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Abstract 

The mineral and bone disease of chronic kidney disease (CKD-MBD) is a combination of three components: abnormalities in 

calcium, phosphorus, PTH, fibroblast growth factor 23 (FGF23) and vitamin D metabolism; abnormalities of bone metabolism, 

mineralization, volume, growth and strength; and vascular and other soft tissue calcification. 

During the natural course of kidney disease, there is an increase in FGF23 levels, inhibition of calcitriol production, secondary 

hyperparathyroidism, hypocalcemia and hyperphosphatemia. These changes have consequences on the cardiovascular and 

bone systems. Regarding cardiovascular disease, left ventricular hypertrophy is highlighted, associated with an increase in 

FGF23 and vascular calcification, directly related to hyperphosphatemia. The main types of bone disease are cystic fibrous 

osteitis (high turnover) and adynamic bone disease (low turnover), both of which are associated with a high risk of fracture in 

this population. 

Successful kidney transplantation (KT) does not fully correct the mineral, bone and cardiovascular abnormalities generated by 

CKD-MBD. In the first months after transplantation, PTH and FGF23 levels remain elevated in most patients. There is an 

increase in the production of calcitriol by the graft. These are the main alterations responsible for a mineral phenotype that 

resembles primary hyperparathyroidism, with hypercalcemia, hypophosphatemia and elevated PTH levels. Cardiovascular 

disease does not revert after KT and the transplant patient has a higher cardiovascular risk than the general population. In 

relation to bone disease, in addition to the pre-existing bone alteration, specific factors of the post-KT period add damage to 

the bone, especially the use of corticosteroids. The main types of bone disease in renal transplant patients are bone fracture, 

renal osteodystrophy, osteoporosis and osteonecrosis. 

CKD-MBD is a complex disease that affects patients with CKD, increasing their morbidity and mortality. KT does not fully 

reverse the disease and still adds other specific risk factors that make its approach challenging. This review sought to show the 

association between the bone mineral disease of chronic kidney disease and the risk of fractures, vascular and other tissue 

calcifications, graft dysfunction and kidney transplant patient mortality. 

Keywords: fgf23; calcium; phosphorus; vitamin d; parathyroid hormone; chronic kidney disease; mineral and bone 

metabolism 
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1. Introduction 

Chronic kidney disease (CKD) is a systemic disease and the reduction in 

kidney function has repercussions on several other organs. CKD 

generates a clinical phenotype of inflammation, malnutrition, alteration 

of the autonomic and central nervous system, cardiopulmonary, vascular 

and mineral and bone disease [1]. 

The disorder of mineral and bone metabolism associated with CKD is part 

of a broad clinical spectrum, which encompasses not only bone 

alterations, but also alterations in the parameters of mineral metabolism 

and extra skeletal calcification. Mineral and bone disease gained 

syndrome status; and in 2006, the Kidney Disease: Improving Global 

Outcomes (KDIGO) group redefined its concept [2]. The term renal 

osteodystrophy, which referred only to histological bone alterations 

evaluated by biopsy, was replaced by mineral and bone disorder of 

chronic kidney disease (CKD-MBD). CKD-MBD is a combination of 

three components: 1) abnormalities in the metabolism of calcium, 

phosphorus, parathyroid hormone (PTH), fibroblast growth factor 23 

(FGF23) and vitamin D; 2) abnormalities in bone remodeling, 

mineralization, volume, growth and strength; and 3) vascular and other 

soft tissue calcification [2]. CKD-MBD starts early in the course of CKD, 

is progressive and is practically universal in stage 5 of the disease [3,4]. 

It is associated with increased morbidity and mortality in patients with 

CKD [2,4].  

Kidney transplantation (KT) is the best treatment option for patients with 

advanced CKD. It reverses several complications of kidney disease, 

improves quality of life and prolongs survival [5,6]. However, even 

successful KT does not completely reverse CKD-MBD [5,7]. As in non-

transplanted CKD patients, CKD-MBD is also associated with increased 

morbidity and mortality in kidney transplant patients [7]. 

2. Pathophysiology of CKD-MBD 

2.1 - PTH, calcium, phosphorus, FGF23 and vitamin D metabolism 

abnormalities 

The central role of phosphorus 

Decreased renal function results in reduced phosphorus excretion and 

retention of this ion plays a central role in the pathophysiology of CKD-

MBD, being the trigger for the development of the disease [8]. 

Hyperphosphatemia stimulates osteocytes and osteoblasts to synthesize 

FGF23, a phosphatonin, hormone responsible for regulating phosphorus 

excretion. Elevated levels of FGF23 is one of the earliest changes in 

CKD-MBD [3]. FGF23 acts through the FGF23 receptor (FGFR), which 

is only functional thanks to the presence of the Klotho transmembrane 

protein, which acts as its co-receptor, and associated with FGFR1 forms 

the Klotho-FGFR9 complex. The two main effects of FGF23 are: 

increased renal phosphorus excretion, via inhibition of type II sodium and 

phosphorus co-transporters (NaPi-2a and Na-Pi2c) in the proximal tubule, 

and reduced calcitriol production. FGF23 inhibits 1α-hydroxylase, the 

enzyme that converts 25-hydroxyvitamin D3 into its active form, 

calcitriol, and increases the activity of 24-hydroxylase, the enzyme 

responsible for calcitriol catabolism [9]. Decreased production of 

calcitriol leads to decreased absorption of calcium and phosphorus in the 

intestine. Hypocalcemia and a drop in calcitriol levels are detected by the 

parathyroid glands, via calcium sensor receptor (CaSR) and vitamin D 

receptors (VDR), respectively, leading to gland hyperplasia and increased 

PTH synthesis and secretion. Beyond the indirect effect of phosphorus on 

calcium concentration, via FGF23 and reduction of calcitriol synthesis, 

phosphorus retention itself reduces the concentration of free serum 

calcium and directly inhibits the synthesis of calcitriol in the kidney [10, 

11]. Phosphorus also seems to have a direct action on the parathyroid 

glands, also contributing to increase PTH secretion [12,13]. Phosphorus 

therefore exerts direct and indirect actions on PTH secretion, which 

results in hyperparathyroidism secondary to CKD. 

Among all these factors, the reduction in calcium concentration is the 

main stimulus for PTH secretion [11]. Thanks to the increase in PTH and 

FGF23, most patients maintain normophosphatemia up to a glomerular 

filtration rate (GFR) above 20mL/min [9]. Hyperphosphatemia is 

therefore a late marker of CKD-MBD [11]. 

The effects of PTH 

The classic target organs for PTH are bone and kidney. It acts by binding 

to the type 1 receptor (PTH1R) on osteoblasts, osteocytes and renal 

tubular cells. In bone, continuous exposure to higher levels of PTH 

stimulates the production of activating nuclear factor kappa B receptor 

ligand (RANKL) and reduces osteoprotegerin (OPG) production by 

osteoblasts. RANKL binds to its RANK receptor on the surface of 

osteoclasts, stimulating their activity; and on the surface of their 

precursors, stimulating their differentiation and survival. OPG binds to 

RANKL, inhibiting its binding to RANK. The increase in the 

RANK/OPG ratio results in osteoclastogenesis and increased bone 

resorption, which culminates in the release of calcium from the bone [14]. 

In the kidneys, PTH has a similar action to FGF23 in the proximal tubule, 

and induces phosphaturia. It stimulates 1α-hydroxylase, increasing the 

production of calcitriol, and promotes renal reabsorption of calcium in the 

distal convoluted tubule [15]. To complete the complex regulatory loop 

of calcium and phosphorus metabolism, FGF23 inhibits PTH secretion. 

Calcitriol and PTH increase the production of FGF23 [4] (Figure 1). 
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Figure 1: Regulation of calcium and phosphorus metabolism 

Consequence of advanced kidney disease on mineral and bone 

metabolism 

With the progression of kidney disease and loss of nephrons, high levels 

of FGF23 and PTH are insufficient to prevent hyperphosphatemia [16]. 

CKD generates resistance to the actions of PTH and FGF23, which also 

contributes to the progression of CKD-MBD. There is a reduction in the 

expression of the Klotho co-receptor in the kidney and parathyroid glands, 

making the action of FGF23 ineffective. Consequently, PTH rises 

significantly, even in the presence of high levels of FGF23 [11]. The 

effect of FGF23 on renal phosphorus excretion is attenuated and PTH 

becomes the main responsible for phosphaturia [16]. The uremic 

environment reduces the expression of PTHR1 in the skeleton and 

kidneys. Modification of the PTH molecule occurs, due to the oxidative 

stress caused by CKD, which compromises its action. With the reduction 

of renal function, there is an accumulation of C-terminal PTH fragments, 

which has the opposite effect to that of the entire molecule [11,15]. These 

mechanisms that generate resistance to the actions of PTH, associated 

with hyperphosphatemia, contribute to the hyperplasia of the parathyroid 

glands and progressive increase in PTH production. Glandular 

hyperplasia, which is initially diffuse and polyclonal, progresses to a 

monoclonal nodular form [4]. Glandular proliferation is associated with 

reduced expression of CaSR and VDR. The glands become autonomous 

and no longer respond to inhibitory stimuli from calcium and vitamin D 

[4]. 

CKD in more advanced stages has a biochemical mineral profile 

characterized by hyperphosphatemia, hypocalcemia, 

hyperparathyroidism, Klotho deficiency, increased levels of FGF23 and 

hypovitaminosis D. In the long term, these changes are harmful to the 

skeleton and the cardiovascular system. 

Consequences of mineral abnormalities of CKD-MBD 

Hyperphosphatemia 

Elevated phosphorus levels are associated with vascular and valvular 

calcification and mortality in CKD [12,17]. The osteochondrogenic 

phenotypic transdifferentiation of vascular smooth muscle cells, 

promoted by hyperphosphatemia, is an essential pathophysiological 

component in vascular calcification. The vascular smooth muscle cell 

loses its contractile property and begins to produce collagen matrix and 

vesicles rich in calcium and phosphorus, which initiate the process of 

calcification of the vessel wall [17]. 

Hypocalcemia 

Prolonged hypocalcemia can cause myocardial dysfunction in CKD 

patients, but it rarely does [18]. It is also associated with higher mortality 

in observational studies [19]. On the other hand, hypercalcemia is also a 

concern in these patients. The treatment of hypocalcemia and 

hyperphosphatemia with calcium-based chelators, in combination with 

the reduction of renal calcium excretion, lead to a positive balance of this 

ion in patients with CKD [20]. Calcium has a synergistic effect with 

phosphorus in the calcification process [21], which is an independent risk 

factor for cardiovascular morbidity and mortality [22,23]. 

Hyperparathyroidism 

In hemodialysis patients, hyperparathyroidism was associated with 

abnormalities in left ventricular (LV) function, cardiac hypertrophy, and 

vascular calcification [12, 18, 24]. Other studies have shown that very low 

levels of PTH are associated with increased vascular calcification and 

mortality in dialysis patients [25-27]. Observational studies show a U-

shaped association between PTH levels and mortality [19]. In addition to 

the effect on the cardiovascular system, inappropriate levels of PTH cause 

both high and low turnover bone disease [11]. 

Klotho deficiency 

Klotho, highly expressed in renal tissue, is cleaved in its transmembrane 

portion by proteases and secreted into the circulation. The cleaved protein 

circulates systemically and is called soluble Klotho [28]. It has multiple 

pleiotropic effects that lead to cytoprotection through anti-oxidant, anti-

fibrotic, anti-senescent, stem cell preservation and angiogenesis actions. 

Both the expression of the transmembrane protein and its soluble form are 
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reduced in CKD [28]. The clinical phenotype of Klotho deficiency is 

characterized by reduced survival, cardiac remodeling, bone disease, 

muscle wasting and hyperphosphatemia [29]. The reduction of soluble 

Klotho is associated with arterial stiffness in patients with CKD, and with 

mortality and cardiovascular events in dialysis patients [30,31]. The 

decrease in Klotho co-receptor expression generates resistance to the 

actions of FGF23, leading to phosphorus retention and increased levels of 

FGF23. At the same time, there is a reduction in the inhibitory action of 

FGF23 on the parathyroid glands, accelerating hyperparathyroidism. 

Hyperphosphatemia, excess FGF23 and hyperparathyroidism have 

harmful consequences for the cardiovascular and skeletal systems. In 

short, Klotho is an anti-aging protein and CKD can be seen as a state of 

premature aging [32]. 

Excess FGF23 

As CKD progresses, FGF23 levels become extremely high. 

In addition to hyperphosphatemia, the main stimulus for the production 

of FGF23, the reduction in Klotho expression has the effect of increasing 

its synthesis even further. As FGF23 itself inhibits Klotho expression, this 

becomes a vicious cycle, closing a loop of self-production of this 

phosphatonin. [32] Elevated levels of FGF23 are associated with LV33 

hypertrophy and increased mortality in hemodialysis patients.34 FGF23 

appears to have a direct effect on cardiomyocytes through a Klotho-

independent mechanism,33 through type FGFR [4,28,35 ] 

THIS PARAGRAPH HAS NOT BEEN TRANSLATED...IT IS IN 

PORTUGUESE YET. 

Calcitriol deficiency  

1,25-dihydroxycholecalciferol (1,25(OH)2D3, or calcitriol), the active 

form of vitamin D, is synthesized in the kidneys via hydroxylation of 25-

hydroxycholecalciferol (25(OH)D3, or calcidiol) by 1α-hydroxylase [10]. 

The main actions of calcitriol in mineral metabolism are: increased 

absorption of calcium and phosphorus in the intestine and calcium in the 

kidney; and inhibition of PTH synthesis by the parathyroid glands [36]. 

In situations of negative calcium balance, calcitriol stimulates the 

production of RANKL by osteoblasts, mobilizing bone calcium and 

contributing to the preservation of normocalcemia [37]. The biological 

effects of calcitriol are mediated. via the VDR, expressed in various 

human tissues in addition to bone, such as the intestine and kidney [36]. 

The functions of vitamin D are not restricted to the maintenance of 

calcium and phosphorus homeostasis. Vitamin D exerts pleiotropic 

effects on various tissues. It acts on cell differentiation and growth, on the 

immune and cardiovascular system and has anti-proliferative, anti-

inflammatory, anti-fibrotic effects, inhibiting the renin-angiotensin-

aldosterone system and vascular relaxation [36,37]. Calcitriol deficiency 

in CKD occurs not only by the loss of renal tissue, but mainly by the 

action of FGF23 in the kidney, which inhibits 1α-hydroxylase [9]. There 

is also a resistance to the actions of vitamin D in CKD, by the reduction 

of VDR expression and affinity binding of calcitriol with its receptor [11]. 

Calcitriol and calcidiol deficiencies are very common in CKD [38]. An 

association of vitamin D with progression of kidney disease and death in 

patients with CKD stages 2-5 has already been demonstrated, with 

cardiovascular mortality in dialysis patients and with overall mortality in 

incident hemodialysis patients [35,39,40]. Observational studies have 

shown that the treatment of patients with CKD with vitamin D was 

associated with a reduction in overall mortality and diovascular disease, 

however, this has not been demonstrated in randomized controlled studies 

[41]. Currently, the indication for the use of calcitriol or vitamin D 

analogues in patients with CKD with better evidence is the treatment of 

secondary hyperparathyroidism [42]. 

2.2 - Abnormalities of bone remodeling, mineralization, volume, 

growth and strength 

The bone disease associated with CKD is known as renal osteodystrophy. 

Bone biopsy with tetracycline staining is the gold standard for diagnosis 

[43]. There are three parameters used to assess bone pathology: 

remodeling (turnover), mineralization and bone volume (TMV system) 

[2]. According to these parameters, four classic types of bone injury are 

defined: cystic fibrous osteitis, adynamic bone disease, osteomalacia and 

mixed uremic osteodystrophy. Cystic fibrous osteitis is characterized by 

increased bone remodeling and normal mineralization; adynamic bone 

disease, due to the reduction of bone remodeling; osteomalacia, by 

reducing bone remodeling and abnormal mineralization; and mixed 

uremic osteodystrophy, due to increased bone remodeling and abnormal 

mineralization [2]. 

The prevalence of adynamic bone disease has increased in recent decades 

and studies show that this is the most common type of renal 

osteodystrophy today. This fact can be explained by the increase in the 

proportion of elderly and diabetics on dialysis; and by treating CKD-

MBD with high doses of vitamin D and oral calcium [44]. The main 

clinical outcome of renal osteodystrophy is bone fractures. Both high and 

low remodeling diseases increase bone fragility and the risk of fractures 

[45]. Patients with CKD have a higher risk of fracture when compared to 

the general population, and hip fractures are associated with higher 

morbidity and mortality [43,46]. The incidence of fractures is 

significantly higher in hemodialysis patients compared to the general 

population, with a 3.7-fold unadjusted relative increase in the risk of death 

and a 4-fold increase in the combined death/rehospitalization outcome 

[47]. Fracture prevention should be the main objective in the management 

of bone disease in CKD. 

The diagnosis of renal osteodystrophy has as its main focus the distinction 

between high and low remodeling disease, which is fundamental in the 

management of the disease. Despite being the gold standard, bone biopsy 

has important limitations. It is an expensive, poorly available and invasive 

procedure [48]. Its performance is considered only if there is doubt 

regarding the symptoms and abnormalities of biochemical parameters and 

if the result is to compromise the treatment [43]. Although the assessment 

of bone mineral density by densitometry predicts the risk of fracture in 

patients with CKD, it does not distinguish the types of renal 

osteodystrophy [43]. The Fracture Risk Assessment Tool (FRAX) was 

shown to be able to predict the risk of major osteoporotic fractures in 

patients with GFR < 60mL/min/1 .73m2, but it was not better than the 

isolated measure of bone mineral density by densitometry [5, 49]. 

PTH is traditionally the most used parameter for the diagnosis of bone 

disease, based on bone remodeling, since this remodeling depends heavily 

on the degree of hyperparathyroidism [51]. The study by Sprague et al 

showed that intact PTH is the best marker to differentiate between high 

and non-high turnover or low and non-low turnover disease, based on 

PTH targets recommended by KDIGO (2 to 9 times the upper limit of 

normal) or the National Kidney Foundation – Kidney Disease Outcomes 

Quality Initiative (NFK-KDOQI) (150-300 pg/mL) [51]. The optimal 

value of PTH in distinguishing between low and non-low turnover disease 

was 104 pg/mL, and the optimal value for differentiating between high 

and non-high turnover disease was 323 pg/mL. Bone FA added a non-

significant additional value to the diagnostic value of PTH. Still in this 

study, the other biomarker studied, amino-terminal propeptide of type 1 

procollagen (P1NP) did not improve the diagnostic accuracy at all. PTH 
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values between 150-300 pg/mL do not guarantee the absence of bone 

disease, and can occur in both high and low remodeling disease [52]. 

Bone AF is an enzyme produced by osteoblasts. It is associated with bone 

formation and is a marker of bone remodeling. It favors tissue 

mineralization through the inactivation of calcification inhibitors 

(inorganic pyrophosphate and osteopontin) and generates phosphorus 

from the hydrolysis of organic phosphates, a substrate for tissue 

calcification [53]. In the absence of cholestatic liver disease, total AF 

reflects the increase of bone AF. Both bone and total AF are associated 

with cardiovascular mortality, all-cause mortality, and fracture risk in the 

dialysis patient [48]. The aforementioned study by Sprague et al (2016) 

showed that bone AF was slightly better than PTH for the diagnosis of 

low-remodeling disease, with a cutoff of 33.1 U/L, but the same was not 

true for high-remodeling disease [51]. 

Despite the known benefits of vitamin D on bone health in the population 

that does not have kidney disease, the values of vitamin D in patients with 

CKD that protect against fractures are unknown [45, 54]. However, 

several studies have shown a relationship between vitamin D and bone 

health in CKD. In the study by Coen et al (2005), patients with 25(OH)D3 

levels < 15 ng/mL had a lower rate of bone formation and lower trabecular 

surface mineralization, regardless of PTH and calcitriol levels [55]. 

Ambrus et al showed that hemodialysis patients with a history of fractures 

had significantly lower levels of 25(OH)D3 compared with those without 

fracture [56]. Lower levels of 25(OH)D3 were independently associated 

with fracture risk in a multivariate analysis. The same authors showed an 

association between low levels of 25(OH)D3 and reduced bone mineral 

density in hemodialysis patients. Several studies have been carried out to 

assess the role of active vitamin D supplementation and its nutritional 

form in CKD and end-stage CKD, but none of them showed a positive 

outcome in relation to fractures [57]. 

Hyperphosphatemia is associated with reduced osteoblast proliferation, 

osteoblast apoptosis, and reduced bone formation [45]. However, there is 

no evidence that treating hyperphosphatemia and reducing phosphorus 

levels prevent fractures [58]. 

FGF23 plays an important role in bone mineralization. However, in 

dialysis patients, bone mineral density does not correlate with FGF levels 

[23, 45]. 

Other bone remodeling biomarkers, such as C-terminal propeptide of 

procollagen 1 (P1CP), C-terminal crosslaps of collagen 1 (CTX) and 

tartrate-resistant acid phosphate 5b (TRAP5b), were not associated with 

bone histomorphometry and there is no indication for its use in clinical 

practice [48]. 

2.3 - Vascular and other soft tissue calcification 

The diagnosis of CKD-MBD includes extraskeletal calcification, which 

can be arterial, valvular or myocardial. The prevalence of this type of 

calcification increases with worsening renal function and is higher than 

that found in the general population. Cardiovascular calcification is 

associated with cardiovascular events and death [2]. 

Cardiovascular disease is the leading cause of death in patients with CKD 

and CKD is an independent risk factor for cardiovascular events. 

[5,23,59]. Cardiovascular morbidity and mortality is inversely and 

independently associated with renal function, particularly if GFR < 15 

ml/min/ 1.73m2 [60]. Cardiovascular mortality in patients with CKD on 

dialysis is 10 to 30 times higher than in the general population and 

traditional Framingham risk factors do not fully explain the high 

cardiovascular mortality of patients with CKD [61,62-64]. This suggests 

the existence of pathological events specific to the uremic state, or so-

called non-traditional risk factors, to explain this mortality. Extraskeletal 

calcification, which is one of the components of CKD-MBD, is one of the 

factors that contribute to the pathophysiology of cardiovascular disease in 

these patients [65,66]. 

The calcification process is complex, highly regulated and involves a 

profound interaction of the bone-vessel axis. The kidney is a key 

intermediary in this interaction. Disturbances in this axis have devastating 

consequences for both the skeleton and the cardiovascular system. 

Among the types of extraskeletal calcification, arterial calcification is the 

most threatening [67]. There are two patterns of arterial calcification, one 

that occurs in the intima and that which occurs in the middle layer. Intimal 

calcification is typically related to atherosclerotic disease, which is 

associated with Framingham risk factors and pro-inflammatory cytokines. 

It is a discontinuous process, involving only lipid-rich regions of 

atheromatous plaques [68-70]. This intimal calcification is associated 

with atheromatous plaque instability and vascular-occlusive clinical 

events (acute myocardial infarction and stroke) [69]. Medial layer 

calcification is restricted to the vascular smooth muscle layer, is 

continuous and is independent of the presence of atheromatous plaques. 

It is related to arteriosclerosis, and has the effect of hardening and loss of 

arterial elasticity. The clinical events associated with this type of 

calcification are systemic arterial hypertension (SAH) and LV 

hypertrophy. Atherosclerosis is seen in diabetic, elderly and CKD patients 

[68-70]. Both types of calcification can be seen in CKD, but middle layer 

calcification is more specific to CKD [70]. Adult and elderly patients with 

CKD usually also have the traditional Framingham risk factors and 

calcification of both the intima and the media is very frequent in these 

cases [68]. Patients who are previously hypertensive, diabetic, have 

metabolic syndrome and who develop CKD have, in addition to 

traditional risk factors, risk factors specific for CKD, such as 

hyperphosphatemia, hypercalcemia and reduced Klotho expression. 

Exuberant mineral deposition occurs in the middle layer, superimposed 

on a previous atheromatous process, which culminates in an extremely 

high cardiovascular risk [67]. In adolescents with CKD, who usually do 

not have traditional risk factors, intimal calcification is rarely seen, but 

they have a vascular phenotype that compares to an 80-year-old patient 

without CKD, due to arterial media calcification [68]. Patients with CKD 

who have medial layer calcification are younger, have fewer traditional 

risk factors for atherosclerosis, have a longer dialysis time and a higher 

prevalence of disturbances in calcium and phosphorus homeostasis, when 

compared to CKD patients who have intimal calcification [71]. Medial 

calcification results in arterial hardening, measured by the wave velocity 

of arterial pulse, which is associated with a drop in GFR and increased 

cardiovascular morbidity and mortality in patients with chronic kidney 

disease [72]. Therefore, CKD is a state of premature arterial aging, whose 

pathophysiological basis is vascular calcification, more specifically of the 

middle arterial layer, which leads to its hardening, with an increase in 

pulse wave velocity and pulse pressure [72]. The consequent clinical 

outcome is non-vascular-occlusive cardiac events, which are frequent in 

this population, such as sudden cardiac death, which is responsible for the 

majority of cardiovascular deaths in these patients [73]. 

In the past, the process of vascular calcification was understood as a 

passive deposition of calcium and phosphorus crystals on the vessel wall. 

It is currently known to be an active and highly regulated process that 

resembles physiological bone formation [68]. The central point of 

pathophysiology is the osteochondrogenic phenotypic transdifferentiation 

of vascular smooth muscle cells, triggered mainly by exposure to high 

levels of phosphorus [17,68]. Smooth muscle cells are of mesenchymal 

origin, as are osteoblasts, and are capable of differentiating in response to 

certain stimuli, such as the entry of calcium and phosphorus (via 
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cotransporter PiT-1) into these cells [68,74]. The phenotypic 

transdifferentiation process is translated by suppression of the expression 

of contractile proteins of the smooth muscle cell and expression of 

proteins that regulate mineralization, normally expressed in bones and 

cartilage [68]. The differentiated cell under the effect of calcium, 

phosphorus, inflammatory cytokines and reactive oxygen species secretes 

matrix vesicles rich in hydroxyapatite and poor in calcification inhibitors 

(fetuin A and matrix Gla protein). Vesicles serve as a matrix for the 

calcification process and are rich AF in their membranes [75]. AF 

provides a source of phosphorus from the degradation of pyrophosphate, 

which is a potent inhibitor of calcification, favoring crystal growth 

[68,74,75].  AF is associated with vascular calcification in dialysis 

patients [76]. 

Elevated levels of PTH are generally associated with high bone 

remodeling disease and have the effect of releasing more calcium and 

phosphorus from the bone into the circulation, which, as described above, 

are promoters of vascular calcification [74]. Older studies have shown an 

association between secondary hyperparathyroidism and extra bone 

calcification, with improvement after parathyroidectomy [77,78]. Low 

remodeling disease, more specifically adynamic bone disease, is 

characterized by PTH suppression and low alkaline phosphatase levels. 

Low bone turnover impairs the bone's ability to act as a buffer in cases of 

calcium overload. Recent studies have shown that low-remodeling 

disease is also associated with arterial calcification [79,80]. Asci et al 

showed a U-shaped association between bone remodeling and coronary 

artery calcification [81]. 

The Klotho deficiency seen in CKD is also associated with vascular 

calcification [82,83]. In addition to its effect on improving phosphaturia, 

Klotho seems to have a direct action on the vessel by inhibiting the entry 

of phosphorus into the vascular smooth muscle cell. FGF23 does not 

appear to be related to vascular calcification [84]. 

Vitamin D levels were once inversely associated with the risk of 

developing coronary artery calcification in a population of patients with 

and without a diagnosis of CKD [85]. In a study with patients on 

hemodialysis, the levels of nutritional vitamin D and active vitamin D 

were negatively correlated with aortic pulse wave velocity (a measure of 

the degree of arterial stiffness) and positively associated with brachial 

artery distensibility. Arterial calcification scores were not related to 

nutritional or active vitamin D levels in this study [86]. However, 

excessive administration of vitamin D in CKD patients is associated with 

vascular calcification [87]. Vitamin D appears to reduce fetuin A levels, 

which is an inhibitor of vascular calcification [69]. In addition, excess 

vitamin D increases calcium and phosphorus levels and can cause 

adynamic bone disease, factors related to vascular calcification [88]. 

3 - BMD after kidney transplantation 

Kidney transplantation is the best treatment for patients with end-stage 

CKD. The mortality of the transplanted patient is lower than that of the 

hemodialysis patient [5,6]. However, even successful kidney 

transplantation does not fully correct the CKD-MBD that existed in the 

pre-transplant period [5,7]. After one year of transplantation most patients 

have a GFR compatible with stage 3 CKD. CKD-MBD after kidney 

transplantation is a reflection of preexisting BMD associated with de novo 

BMD in the post-transplant period, influenced by immunosuppression 

and by graft function [7,89]. CKD-MBD is associated with increased 

morbidity and mortality in transplant patients, kidney failure and graft 

dysfunction after transplantation [90-93]. 

3.1 - Abnormalities of CKD-MBD biochemical parameters after 

kidney transplantation 

Phosphorus overload is a universal abnormality in the pre-transplantation 

period and is the mainstay of the pathophysiology of CKD-MBD [8]. At 

an earlier stage after kidney transplantation, there is classically a rapid 

drop in phosphorus levels, to normal or lower values of normality [89]. 

Hypophosphatemia can occur in up to 90% of patients in the first three 

months after kidney transplantation [94]. In the study by Wolf et al, the 

peak of hypophosphatemia occurred in the second week after kidney 

transplantation, with improvement at the end of the first year [95]. The 

persistence of hyperparathyroidism after transplantation is the main cause 

of hypophosphatemia. PTH acts on the functioning kidney, which is now 

responsive to its phosphaturic effect [96]. Persistently elevated levels of 

FGF23 also contribute to the pathophysiology of post-transplant 

hypophosphatemia [96-99]. FGF23, like PTH, increases renal phosphorus 

excretion. Relatively high levels of PTH and FGF23 acting on a kidney 

capable of excreting phosphorus generate hypophosphatemia. In addition, 

FGF23 reduces the production of calcitriol, which limits the intestinal 

absorption of phosphorus [98]. Although PTH stimulates the production 

of FGF23, the negative balance of phosphorus after kidney 

transplantation is felt by osteocytes, which reduce its production. This is 

one of the reasons that explains the faster normalization of FGF23 levels 

compared to PTH, and why hyperparathyroidism is the main cause of 

hypophosphatemia after kidney transplantation [95,99]. The use of 

corticosteroids and diuretics is also associated with phosphaturia in these 

patients [96]. Therefore, hypophosphatemia reflects improved excretory 

function of the kidney and is usually self-limiting. In the study by Nakai 

et al (2019), hypophosphatemia in the first three months after kidney 

transplantation was associated with better renal graft survival [100]. On 

the other hand, hyperphosphatemia has already been associated with 

increased mortality after kidney transplantation and graft loss [91, 101]. 

In a retrospective study, Jeon et al showed that the serum phosphorus level 

measured one year after kidney transplantation had a U-shaped 

association with graft loss and patient mortality [102]. The association of 

hyperphosphatemia with mortality can be explained by vascular 

calcification. It is known that vascular calcification can progress in renal 

transplant recipients and its expansion predicts cardiovascular morbidity 

and mortality in these patients [103, 104]. The reason for the greater graft 

loss that is associated with hyperphosphatemia is not known, with the 

main hypotheses being increased phosphate deposition of calcium in the 

renal interstitium or direct tubular toxicity [105]. The higher mortality 

related to hypophosphatemia one year after kidney transplantation can be 

explained by the poorer nutritional status of the patient (malnutrition-

inflammation-cachexia syndrome), which is corroborated by the finding 

of a higher rate of infection in the group with lower phosphorus in the 

study by Jeon et al [102]. Furthermore, in the same study, 

hypophosphatemia that persisted until the first year after transplantation 

was related to persistent hyperparathyroidism, and an association between 

hyperparathyroidism and higher mortality and loss of kidney graft in 

transplant recipients [106]. 

FGF23 levels in patients with CKD are extremely high, exceeding their 

normal value by a factor of 1000. Despite suffering a rapid drop, greater 

than 95% in the immediate post-transplantation period, the FGF23 value 

remains high in the third month after renal transplantation, when 

compared with patients with CKD with the same GFR. Contrary to PTH, 

persistence of high levels of FGF23 tends to resolve within one year of 

transplantation and graft function is the main long-term determinant of 

FGF23 [7]. That is why hypophosphatemia that persists after one year of 

transplantation is generally attributed to the persistence of 

hyperparathyroidism after this period [89]. It is known that high levels of 

FGF23 are associated with LV hypertrophy in the pre-transplant period 
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[33]. After kidney transplantation, the persistence of elevated FGF23 is 

associated with higher cardiovascular mortality, for all causes and greater 

graft loss [90,107]. 

Parathyroid gland cells, which undergo hyperplasia in the pre-transplant 

period, have a life span of up to 20 years. Therefore, depending on the 

degree of gland hyperplasia in the pre-renal transplant period, PTH may 

remain elevated for a long time, even if graft function is normal [7,89]. 

When hyperplasia is in early stages (polyclonal and diffuse) and after 

transplantation there is normalization of mineral parameters, such as 

calcium, phosphorus and active vitamin D, the possibility of regression is 

greater. In addition, improvement in uremia tends to restore the 

expression of CaSR, VDR and FGFR-Klotho receptors in the parathyroid 

glands. However, if the hyperplasia is monoclonal nodular, the gland 

remains resistant to the actions of calcium, calcitriol and FGF23 [89,108]. 

In this case, the possibility of reversing the hyperplasia is lower [109]. 

This type of hyperplasia related to the persistence of hyperparathyroidism 

is clinically characterized by high levels of PTH after transplantation, 

associated with hypercalcemia, considering that the gland has an 

autonomous secretion pattern, insensitive to calcium levels [110]. 

The concept and prevalence of persistent hyperparathyroidism after 

kidney transplantation varies in the literature. In a systematic review, PTH 

levels after six months of transplantation were consistently lower 

compared to month zero, with a mean drop of 54%. After two years of 

transplantation, more than 50% of patients still had elevated levels of 

PTH. Evenepoel et al showed a prevalence of persistent 

hyperparathyroidism (defined as a PTH value > 2.5 times the upper limit 

of normal or need for parathyroidectomy) of 17% in the first four years 

after kidney transplantation [96]. The greatest decline of PTH was 

observed in the first three months. The severity of post-transplant 

hyperparathyroidism correlated with the volume of the parathyroid glands 

in the uremia period [96]. Wolf et al described a prevalence of persistent 

hyperparathyroidism (defined as PTH > 65 pg/mL) of 80% during the first 

year after transplantation, despite good graft function [95]. In more recent 

studies, Araújo et al and Kirnap et al showed a prevalence of persistent 

hyperparathyroidism after one year of transplantation, defined as PTH > 

100 pg/mL with ionic calcium > 5.3 mg/dL and PTH > 68pg/mL, 

respectively, of 14 and 62% [112,113]. One study evaluated bone and 

mineral metabolism after long-term renal transplantation and persistent 

hyperparathyroidism (defined as a of PTH > 2.5 times the upper limit of 

normal) was found in 10.7% of patients after 10 years [114]. The main 

risk factors associated with hyperparathyroidism found in these studies 

were high levels of PTH, calcium, phosphorus and AF at the time of 

transplantation, and longer dialysis time [95,96,112-114]. Several studies 

have linked PTH levels after kidney transplantation with clinical 

outcomes. Persistent hyperparathyroidism is associated with graft loss 

and mortality [112,115,116]. 

The main hypotheses that explain the association of hyperparathyroidism 

with renal graft loss are: deposition of calcium phosphate crystals in the 

kidneys, which leads to tubular injury and interstitial fibrosis, caused by 

hypercalcemia and increased phosphorus excretion secondary to 

hyperparathyroidism; and vascular calcification of the vessels supplying 

the graft, known to be associated with hyperparathyroidism, which can 

interfere with the quality of the anastomosis and vascularization of the 

renal graft [106,115,117]. It is speculated that the higher mortality is 

related to the deleterious effects of PTH on the cardiovascular system 

[118]. Data on the relationship between pre-transplant PTH levels and 

post-transplant clinical outcomes are scarcer. Roodnat et al showed that 

high PTH levels in the pre-kidney transplant period were associated with 

a higher risk of graft loss [117]. In contrast, Isaksson et al showed that 

lower PTH levels in the pre-transplant period are associated with a higher 

risk of cardiovascular events in the post-transplant period [119]. The 

association of low PTH levels with worse cardiovascular outcomes has 

already been demonstrated in dialysis patients and this is one of the 

hypotheses that explains the finding of this study [25-27, 119]. Another 

possible explanation is bone disease associated with reduced PTH, 

usually with low remodeling. Low remodeling disease reduces the bone 

capacity to act as a buffer for excess calcium and phosphorus, which 

favors vascular calcification [79,80]. Despite these associations, in the 

current literature there is no PTH value in dialysis patients to indicate 

parathyroidectomy before transplantation, or who contraindicate kidney 

transplantation. 

Calcemia appears to follow a biphasic pattern after successful kidney 

transplantation. Initially, calcium levels fall, possibly due to cessation of 

the use of calcium-based binders and vitamin D analogues. After this 

period, calcium levels increase and hypercalcemia becomes a common 

finding, especially between three and six months after transplantation 

[7,108]. Wolf et al showed that hypercalcemia develops in up to 50% of 

transplant patients, with a peak at eight weeks and subsequent progressive 

decline until the end of the first year, when it stabilizes [95]. The main 

factors involved in the pathophysiology of hypercalcemia are persistent 

hyperparathyroidism associated with reduced bone resistance to the 

actions of PTH, which results in the release of calcium from the bone into 

the blood; and increased levels of active vitamin D, whose production is 

reestablished by the functioning renal graft, in addition to the increase of 

its synthesis by the drop in FGF23 levels after transplantation [97,120]. 

The main risk factors for hypercalcemia are persistent 

hyperparathyroidism, which is associated with more severe 

hyperparathyroidism before transplantation, and higher calcium levels in 

the pre-transplant period [95,121]. Several studies have shown the 

association of hypercalcemia with worse renal outcome [91,101,122,123]. 

The negative impact of hypercalcemia on the renal graft may be 

secondary to graft nephrocalcinosis or to the vasoconstrictor, aquaretic 

and diuretic effect of calcium on the kidney, seen in acute hypercalcemia 

[124,125]. The first retrospective study that evaluated tubulointerstitial 

calcifications in protocol biopsies at zero, six and 12 months after kidney 

transplantation showed that tubulointerstitial calcification was more 

common in patients with hypercalcemia [126]. Hypercalcemia after 

kidney transplantation was also associated with higher mortality. It is 

speculated that vascular calcification is involved in the pathophysiology 

[91,101]. 

Calcitriol, the active form of vitamin D, tends to increase progressively 

after successful kidney transplantation, until it normalizes after one year 

of transplantation. The recovery of renal function after transplantation, 

inappropriately high PTH and hypophosphatemia are responsible for the 

increased conversion of 25(OH)D3 to calcitriol by the kidneys [127]. 

Although FGF23 inhibits the production of calcitriol, its levels tend to 

decrease rapidly after kidney transplantation, improving calcitriol 

production in the first few months after transplantation. Evenepoel et al 

showed that good renal function after transplantation was the main 

predictor of increased calcitriol values; high levels of FGF23 and low 

levels of PTH were independently associated with low levels of calcitriol 

[128]. Unlike the active form, nutritional vitamin D insufficiency 

(25(OH)D3 < 30 ng/mL) is common in long-term renal transplant 

recipients [7,111,129]. Bienaimé et al showed a direct association 

between low levels of 25(OH)D3, GFR and interstitial fibrosis at 12 

months after transplantation [130]. Keyzer et al showed an independent 

association between low levels of 25(OH) D3 and all-cause mortality in 

renal transplant recipients [131]. A 25(OH)D3 level < 12 ng/mL was 
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associated with a rapid decline in GFR in transplant recipients with stable 

renal function. No association was identified between calcitriol levels and 

GFR, and the association of calcitriol with graft loss or mortality was 

dependent on renal function in this study [131]. Paricalcitol 

supplementation was shown to be beneficial for reducing proteinuria in 

renal transplant recipients, although this outcome was not considered as 

primary in the studies [132,133]. Another study showed that paricalcitol 

supplementation in the first year after transplantation reduced the 

presence of fibrosis [134]. Active vitamin D supplementation also showed 

benefit in BMD and PTH reduction after kidney transplantation 

[135,136]. Several studies have evaluated the benefit of 25(OH)D3 

replacement in kidney transplant recipients. Regarding cardiovascular 

outcomes, Sikgenc et al showed beneficial effects of active vitamin D on 

the lipid and glycemic profile [137]. Regarding the association between 

the use of active vitamin D and renal outcomes, studies that used vitamin 

D for the treatment of osteoporosis showed that treated osteoporotic 

patients had less rejection than untreated ones [138,139]. Nutritional 

vitamin D supplementation has been shown to be effective in the 

treatment of persistent hyperparathyroidism after kidney transplantation, 

without major side effects, such as worsening of hypercalcemia 

[140,141]. Some studies have shown improvement in BMD after kidney 

transplantation with the use of 25(OH)D3 [142-144]. 

3.2 - Bone disease after kidney transplantation 

At the time of transplantation, the bone structure of the chronic renal 

patient is usually not normal. In addition to renal osteodystrophy, which 

is part of the diagnosis of CKD-MBD, other factors participate in the 

pathophysiology of bone disease, such as age, sex, etiology and duration 

of CKD, drug use, gonadal dysfunction, and metabolic disorders. Bone 

disease in the post-kidney transplant period is a result of preexisting bone 

disease plus bone damage that begins after transplantation, which is 

influenced by immunosuppressive drugs, persistent hyperparathyroidism, 

and kidney graft function [7]. This bone disease increases the risk of 

fracture, hospitalization and patient mortality. The main types of bone 

disease in renal transplant patients are bone fracture, renal 

osteodystrophy, osteoporosis and osteonecrosis [144]. 

In the first five years after transplantation, up to 22.5% of patients may 

suffer a bone fracture, an incidence four times higher than in the general 

population [108]. Ten percent of kidney transplant recipients will have a 

fracture in their lifetime [145]. Jiménez et al evaluated the prevalence of 

vertebral fracture in the long term, 10 years after transplantation, in 

patients with stable renal function (mean creatinine of 1.7 mg/dL), and 

found a prevalence of 61%, the majority being mild [146]. A BMD at the 

trochanter, as well as higher levels of PTH at one year after 

transplantation, were the risk factors for vertebral fracture in this study 

[146]. However, more recent studies have shown a decrease in the fracture 

rate, probably related to improved treatment of preoperative renal 

osteodystrophy and reduced use of corticosteroids after kidney 

transplantation [145]. A recent prospective study showed an incidence of 

fractures of 14.1/1000 transplant recipients/year. It also showed that low 

BMD in the hip and femoral neck at the time of transplantation was a 

predictor of fracture incidence. PTH and other bone remodeling 

biomarkers failed to predict fractures in this study [147]. These studies 

support the 2017 KDIGO chronic kidney disease–mineral and bone 

disorder (CKD-MBD) recommendation that indicates a more liberal use 

of bone densitometry to predict fractures across all spectra of kidney 

disease, including transplant recipients [42]. In comparison with patients 

on dialysis, the risk of fracture is 34% higher in the first three years of 

transplantation. After this period, the risk of fracture becomes lower than 

in kidney transplant recipients [144]. Patients with fractures have a 60% 

higher mortality than the general population [108]. 

Adynamic bone disease is currently the main type of bone lesion found in 

patients with CKD in the pre-kidney transplant period [44]. Studies with 

bone biopsy after transplantation are scarce and recruited few patients, 

and due to this, little is known about the evolution of preexisting renal 

osteodystrophy in the post-transplant period. In a study with bone biopsy 

after two years of kidney transplantation, Neves et al showed that 82% of 

patients had alterations in at least one of the parameters of the TMV 

system [148]. Regarding bone remodeling, it was normal in 48% of 

patients, high in 26% and also low in 26%. Forty-eight percent of these 

patients had delayed mineralization and 37% had reduced bone volume 

[148]. Evenepoel et al performed paired bone biopsies at the time of 

kidney transplantation and one year after surgery [149]. Mineralization 

and bone volume were normal in 83.3% and 91.7%, respectively, and 

there was little change in these parameters one year after kidney 

transplantation [149]. At the time of kidney transplantation, bone turnover 

was normal in 52.8% of patients, high in 2.8% and low at 44.4%. One 

year after kidney transplantation, 36% of patients had normal bone 

turnover and 64% had low bone turnover. Accumulated corticosteroid 

dose was associated with trabecular bone loss. There was no association 

between bone loss and PTH [149]. Carvalho et al performed kidney 

biopsy in kidney transplant patients two months, two and five years after 

transplantation. There was a reduction in bone activity, suggesting an 

increased risk of adynamic bone disease and loss of bone volume [150]. 

More recently, Keronen et al performed bone biopsies in dialysis patients 

and repeated it after two years of transplantation, or after two years of 

baseline biopsy if the patient was not transplanted [145]. A proportion of 

patients with high-remodeling disease dropped from 63% to 19% two 

years after kidney transplantation, while low-remodeling disease 

increased from 26% to 52% [145]. In patients who remained on dialysis, 

the proportion of high-remodeling disease remodeling decreased from 

69% to 31% and low remodeling increased from 8% to 38% [145]. 

Abnormal bone mineralization increased in transplant patients. The 

mineral biochemical parameters analyzed (calcium, phosphorus, 

25(OH)D3, PTH, bone AF, and osteocalcin) and bone densitometry were 

not associated with histomorphometric changes in bone biopsy [145]. 

These studies show a tendency for bone remodeling to decline after 

kidney transplant. Low remodeling disease and bone mineralization 

defects prevail after transplantation. Another notable fact is the lack of 

correlation between the biochemical parameters, which are much more 

available, and the findings of bone biopsy, which is rarely performed after 

kidney transplantation. 

Osteoporosis is a bone disease characterized by microstructural changes 

that result in reduced bone mass, bone fragility and predisposition to 

fractures [144]. Its prevalence in kidney transplant recipients is close to 

30% [108]. Bone loss after kidney transplantation is rapid and the BMD 

is reduced by 4-10% in the first six months after transplantation [144]. 

However, studies have shown a decrease in bone loss after transplantation 

in recent years, which reflects the use of corticosteroid dose minimization 

protocols [149,151]. Other factors besides preexisting bone disease 

contribute to the loss of bone mass after kidney transplantation, such as: 

the use of corticosteroids and hypogonadism [125]. The use of 

corticosteroids is one of the main factors involved in the development of 

osteoporosis after kidney transplantation and causes a reduction in BMD 

through decrease in bone formation and density, especially in the 

trabecular bone of the axial skeleton [144]. This class of drugs reduces 

the differentiation and proliferation of osteoblasts, stimulates their 

apoptosis, as well as that of osteocytes. In addition, they exert indirect 
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effects on bone, by reducing the synthesis of testosterone, estrogen and 

adrenal androgens [144]. Other factors associated with bone mass loss 

were shown in the study by Evenepoel et al. Age, female sex, body mass 

index (BMI), high levels of PTH and bone FA were independently 

associated with a lower BMD in this study [147]. Bone mass loss is a 

predictor of bone fracture, associated with high patient morbidity and 

mortality, as previously described. 

Osteonecrosis or avascular bone necrosis is pathologically characterized 

by the death of bone tissue, and has a strong relationship with the use of 

corticosteroids [125]. Different studies show a prevalence between 3-

40%, but, like osteoporosis, this prevalence has been falling. in recent 

years due to the use of immunosuppression protocols with lower doses of 

corticosteroids [125]. Recently, Felten et al showed an incidence of 

osteonecrosis of 2.2% after kidney transplantation [152]. BMI > 26 kg/m2 

and higher dose accumulation of corticosteroids were predictors of 

osteonecrosis. The maintenance dose of corticosteroids was low, but 

rejection treatment contributed to the increase in the accumulated dose in 

this study [152]. Hyperparathyroidism has also been associated with 

osteonecrosis in kidney transplant recipients [153]. 

3 - Vascular calcification after kidney transplantation 

End-stage CKD is the condition with the highest cardiovascular risk 

among all risk categories [154]. The main cause of mortality in transplant 

patients with a functioning kidney graft is cardiovascular, followed by 

infectious causes [155]. In the last two decades there has been a trend of 

reduced mortality in renal transplant patients. Although the prevalence of 

cardiovascular disease is lower in transplant patients compared to patients 

on dialysis, the cardiovascular risk of kidney transplant patients remains 

higher than that of the general population [154]. 

CKD-MBD, through changes involving the bone-vessel axis, is 

implicated in the pathophysiology of vascular calcification and 

contributes to increased mortality from this cause [154]. Kidney 

transplantation does not reverse the vascular calcification existing during 

the dialysis period, and in fact, it can progress after transplantation [156]. 

As in the patient on dialysis, coronary artery calcification in renal 

transplant recipients also predicts cardiovascular events and mortality 

[157]. Mazzaferro et al showed an independent association of persistent 

hyperparathyroidism with calcification progression and coronary artery 

disease in kidney transplant recipients [158]. Persistent 

hyperparathyroidism after kidney transplantation was also associated with 

all-cause mortality [106]. Another study showed an association between 

progression of arterial calcification with reduced levels of 25(OH)D3 and 

higher levels of phosphorus [103]. Hyperphosphatemia and 

hypercalcemia after kidney transplantation were associated with higher 

all-cause mortality in the study by Moore et al [101]. Elevated levels of 

FGF23 have also been associated with higher mortality after kidney 

transplantation [90]. 

3. Conclusion 

In view of all this evidence, it is concluded that CKD-MBD has a 

profound association with relevant clinical outcomes in renal transplant 

patients. More studies are needed to find optimal levels for mineral 

biochemical parameters, in an attempt to optimize treatment and 

minimize the effect of the disease on both the skeletal and cardiovascular 

systems. 
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