally remain unchanged [2]. Observational studies suggest no clear association
between physical activity and bone biomarkers in CKD cohorts [94]. However, exercise
can stimulate osteoanabolic metabolic pathways—such as the canonical Wnt signaling
cascade—and promote the release of protective bone-derived hormones such as Klotho
and FGF23 [101,102]. Given the complexity of interpreting bone markers in CKD-MBD due
to an altered mineral metabolism, further randomized trials are warranted [103].

A structured, multidisciplinary approach to physical activity in CKD is essential [93].
This includes personalized exercise prescriptions based on validated assessments such as
the 6-Minute Walk Test (6MWT) and the Short Physical Performance Battery (SPPB), along
with progressive training protocols lasting at least 12 weeks. Effective programs should
integrate resistance, aerobic, and balance exercises. Nephrologists are encouraged to take
an active role in prescribing physical activity and to collaborate with nurses, dietitians,
physiotherapists, and exercise professionals. To support adherence, modern tools like
wearable devices and virtual reality exergames are also recommended.

In addition to its physical and metabolic benefits, exercise is a key intervention for
mitigating sarcopenia and protein energy wasting in individuals with chronic kidney
disease, especially when paired with appropriate nutritional support. Resistance training,
in particular, has demonstrated effectiveness even in the context of protein-restricted diets,
promoting mitochondrial biogenesis and muscle hypertrophy [93].

The real-world implementation of exercise in CKD remains limited, hindered by
several barriers. These include patient-related factors such as fatigue, the fear of injury,
and comorbidities; staff-related challenges like insufficient training or limited time; and
environmental constraints, including a lack of appropriate equipment or dedicated space
for exercise interventions. Recognizing and addressing these obstacles is essential for
integrating physical activity into routine CKD care [93]. The consensus recommends
a stepwise approach to identifying and addressing barriers to exercise implementation
through patient and staff education, interdisciplinary collaboration, and the integration of
physical activity into routine care—particularly during dialysis sessions.



Metabolites 2025, 15, 460 19 of 27

In conclusion, a growing body of evidence supports the use of individualized exercise
programs, particularly those that include resistance and balance training, as safe, effective,
and essential strategies for preserving bone health and physical function in individuals
with CKD. Supported by national consensus and international guidelines, exercise should
be considered a core component of comprehensive CKD management (Table 4).

Table 4. A summary of exercise modalities and their effects on bone health in patients with CKD.
The table outlines the type of exercise, the main protocol characteristics (duration, frequency, and
intensity), the CKD setting (pre-dialysis, dialysis, post-transplant), the observed outcomes in terms of
BMD or related markers, and the corresponding references.

Exercise Type Duration/Frequency/
Intensity

CKD Stage/
Setting

Bone
Outcomes

Key
References

Aerobic training 30–45 min, 3×/week,
moderate intensity

CKD stages 3–5,
hemodialysis (HD),

transplant recipients

Higher Irisin, potential
osteoanabolic signaling;

preserved femoral
neck BMD

[94–96]

Resistance training

30–40 min, 2–3×/week,
moderate-to-high

intensity (e.g., cluster
sets)

Mainly HD and
post-transplant

patients

↑ BMD (total, femoral,
L3–L4), ↑ bone

turnover markers
[97,98]

Combined (aerobic
+ resistance)

45–60 min, 2–3×/week,
alternating modalities

Primarily HD; some
data in CKD 3–4 and

transplant

↑ Physical performance
(6MWT, SPPB); indirect

fall prevention
[93,96]

Balance training 20–30 min, 2×/week,
progressive difficulty

CKD stages 3–5
(non-dialysis)

Preserved total BMD;
↑ T-score and Z-score [99]

Notes: BMD = bone mineral density; CKD = chronic kidney disease; HD= hemodialysis. ↑: Higher.

9. Clinical Considerations
Despite increased awareness and the development of clinical guidelines, there remains

a considerable unmet need for effective diagnostic and therapeutic strategies that address
the complex interplay between CKD and bone health. Anti-resorptive therapies improve
BMD and reduce fracture risk, although their safety and efficacy in advanced CKD are
uncertain, due to potential side effects like hypocalcemia, particularly in later disease
stages. Osteoanabolic agents, including teriparatide, may offer promise for patients with
low bone turnover, specifically in advanced CKD, although more research is needed to
establish their long-term safety. Parathyroidectomy is the last resort for severe renal
hyperparathyroidism [82].

The evolution of KDIGO guidelines on CKD-MBD reflects the growing understanding
of the complex pathophysiology involved in bone disorders associated with CKD. The
initial 2006 KDIGO position statement established a foundational framework for defining
and classifying ROD [16], which was expanded in 2009 to include specific diagnostic
and management recommendations. The 2017 update introduced substantial changes,
integrating new evidence on treatments like non-calcium-based phosphate binders and
calcimimetics, emphasizing an individualized approach to treatment based on CKD stage
and patient-specific factors [42].

Moreover, the 2017 KDIGO guidelines [7,44], marked a significant shift by recom-
mending BMD assessment for CKD patients at a risk of fractures, a departure from earlier
recommendations. This change emphasizes the growing recognition of osteoporosis as a
critical issue in CKD management. However, the applicability of traditional diagnostic
tools like DXA in CKD patients remains debated. DXA, while valuable in estimating BMD,
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may not fully capture the nuances of BQ that are affected by CKD, such as changes in
microarchitecture and bone turnover [16,46].

In terms of therapeutic strategies, this review has highlighted the complexity of man-
aging osteoporosis in patients with CKD, particularly in advanced stages. Pharmacological
interventions, such as bisphosphonates and denosumab, have been extensively studied
in the general population with promising results but their use in CKD patients requires
cautious consideration [3]. Denosumab, for example, looks promising because of its renal
clearance-independent mechanism, but the risk of hypocalcemia in advanced stages of
CKD remains a major concern.

Anabolic agents, such as teriparatide, may offer valuable options, particularly in
adynamic bone disease in which low bone turnover is a major problem. However, further
research is required to determine the long-term safety and efficacy of these treatments in
the CKD population [10].

Despite these advances, there is still limited consensus on optimal management
strategies, particularly in the context of individualized treatment based on CKD stage
and patient-specific factors. The KDIGO guidelines provide a useful framework, but
as this review has highlighted, more research is needed to tailor treatments to specific
patient populations. Furthermore, a multidisciplinary approach involving nephrologists,
endocrinologists, and bone specialists is essential to optimize patient care and address the
multifactorial nature of CKD-MBD [Table 5].

Table 5. This table outlines a structured approach to osteoporosis in chronic kidney disease, sum-
marizing key elements across epidemiology, pathophysiology, diagnostics, treatment strategies, and
special considerations. Chronic kidney disease (CKD), dual-energy X-ray absorptiometry (DXA), the
Fracture Risk Assessment Tool (FRAX), high-resolution peripheral quantitative computed tomogra-
phy (HR-pQCT).

Category Practical Points Details

Epidemiology and Risk High fracture risk in CKD CKD G3–G5D patients have 2.5 increased fracture risk.
Hip fractures are particularly morbid.

Osteoporosis is prevalent
in CKD

18–32% prevalence in CKD; especially common in
G4–G5 and dialysis patients.

Pathophysiology CKD-MBD overlap
Includes phosphate retention, low vitamin D,

secondary hyperparathyroidism, and
vascular calcifications.

Bone quality degradation Low turnover diseases (e.g., adynamic bone), osteitis
fibrosa, and osteomalacia all contribute.

Vitamin K deficiency Leads to vascular calcification and bone fragility.

Sarcopenia impact Muscle wasting in CKD increases fall and fracture
risk, especially in elderly.

Diagnosis BMD (via DXA)
Recommended in CKD G3–G5D with fracture risk

factors per 2017 KDIGO. Interpret cautiously in
G4–G5D due to vascular calcification.

Trabecular bone score (TBS) Additive to DXA; may identify fragility not detected
by BMD alone.

Biomarkers Assess PTH, calcium, phosphate, BSAP, 25(OH)D, and
FGF23 to understand turnover type.

Risk tools Use FRAX/FRAXplus, DeFRA, and K-DeFRA to
estimate risk.
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Table 5. Cont.

Category Practical Points Details

HR-pQCT/QUS Consider where available for advanced
structural insight.

Treatment Strategy Multidisciplinary care Include nephrologists, endocrinologists,
rheumatologists, geriatricians.

Treat based on turnover status High turnover: avoid anabolic agents; low turnover:
avoid antiresorptives.

Calcium and vitamin D Supplement carefully to avoid vascular calcification.
Use active vitamin D in later CKD.

Antiresorptive therapy
Denosumab may be used, even in dialysis; monitor

for hypocalcemia. Bisphosphonates are controversial
in G4–G5D.

Anabolic therapy
Teriparatide or romosozumab may be considered in

low turnover disease; use with caution and
specialist input.

Non-pharmacologic measures Fall prevention, resistance exercise, sarcopenia
management, smoking/alcohol cessation.

Special Considerations Dialysis patients Higher mortality post fracture; consider tailored tools
(e.g., K-DeFRA).

FRAX limitations May underestimate or overestimate fracture risk;
combine with biomarkers and clinical judgment.

Biopsy/histomorphometry Gold standard for turnover diagnosis but rarely
performed. Reserved for unclear or refractory cases.

A critical limitation of the current literature lies in the limited inclusion of CKD
stage G4-G5D patients in pivotal osteoporosis trials. Many randomized controlled studies
evaluating bisphosphonates, denosumab, and newer agents—such as romosozumab and
abaloparatide—either excluded individuals with impaired renal function or failed to stratify
outcomes by CKD stage. This exclusion substantially limits the generalizability of findings
to the nephrology population. As a result, much of the therapeutic evidence cited in this
review is derived from studies conducted in the general population or in patients with
only mild-to-moderate CKD. Clinicians should interpret these data cautiously, particularly
when managing patients on dialysis or with advanced renal dysfunction. There remains a
critical need for prospective trials specifically designed to assess the efficacy and safety of
osteoporosis treatments in patients with CKD G4-G5D.

10. Conclusions
This review highlights the significant large burden of fractures and bone fragility

in CKD patients, particularly in the advanced stages of the disease. Although progress
has been made in understanding the pathophysiology and management of CKD-MBD,
significant knowledge gaps remain. Tailoring diagnostic and therapeutic approaches to
meet the specific needs of CKD patients is essential for improving clinical outcomes. Future
research should focus on developing more accurate tools for assessing fracture risk in these
patients and exploring the long-term safety of novel therapeutic agents.

Given the profound impact of fractures on patient-centered outcomes, additional
clinical studies are necessary to address these high-priority needs. Multifactorial clinical
assessment tools are urgently needed to estimate fracture risk in the context of CKD-
MBD more precisely. Favorable epidemiological evidence suggests that high accuracy
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in predicting fractures in dialysis patients and individualized drug therapy, including
dietary supplements and bone-active agents, is essential in managing these risks. However,
existing therapeutic strategies often overlook nephropathy-related bone complications.
This gap can be addressed by incorporating the 2017 KDIGO Clinical Practice Guidelines,
which advocate personalized treatment based on eGFR and bone metabolism status.

The effective management of osteoporosis in CKD patients requires a multidisciplinary
approach, involving nephrologists, endocrinologists, and orthopedic specialists, to ensure
the comprehensive care of both renal and skeletal health. The KDIGO guidelines rec-
ommend regular BMD assessments and individualized therapeutic strategies to mitigate
fracture risk, further emphasizing the need for collaborative, patient-centered care.
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