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Abstract: Background: A growing number of studies have reported a close relationship between high
serum calcium (Ca)/low serum magnesium (Mg) and vascular calcification. Endothelial dysfunction
and vascular inflammation seem plausible risk factors for the enhanced progression of kidney disease.
The aim of this study was to evaluate the role of the Ca/Mg ratio as a predictor of the early onset of
renal replacement therapy (RRT). Methods: This was a prospective study conducted in an outpatient
low-clearance nephrology clinic, enrolling 693 patients with stages 4–5 of CKD. Patients were divided
into two groups according to the start of renal replacement therapy (RRT). Results: The kidney’s
survival at 120 months was 60% for a Ca–Mg ratio < 6 and 40% for a Ca–Mg ratio ≥ 6 (p = 0.000).
Patients who started RRT had lower levels of Hb, Ca, Mg, albumin, and cholesterol and higher values
of phosphorus, the Ca/Mg ratio, and PTH. High values of phosphorus and the Ca/Mg ratio and
low levels of Mg and GFR were independent predictors of entry into RRT. A high Ca/Mg ratio, high
phosphorus levels, and low levels of GFR were associated with a cumulative risk for initiation of RRT.
Conclusions: In our population, the Ca/Mg ratio is an independent predictive factor for the initiation
of a depurative technique.

Keywords: chronic kidney disease; calcium; magnesium; renal replacement therapy

1. Introduction

Chronic kidney disease (CKD) is a worldwide public health problem, with an esti-
mated global prevalence of 9.1%. The prevalence of CKD has increased by 29.3% in the last
decades, with 2.5 million people receiving renal replacement therapy (RRT), a number that
has been projected to double to 5.4 million in the next 10 years [1].

Traditional risk factors involved in the initiation and progression of CKD are estab-
lished; however, the rate of progression shows considerable interindividual variability [2].
These findings suggest that other pathophysiological pathways and biological factors
might be involved in the course of the disease [3]. The identification of new predictive
markers might improve our understanding of the pathogenesis and prediction of which
patients face an increased risk of CKD progression, providing the opportunity to implement
preventive measures.

Prospective observational studies have identified new possibly predictive risk factors
and markers associated with CKD progression, with growing evidence focusing on CKD–
mineral and bone disorder (CKD–MBD) [4–10]. Despite the well-accepted abnormalities
of bone and mineral metabolism in CKD, and the increased morbidity and mortality in
haemodialysis patients [11–15], their impact on the renal outcomes in the pre-dialysis
population is less well-characterized. Hyperphosphatemia, vitamin D deficiency, hyper-
parathyroidism, and high serum fibroblast growth factor 23 (FGF23) levels were found
to predict CKD progression [8,16–19]. However, the role of serum magnesium (Mg) and
calcium (Ca) levels in kidney disease progression is less clear.

Calcium is quantitatively the most abundant mineral in the body. Besides the struc-
tural role in the skeleton, calcium is a vital electrolyte that is required for many critical
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biological functions, including muscle contraction, vascular tone, nerve transmission, blood
coagulation, and many enzyme-mediated processes [20]. Serum calcium levels in the higher
range of normal have consistently been associated with greater vascular calcification and
higher relative risks of death from all causes and from cardiovascular disease; however, no
consistent or conclusive evidence currently prevails in the CKD population [21].

On the other hand, magnesium acts as a calcium blocker in vascular smooth cells.
In addition to the protective effect of magnesium against pro-atherosclerotic risk factors,
magnesium is a known vascular calcification inhibitor [22]. Over the past few decades, a
number of experimental and observational studies have advocated for the role of magne-
sium on cardiovascular protection, in both the general population and CKD patients [23–25].
Given that cardiovascular and renal disease share similar etiopathogenic risk factors, it is
plausible that the deficiency of magnesium also contributes to glomerular filtration rate
(GFR) decline [26–28]. Recent studies indicate that hypomagnesemia may accelerate the
deterioration of kidney function [28–30].

On the basis of this competitive interaction between calcium and magnesium, its bal-
ance may modify the kidney’s long-term outcomes. In a large Japanese incident haemodial-
ysis cohort study, Hiroyuki et al. demonstrated that a high calcium–magnesium ratio was a
predictor of all-cause and cardiovascular mortality [31]. However, to the best of our best
knowledge, no study so far has assessed the association between calcium–magnesium ratio
and the kidney’s survival in the pre-dialysis population.

Therefore, in the present study, we evaluated, for the first time, the effect of calcium–
magnesium ratio as a predictor of entry into renal replacement therapy (RRT) in a cohort of
patients with CKD.

2. Materials and Methods

An observational, prospective study involving 693 patients was conducted in the
outpatient low-clearance nephrology clinic of the Centro Hospitalar Universitário do
Algarve in Faro, Portugal, from 2010 to 2020. The primary endpoint of this study was start
of renal replacement therapy (RRT).

The study was submitted to and approved by the administration and ethics committee
of the hospital. The study was conducted according to the principles of the Declara-
tion of Helsinki, and study procedures were only performed after patients signed the
informed consent.

2.1. Patients

Adult patients with a diagnosis of stages 4–5 of CKD (>10 mL/min/1.73 m2 GFR < 30 mL/
min/1.73 m2) were eligible to participate in this study. The CKD-EPI (Chronic Kidney
Disease Epidemiology Collaboration) equation was used to estimate the glomerular fil-
trate rate (GFR). The exclusion criteria were: age < 18 years, GFR < 10 mL/min/1.73 m2

or ≥30 mL/min/1.73 m2, follow-up period of ≤3 months, uncontrolled hypertension
(BP ≥ 140/90 mmHg), known neoplastic or infectious diseases, and acute cardiovascular
events in last 6 months—defined as a history of one or more of the following: non-fatal
myocardial infarction, angina pectoris (stable or unstable), and stroke or transient ischemic
attacks or congestive heart failure.

2.2. Follow-Up

Patients returned on a regular basis for in-person nephrology consultation visits
every three months. No patient was lost to follow-up within the observation period.
Demographic, clinical, laboratory results, and medication data were collected from the
clinical records.

2.3. Laboratory Measurements

Fasting blood samples were drawn from all subjects at the beginning of each consultation,
and plasma/serum was frozen and stored at −80 ◦C. Biochemical variables, including serum
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calcium (Ca), phosphorus (P), magnesium (Mg), parathormon (PTH), albumin, creatinine,
haemoglobin (Hg), and total cholesterol were measured. Serum Ca–Mg ratio was calculated
by dividing the corrected Ca (mg/dL) by Mg (mg/dL). If the serum albumin level was
<4.0 g/dL, the serum calcium concentration was corrected by the serum albumin level as
follows: corrected Ca (mg/dL) = measured Ca (mg/dL) + 0.8 × [4 − albumin (g/dL)].

2.4. Statistical Analyses

Descriptive results were presented using mean and standard deviation (±SD) for con-
tinuous variables with normal distribution, using the Kolmogorov–Smirnov test. Patients
were divided into two groups, according to the start of renal replacement therapy (RRT):
G1, who did not start RRT, and G2, who had started RTT. Two-sample t-tests were used to
assess differences in subgroups for continuous variables and chi-square tests for categorical
variables. The Kaplan–Meier method for measuring kidney survival rate was applied, and
a comparison between the two groups was based on the log-rank test. Univariate Cox
regression analysis was used to identify independent factors associated with early onset
of RRT. Statistically significant variables were analysed in multivariate Cox regression
models to assess the main predictive risk factors for RRT initiation. Potential confounding
factors offered to the logistic regression models included total cholesterol and albumin.
The exponentials of the model parameters were the hazard ratio (HR) to other variables of
the model, with 95% confidence interval. A modified Poisson regression with robust error
variance estimation to calculate adjusted prevalence ratios (aPR) was used to estimate the
cumulative relative risk of RTT initiation. Variables included in this multivariate analysis
were age, gender, diabetes, Hg, P, Ca–Mg ratio, PTH, albumin, and GFR. The null hypothe-
sis was rejected below the level of 5%. Differences were considered statistically significant
for p-values < 0.05. Statistical software SPSS (version 17.0, Chicago, IL, USA) for Windows
was used for statistical data analysis.

3. Results

A total of 693 patients meeting the inclusion criteria with stages 4–5 of CKD were
evaluated during a 120-month period from January 2010 to December 2020. The mean
age was 70.09 ± 12.51 years (range: 25–96), and 53.5% were female. The mean GFR
was 19.91 ± 8.11 mL/min/1.73 m2. A total of 62% and 30% of patients had hypertension
and diabetes, respectively. Table 1 describes the patients’ mean clinical and biochemical
characteristics, including osteo-mineral markers.

Table 1. Baseline patient characteristics.

General Characteristics Values

Number of patients, n 693
Age (years) 70.09 ± 12.51
Gender f/m (%) 371/322 (53.5/46.5)
Hb (g/dL) 11.57 ± 1.12
Ca (mg/dL) 9.25 ± 0.67
Albumin (g/dL) 3.98 ± 0.47
P (mg/dL) 4.06 ± 0.76
Mg (mg/dL) 1.81 ± 0.71
Ca–Mg ratio 6.13 ± 2.76
PTH (pg/mL) 238.03 ± 185.37
Total cholesterol (mg/dL) 180.81 ± 45.05
GFR (mL/min) 19.91 ± 8.11
Cr (mg/dL) 3.13 ± 1.24
Hypertension (%) 62.3
Diabetes (%) 29.6
Coronary artery disease (%) 8.8
Cerebrovascular disease (%) 8.4
ACE inhibitor/ARB (%) 47.3/56
CCBs (%) 41.4
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Table 1. Cont.

General Characteristics Values

Darbepoetin alfa (%) 54.7
Vitamin D analogue (%) 20.5
Phosphate binders (non-calcium-based phosphate binders) (%) 12.8

Hb, haemoglobin; Ca, calcium; P, phosphorus; Mg, magnesium; Ca–Mg ratio, calcium–magnesium ratio; PTH,
parathormon; GFR, glomerular filtration rate; Cr, creatinine; ACE inhibitor, angiotensin-converting-enzyme
inhibitor; ARB, angiotensin-receptor blocker; CCBs, calcium channel blocker; P binders, phosphate binders.

The patients were allocated into two groups according to the start of RRT. Group 1,
the non-RRT group, encompassed 541 patients, and group 2, the RRT group, included
152 patients. All the assessed variables presented significant differences between the
two groups. As presented in Table 2, the RRT group displayed significantly lower serum
levels of Hb (p = 0.000), Ca (p = 0.000), Mg (p = 0.000), albumin (p = 0.039), and total
cholesterol (p = 0.019), as well as significantly higher values for phosphorus (p = 0.000), the
Ca–Mg ratio (p = 0.000), and PTH (p = 0.000).

Table 2. Demographic and laboratory characterization of the population during the 10 years of
follow-up (mean values). Comparison of variables among the two groups.

Variable G1: Start RRT (No)
(n = 541/693)

G2: Start RRT (Yes)
(n = 152/693) p Value

Age (years) 70.85 ± 12.05 67.38 ± 13.73 0.005
Hb (g/dL) 11.75 ± 1.06 10.95 ± 1.09 0.000 *
Ca (mg/dL) 9.34 ± 0.52 8.95 ± 0.98 0.000 *
Albumin (g/dL) 4.00 ± 0.39 3.88 ± 0.66 0.039 *
P (mg/dL) 3.88 ± 0.56 4.69 ± 0.99 0.000 *
Mg (mg/dL) 1.92 ± 0.68 1.40 ± 0.67 0.000 *
Ca–Mg ratio 5.73 ± 2.62 7.56 ± 2.75 0.000 *
PTH (pg/mL) 209.71 ± 165.91 338.84 ± 214.33 0.000 *
GFR (mL/min) 21.37 ± 8.14 14.73 ± 5.49 0.000 *
Total cholesterol (mg/dL) 183.17 ± 42.86 172.39 ± 51.38 0.019 *

Continuous variables are expressed as a mean ± standard deviation. Hb, haemoglobin; Ca, calcium; P, phosphorus;
Mg, magnesium; Ca–Mg ratio, calcium–magnesium ratio; PTH, parathormon; GFR, glomerular filtration rate.
* Statistically significant (p < 0.05).

The association between the levels of the calcium/magnesium ratio and the start of
renal replacement therapy using the chi-squared test showed that higher levels of the
calcium/magnesium ratio were associated with the start of a depurative technique. The
median follow-up between who started RRT and who did not start RRT were 27.9 ± 19.7
and 31.59 ± 19.3 months (p = 0.04), respectively.

Variables associated with RRT initiation in the univariate Cox regression analysis
(Table 3) were used in the multivariate Cox regression model (Table 4). The results
clearly show that higher levels of phosphorus and Ca/Mg ratio (HRa = 1.638, p = 0.001;
HRa = 1.292; p = 0.002, respectively) and lower levels of Mg and GFR (HRa = 0.761,
p = 0.005; HRa = 0.934, p = 0.0001, respectively) correlated with kidney survival and RRT
initiation.

Furthermore, the Poisson regression analysis showed that high values for the Ca–
Mg ratio and phosphorus are cumulative risk factors for entry into RRT (aPR = 1.986;
95% CI 1.026–3.051; p = 0.002; aPR = 1.607; 95% CI 1.324–1.950; p < 0.0001, respectively).
Additionally, low levels of GFR (aPR = 0.927; 95% CI 0.891–0.964; p < 0.0001) were associated
with initiation of RRT (Table 5).

ROC curve analysis demonstrated that a Ca–Mg ratio > 6 is the best cut-off value
associated with RRT initiation (AUC = 0.662; 95% CI 0.613–0.711). Using Kaplan–Meier
analysis (Figure 1), it was observed that the kidney’s survival at 1 year was 60% for a Ca–Mg
ratio < 6 and 40% for a Ca–Mg ratio ≥ 6. Additional risk for RRT initiation decreases with
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a lower Ca–Mg ratio. The log-rank test confirmed the existence of significant differences
between the two groups (p = 0.000).

Table 3. Univariate Cox regression analysis results for RRT initiation.

Independent
Variable

G2: Start RRT (Yes)

ß HR (95% CI) p Value

Age 0.018 1.083 (1.009–2.994) 0.004
Hb −0.733 0.481 (0.412–0.561) 0.000
Ca 0.449 1.638 (1.276–3.707) 0.000
P 0.978 2.658 (2.267–3.117) 0.000
Mg −0.946 0.388 (0.301–0.502) 0.000
Ca–Mg ratio 0.171 1.186 (1.127–1.249) 0.000
CaxPi 0.871 1.090 (0.990–1.111) 0.065
PTH 0.002 1.002 (1.002–1.003) 0.000
GFR −0.158 0.854 (0.828–0.882) 0.000

HR, hazard ratio; CI, confidence interval; RRT, renal replacement therapy; Hb, haemoglobin; Ca, calcium;
P, phosphorus; Mg, magnesium; Ca–Mg ratio, calcium–magnesium ratio; PTH, parathormon; GFR, glomerular
filtration rate. Statistically significant (p < 0.05).

Table 4. Multivariate Cox regression analysis results for RRT initiation.

Independent
Variable

G2: Start RRT (Yes)

ß HR (95% CI) p Value

Age −0.012 0.988 (0.975–1.001) 0.075
Hb −0.549 0.578 (0.489–2.682) 0.134
Ca 0.320 0.726 (0.531–1.004) 0.056
P 0.493 1.638 (1.240–2.164) 0.001
Mg −0.059 0.761 (0.493–0.859) 0.005
Ca–Mg ratio 0.509 1.292 (1.033–2.981) 0.002
PTH 0.001 1.001 (0.905–1.001) 0.160
GFR −0.069 0.934 (0.900–0.968) 0.000

HR, hazard ratio; CI, confidence interval; RRT, renal replacement therapy; Hb, haemoglobin; Ca, calcium;
P, phosphorus; Mg, magnesium; Ca–Mg ratio, calcium–magnesium ratio; PTH, parathormon; GFR, glomerular
filtration rate. Statistically significant (p < 0.05).

Table 5. Modified Poisson regression analysis.

Variable
G2: Start RRT (Yes)

ß aPR (95% CI) p Value

Age −0.005 0.995 (0.985–1.006) 0.375
Hb −0.212 0.809 (1.020–0.909) 0.127
Albumin −0.063 0.939 (0.688–1.282) 0.693
P 0.474 1.607 (1.324–1.950) 0.000
Ca–Mg ratio 0.014 1.986 (1.026–3.051) 0.002
PTH 0.001 1.001 (0.800–1.001) 0.134
GFR −0.076 0.927 (0.891–0.964) 0.000

aPR, adjusted prevalence ratio; CI, confidence interval; RRT, renal replacement therapy; Hb, haemoglobin; Ca,
calcium; P, phosphorus; Mg, magnesium; Ca–Mg ratio, calcium–magnesium ratio; PTH, parathormon; GFR,
glomerular filtration rate. Statistically significant (p < 0.05).
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4. Discussion

Mineral and bone disorder (MBD) is one of the important complications caused by
chronic kidney disease and is associated with mortality in patients undergoing maintenance
dialysis [11–15]. However, the impact of abnormal bone and mineral metabolism in kidney
disease progression, for pre-dialysis patients, is still not fully elucidated. In this large-
sample study with 693 stages 4–5 CKD patients, we found that higher values for serum
phosphorus and the calcium/magnesium ratio and lower levels of serum magnesium were
strongly and independently associated with entry into renal replacement therapy. Serum
calcium was not associated with a depurative technique event. These results suggest the
potential importance of the calcium/magnesium ratio as a new marker associated with an
early start of RRT, enabling early identification and interventions of patients most likely to
progress to end-stage renal disease (ESRD).

The direct association between plasma phosphate concentration and a decline in both
renal function and renal morphological changes has been extensively reported and can be
explained pathophysiologically by the “precipitation-calcification hypothesis” [17,32–39].
Hyperphosphatemia results from failure in the excretion of the dietary phosphate load by
the diseased kidney [40], leading to persistent hyperparathyroidism, decrease in serum
ionized calcium, mobilization of calcium from bone, and, consequently, an elevated serum
[Ca] × [P] product. Supersaturation of [Ca] × [P] product, which is characteristic of
the uremic state, favours metastatic calcification [41]. In CKD animal models, a high
plasma phosphate concentration leads to the deposition of calcium phosphate crystals
in the mitochondria of tubular cells and renal interstitium. This causes oxidative stress,
inflammation, cell tubular injury, and mitogenesis of fibroblasts, resulting in progressive
loss of renal function [33]. Gimenez et al. demonstrated that renal calcium deposition in
human renal biopsies was correlated with hyperphosphatemia. Further evidence is given
by the use of a low-phosphate diet or the use of non-calcium-containing phosphate binders
in rat models of CKD, showing a reduction in intrarenal calcium phosphate deposition
and interstitial fibrosis, which improves renal histology and attenuates the deterioration
of kidney function [42–44]. This suggests that phosphate has an etiological role per se in
intrarenal calcification, contributing to nephrocalcinosis. Furthermore, vascular calcification
is an active cell-mediated process, and phosphorus has been shown to be an important
mediator in the development of renal artery calcification, which is another mechanism
whereby higher serum phosphorus levels may contribute to progressive loss of renal
function [45].

Conversely, Mg has an essential protective role in the calcification milieu. As a
natural Ca channel antagonist, Mg has both a passive inorganic phosphate (Pi)-buffering
role, preventing calciprotein particles (CPP) maturation and hydroaxyapatite formation,
as well as an active role, preventing osteogenic vascular smooth muscle cells (VSMCs)
transdifferentiation [46,47]. As Mg has an anticalcification property, it is conceivable that
Mg might exert beneficial effects on renal prognosis by alleviating calcium phosphate
toxicity and, consequently, preventing CKD progression [48,49]. Thus, hypomagnesemic
patients are at risk.
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On the basis of the competitive interaction between Ca and Mg, its balance may
modify the kidney’s long-term outcomes. Indeed, to better understand the impact of Ca
and Mg on vascular calcification and renal outcomes, both should be considered together
rather than separately. In this field, serum Ca–Mg ratio has gained attention in recent years,
since a ratio above 2:1 has been associated with increased risk of metabolic, inflammatory,
and cardiovascular disorders [30]. In a large Japanese incident haemodialysis cohort
study, Hiroyuki et al. showed that a high Ca–Mg ratio was a predictor of all-cause and
cardiovascular mortality [31]. Interestingly, this study was the first to demonstrate the
impact of the Ca–Mg ratio in the area of nephrology. Additionally, Park et al. demonstrated
that a higher calcium–magnesium ratio in hair was associated with a greater coronary artery
calcification. Moreover, and in agreement with this observation, the authors proposed
the use of high calcium–magnesium ratio as a putative cardiovascular risk factor for the
prevention and early diagnosis of cardiovascular disease [50]. In this line, in order to
improve prediction of which patients are at risk of CKD progression, we evaluated the role of the
calcium–magnesium ratio in the kidney’s survival.

Finally, beyond Mg being known as a vascular calcification inhibitor, it has also been
associated with dyslipidemia, hypertension, insulin resistance, inflammation, oxidative
stress, and sympathetic overactivity; all of which are correlated with an increased risk
of cardiovascular events [26–28]. Tin and colleagues [28] demonstrated that low serum
Mg levels were associated with incident CKD and ESRD in a cohort of 13,226 patients
(GFR > 60 mL/min/1.73 m2), with a median follow-up period of 21 years. Compared with
patients with serum Mg levels of ≥0.9 mmol/L, those with serum Mg levels of ≤0.7 mmol/L
had a 1.58- and 2.39-fold higher risk of CKD and ESKD, respectively. These associations
remained significant after excluding users of diuretics and across subgroups stratified by
hypertension, diabetes, and self-reported race. To assess the impact of Mg on the pro-
gression of CKD, Van Laecke and colleagues conducted a retrospective cohort study of
1650 patients with CKD with a median follow-up time of 5.1 years. This study demon-
strated that each 0.1 mg/dL increase in baseline serum Mg concentration was associated
with a 7% decreased risk of death, after adjustment for potential cofounders such as di-
abetes and hypertension. Moreover, the GFR declined faster among patients with lower
baseline serum magnesium levels [26]. However, the significance of this association was
attenuated/disappeared after adjusting for diuretic use in particular. Since magnesium is
closely involved in the pathogenesis of diabetes mellitus, Silva et al. examined 191 type
2 diabetic patients with mild–moderate CKD and showed that hypomagnesemia can be a
novel predictor of ESRD in this population. A statistically significant decrease in the risk of
progression to RRT with the high-magnesium group (Mg > 2.3 mg/dL) and an increased
risk with the low-magnesium group (Mg < 1.2 mg/dL) were demonstrated [25]. These data
reinforce that Mg deficiency can increase the risk of not only cardiovascular disease but
also kidney disease.

Overall, these findings suggest a tight and synergistic effect between high levels of
P and Ca and low levels of Mg, in vascular calcification and renal outcomes. This study
expands our knowledge of nontraditional risk factors involved in the early onset of renal
replacement therapy.

The strengths of our prospective study include the large sample size of CKD patients
and long follow-up time. To the best of our knowledge, this is the first study to evaluate
the role of the calcium–magnesium ratio in the kidney’s survival in pre-dialysis patients.
Additionally, all serum calcium and magnesium values were evaluated during follow-up,
rather than just the baseline values, and findings remained consistent. However, this study
also has some limitations that should be considered. First, the data came from a single
centre, and only patients with the most advanced stage of renal disease before RRT were
included in this study. This may limit the generalizability of our results. Nevertheless, an
advantage of investigating pre-dialysis patients is the large variation in both declines in
renal function and biochemical abnormalities due to uraemia. These increase the likelihood
of detecting risk factors, which may be too weak to be detected in patients with a less
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severe disease. Second, no data were collected related to dietary Mg intakes and urinary
Mg excretion, so, consequently, it was not possible to correlate dietary intake with serum
magnesium levels. Third, proton pump inhibitors and diuretic drugs were not included on
the list of pharmacological medications analysed, which can interfere with calcium and
magnesium homeostasis.

5. Conclusions

In conclusion, this study shows that low serum Mg levels and high phosphorus and
Ca–Mg ratio values are independent and cumulative predictive factors for the start of a
depurative technique in patients with stages 4–5 of CKD. The high diagnostic value found
for the Ca–Mg ratio in CKD progression, together with the previous knowledge that the
Ca–Mg ratio is associated with metabolic, inflammatory, and cardiovascular disorders,
including vascular calcification, suggest that the Ca–Mg ratio is a novel marker with
the potential utility to estimate the clinical risk of kidney disease progression. Additional
molecular and clinical research is required to validate the use of this non-invasive measured
marker in the field of nephrology.

Author Contributions: Conceptualization, R.A. and A.P.S.; methodology, R.A., R.C.M., H.B., A.C.
and A.P.S.; software, R.A., R.C.M. and A.P.S.; validation, A.C. and A.P.S.; formal analysis, R.A.,
A.C. and A.P.S.; investigation, R.A. and A.P.S.; resources, R.A.; data curation, R.A.; writing R.A.;
writing—review and editing, A.C. and A.P.S.; visualization, R.A., R.C.M., H.B., A.C. and A.P.S.;
supervision, A.C. and A.P.S.; project administration, R.A. and A.P.S. All authors have read and agreed
to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and was approved by the Ethics Committee of Centro Hospitalar Universitário do Algarve,
Faro, Portugal (Protocol code 83/17, approved 17 August 2017).

Informed Consent Statement: Written informed consent has been obtained from the patients to
publish this paper.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest regarding the publication of this paper.

References
1. GBD Chronic Kidney Disease Collaboration. Global, regional, and national burden of chronic kidney disease, 1990–2017: A

systematic analysis for the Global Burden of Disease Study 2017. Lancet 2020, 395, 709–733. [CrossRef]
2. Taal, M.; Brenner, B. Predicting initiation and progression of chronic kidney disease: Developing renal risk scores. Kidney Int.

2006, 70, 1694–1705. [CrossRef]
3. Kronenberg, F. Emerging risk factors and markers of chronic kidney disease progression. Nat. Rev. Nephrol. 2009, 5, 677–689.

[CrossRef] [PubMed]
4. Kielstein, J.T.; Zoccali, C. Asymmetric dimethylarginine: A novel marker of risk and a potential target for therapy in chronic

kidney disease. Curr. Opin. Nephrol. Hypertens. 2008, 17, 609–615. [CrossRef]
5. Spanaus, K.-S.; Kronenberg, F.; Ritz, E.; Schlapbach, R.; Fliser, D.; Hersberger, M.; Kollerits, B.; König, P.; von Eckardstein, A.

For the Mild-to-Moderate Kidney Disease Study Group B-Type Natriuretic Peptide Concentrations Predict the Progression of
Nondiabetic Chronic Kidney Disease: The Mild-to-Moderate Kidney Disease Study. Clin. Chem. 2007, 53, 1264–1272. [CrossRef]

6. Dieplinger, B.; Mueller, T.; Kollerits, B.; Struck, J.; Ritz, E.; von Eckardstein, A.; Haltmayer, M.; Kronenberg, F. Pro-A-type
natriuretic peptide and pro-adrenomedullin predict progression of chronic kidney disease: The MMKD Study. Kidney Int. 2009,
75, 408–414. [CrossRef] [PubMed]

7. Bolignano, D.; Lacquaniti, A.; Coppolino, G.; Donato, V.; Campo, S.; Fazio, M.R.; Nicocia, G.; Buemi, M. Neutrophil Gelatinase-
Associated Lipocalin (NGAL) and Progression of Chronic Kidney Disease. Clin. J. Am. Soc. Nephrol. 2009, 4, 337–344. [CrossRef]

8. Schwarz, S.; Trivedi, B.K.; Kalantar-Zadeh, K.; Kovesdy, C.P. Association of Disorders in Mineral Metabolism with Progression of
Chronic Kidney Disease. Clin. J. Am. Soc. Nephrol. 2006, 1, 825–831. [CrossRef] [PubMed]

9. Fliser, D.; Kollerits, B.; Neyer, U.; Ankerst, D.P.; Lhotta, K.; Lingenhel, A.; Ritz, E.; Kronenberg, F. Fibroblast Growth Factor 23
(FGF23) Predicts Progression of Chronic Kidney Disease: The Mild to Moderate Kidney Disease (MMKD) Study. J. Am. Soc.
Nephrol. 2007, 18, 2600–2608. [CrossRef] [PubMed]

http://doi.org/10.1016/S0140-6736(20)30045-3
http://doi.org/10.1038/sj.ki.5001794
http://doi.org/10.1038/nrneph.2009.173
http://www.ncbi.nlm.nih.gov/pubmed/19935815
http://doi.org/10.1097/MNH.0b013e328314b6ca
http://doi.org/10.1373/clinchem.2006.083170
http://doi.org/10.1038/ki.2008.560
http://www.ncbi.nlm.nih.gov/pubmed/19052536
http://doi.org/10.2215/CJN.03530708
http://doi.org/10.2215/CJN.02101205
http://www.ncbi.nlm.nih.gov/pubmed/17699293
http://doi.org/10.1681/ASN.2006080936
http://www.ncbi.nlm.nih.gov/pubmed/17656479


Diagnostics 2022, 12, 2470 9 of 10

10. Nickolas, T.L.; Barasch, J.; Devarajan, P. Biomarkers in acute and chronic kidney disease. Curr. Opin. Nephrol. Hypertens. 2008, 17,
127–132. [CrossRef]

11. Martin, K.J.; González, E.A. Metabolic bone disease in chronic kidney disease. J. Am. Soc. Nephrol. 2007, 18, 875–885. [CrossRef]
12. Block, G.A.; Klassen, P.S.; Lazarus, J.M.; Ofsthun, N.; Lowrie, G.E.; Chertow, M.G. Mineral metabolism, mortality, and morbidity

in maintenance hemodialysis. J. Am. Soc. Nephrol. 2004, 15, 2208–2218. [CrossRef]
13. Kalantar-Zadeh, K.; Kuwae, N.; Regidor, D.; Kovesdy, C.; Kilpatrick, R.; Shinaberger, C.; McAllister, C.; Budoff, M.; Salusky, I.;

Kopple, J. Survival predictability of time-varying indicators of bone disease in maintenance hemodialysis patients. Kidney Int.
2006, 70, 771–780. [CrossRef]

14. Rivara, M.B.; Ravel, V.; Kalantar-Zadeh, K.; Streja, E.; Lau, W.L.; Nissenson, A.R.; Kestenbaum, B.; de Boer, I.H.; Himmelfarb,
j.; Mehrotra, R. Uncorrected and albumin-corrected calcium, phosphorus, and mortality in patients undergoing maintenance
dialysis. J. Am. Soc. Nephrol. 2015, 26, 1671–1681. [CrossRef]

15. Young, E.W.; Albert, J.M.; Satayathum, S.; Goodkin, D.A.; Pisoni, R.L.; Akiba, T.; Akizawa, T.; Kurokawa, K.; Bommer, J.; Piera, L.;
et al. Predictors and consequences of altered mineral metabolism: The Dialysis Outcomes and Practice Patterns Study. Kidney Int.
2005, 67, 1179–1187. [CrossRef] [PubMed]

16. Levin, A.; Djurdjev, O.; Beaulieu, M.; Er, L. Variability and Risk Factors for Kidney Disease Progression and Death Following
Attainment of Stage 4 CKD in a Referred Cohort. Am. J. Kidney Dis. 2008, 52, 661–671. [CrossRef]

17. Norris, K.C.; Greene, T.; Kopple, J.; Lea, J.; Lewis, J.; Lipkowitz, M.; Miller, P.; Richardson, A.; Rostand, S.; Wang, X.; et al. Baseline
Predictors of Renal Disease Progression in the African American Study of Hypertension and Kidney Disease. J. Am. Soc. Nephrol.
2006, 17, 2928–2936. [CrossRef]

18. Ravani, P.; Malberti, F.; Tripepi, G.; Pecchini, P.; Cutrupi, S.; Pizzini, P.; Mallamaci, F.; Zoccali, C. Vitamin D levels and patient
outcome in chronic kidney disease. Kidney Int. 2009, 75, 88–95. [CrossRef]

19. Titan, S.M.; Zatz, R.; Graciolli, F.G.; dos Reis, L.M.; Barros, R.T.; Jorgetti, V.; Moysés, R.M.A. FGF-23 as a predictor of renal outcome
in diabetic nephropathy. Clin. J. Am. Soc. Nephrol. 2011, 6, 241–247. [CrossRef]

20. Shaker, J.L.; Deftos, L. Calcium and Phosphate Homeostasis. In Endotext [Internet]; De Groot., L.J., Chrousos, G., Dungan, K.,
Wilson, D.P., Trence, D.L., Singer, F., Sperling, M.A., Sahay, R., Morley, J.E., New, M., et al., Eds.; MDText.com, Inc.: South
Dartmouth, MA, USA, 2018.

21. O’Neill, W.C. Targeting serum calcium in chronic kidney disease and end-stage renal disease: Is normal too high? Kidney Int.
2016, 89, 40–45. [CrossRef]

22. Ter Braake, A.D.; Shanahan, C.M.; de Baaij, J.H.F. Magnesium Counteracts Vascular Calcification. Arter. Thromb. Vasc. Biol. 2017,
37, 1431–1445. [CrossRef] [PubMed]

23. Silva, A.P.; Gundlach, K.; Büchel, J.; Jerónimo, T.; Fragoso, A.; Silva, C.; Guilherme, P.; Santos, N.; Faísca, M.; Neves, P. Low
Magnesium Levels and FGF-23 Dysregulation Predict Mitral Valve Calcification as well as Intima Media Thickness in Predialysis
Diabetic Patients. Int. J. Endocrinol. 2015, 2015, 1–10. [CrossRef] [PubMed]

24. Fragoso, A.; Silva, A.P.; Gundlach, K.; Büchel, J.; Neves, P.L. Magnesium and FGF-23 are independent predictors of pulse pressure
in pre-dialysis diabetic chronic kidney disease patients. Clin. Kidney J. 2014, 7, 161–166. [CrossRef] [PubMed]

25. Silva, A.P.; Fragoso, A.; Silva, C.; Tavares, N.; Santos, N.; Martins, H.; Gundlach, K.; Büchel, J.; Camacho, A.; Faiísca, M.; et al.
Magnesium and Mortality in Patients with Diabetes and Early Chronic Kidney Disease. J. Diabetes Metab. 2014, 5, 347. [CrossRef]

26. Sakaguchi, Y.; Hamano, T.; Isaka, Y. Magnesium and Progression of Chronic Kidney Disease: Benefits Beyond Cardiovascular
Protection? Adv. Chronic Kidney Dis. 2018, 25, 274–280. [CrossRef] [PubMed]

27. Van Laecke, S.; van Biesen, W.; Vanholder, R. Hypomagnesaemia, the kidney and the vessels. Nephrol. Dial. Transplant. 2012, 27,
4003–4010. [CrossRef] [PubMed]

28. Kanbay, M.; Yilmaz, M.I.; Apetrii, M.; Saglam, M.; Yaman, H.; Unal, H.U.; Gok, M.; Caglar, K.; Oguz, Y.; Yenicesu, M.; et al.
Relationship between Serum Magnesium Levels and Cardiovascular Events in Chronic Kidney Disease Patients. Am. J. Nephrol.
2012, 36, 228–237. [CrossRef] [PubMed]

29. Haynes, R.; Wheeler, D.C. Does serum phosphate predict death and ESRD in CKD patients? Nat. Rev. Nephrol. 2013, 9, 438–439.
[CrossRef] [PubMed]

30. Li, Q.; Chen, Q.; Zhang, H.; Xu, Z.; Wang, X.; Pang, J.; Ma, J.; Ling, W.; Li, D. Associations of serum magnesium levels and
calcium–magnesium ratios with mortality in patients with coronary artery disease. Diabetes Metab. 2019, 46, 384–391. [CrossRef]
[PubMed]

31. Sato, H.; Takeuchi, Y.; Matsuda, K.; Saito, A.; Kagaya, S.; Fukami, H.; Ojima, Y.; Nagasawa, T. Evaluation of the Predictive Value
of the Serum Calcium-Magnesium Ratio for All-Cause and Cardiovascular Mortality in Incident Dialysis Patients. Cardiorenal
Med. 2017, 8, 50–60. [CrossRef]

32. Lau, K. Phosphate excess and progressive renal failure: The precipitation-calcification hypothesis. Kidney Int. 1989, 36, 918–937.
[CrossRef] [PubMed]

33. Voormolen, N.; Noordzij, M.; Grootendorst, D.C.; Beetz, I.; Sijpkens, Y.W.; Van Manen, J.G.; Boeschoten, E.W.; Huisman, R.M.;
Krediet, R.T.; Dekker, F.; et al. High plasma phosphate as a risk factor for decline in renal function and mortality in pre-dialysis
patients. Nephrol. Dial. Transplant. 2007, 22, 2909–2916. [CrossRef] [PubMed]

http://doi.org/10.1097/MNH.0b013e3282f4e525
http://doi.org/10.1681/ASN.2006070771
http://doi.org/10.1097/01.ASN.0000133041.27682.A2
http://doi.org/10.1038/sj.ki.5001514
http://doi.org/10.1681/ASN.2014050472
http://doi.org/10.1111/j.1523-1755.2005.00185.x
http://www.ncbi.nlm.nih.gov/pubmed/15698460
http://doi.org/10.1053/j.ajkd.2008.06.023
http://doi.org/10.1681/ASN.2005101101
http://doi.org/10.1038/ki.2008.501
http://doi.org/10.2215/CJN.04250510
http://doi.org/10.1016/j.kint.2015.10.001
http://doi.org/10.1161/ATVBAHA.117.309182
http://www.ncbi.nlm.nih.gov/pubmed/28663256
http://doi.org/10.1155/2015/308190
http://www.ncbi.nlm.nih.gov/pubmed/26089881
http://doi.org/10.1093/ckj/sfu003
http://www.ncbi.nlm.nih.gov/pubmed/25852865
http://doi.org/10.4172/2155-6156.1000347
http://doi.org/10.1053/j.ackd.2017.11.001
http://www.ncbi.nlm.nih.gov/pubmed/29793667
http://doi.org/10.1093/ndt/gfs126
http://www.ncbi.nlm.nih.gov/pubmed/22610987
http://doi.org/10.1159/000341868
http://www.ncbi.nlm.nih.gov/pubmed/22948239
http://doi.org/10.1038/nrneph.2013.128
http://www.ncbi.nlm.nih.gov/pubmed/23820817
http://doi.org/10.1016/j.diabet.2019.12.003
http://www.ncbi.nlm.nih.gov/pubmed/31870835
http://doi.org/10.1159/000480739
http://doi.org/10.1038/ki.1989.281
http://www.ncbi.nlm.nih.gov/pubmed/2693800
http://doi.org/10.1093/ndt/gfm286
http://www.ncbi.nlm.nih.gov/pubmed/17517792


Diagnostics 2022, 12, 2470 10 of 10

34. Chue, C.D.; Edwards, N.C.; Davis, L.J.; Steeds, R.; Townend, J.; Ferro, C. Serum phosphate but not pulse wave velocity predicts
decline in renal function in patients with early chronic kidney disease. Nephrol. Dial. Transplant. 2011, 26, 2576–2582. [CrossRef]
[PubMed]

35. O’Seaghdha, C.M.; Hwang, S.-J.; Muntner, P.; Melamed, M.L.; Fox, C.S. Serum phosphorus predicts incident chronic kidney
disease and end-stage renal disease. Nephrol. Dial. Transplant. 2011, 26, 2885–2890. [CrossRef]

36. Zoccali, C.; Ruggenenti, P.; Perna, A.; Leonardis, D.; Tripepi, R.; Tripepi, G.; Mallamaci, F.; Remuzzi, G. Phosphate May Promote
CKD Progression and Attenuate Renoprotective Effect of ACE Inhibition. J. Am. Soc. Nephrol. 2011, 22, 1923–1930. [CrossRef]

37. Bellasi, A.; Mandreoli, M.; Baldrati, L.; Corradini, M.; Di Nicolò, P.; Malmusi, G.; Santoro, A. Chronic Kidney Disease Progression
and Outcome According to Serum Phosphorus in Mild-to-Moderate Kidney Dysfunction. Clin. J. Am. Soc. Nephrol. 2011, 6,
883–891. [CrossRef]

38. Sim, J.J.; Bhandari, S.K.; Smith, N.; Chung, J.; Liu, I.L.A.; Jacobsen, S.J.; Kalantar-Zadeh, K. Phosphorus and Risk of Renal Failure
in Subjects with Normal Renal Function. Am. J. Med. 2013, 126, 311–318. [CrossRef]

39. Mehrotra, R.; Kidney Early Evaluation Program (KEEP) Investigators; Peralta, C.A.; Chen, S.-C.; Li, S.; Sachs, M.; Shah, A.; Norris,
K.; Saab, G.; Whaley-Connell, A.; et al. No independent association of serum phosphorus with risk for death or progression to
end-stage renal disease in a large screen for chronic kidney disease. Kidney Int. 2013, 84, 989–997. [CrossRef]

40. Slatopolsky, E.; Robson, A.M.; Elkan, I.; Bricker, N.S. Control of phosphate excretion in uremic man. J. Clin. Investig. 1968, 47,
1865–1874. [CrossRef]

41. Walser, M. Calcium Carbonate-Induced Effects on Serum Ca X P Product and Serum Creatinine in Renal Failure: A Retrospective
Study. Adv. Exp. Med. Biol. 1980, 128, 281–287. [CrossRef]

42. Ibels, L.S.; Alfrey, A.C.; Haut, L.; Huffer, W.E. Preservation of Function in Experimental Renal Disease by Dietary Restriction of
Phosphate. N. Engl. J. Med. 1978, 298, 122–126. [CrossRef]

43. Cozzolino, M.; Dusso, A.S.; Liapis, H.; Finch, J.; Lu, Y.; Burke, S.K.; Slatopolsky, E. The Effects of Sevelamer Hydrochloride and
Calcium Carbonate on Kidney Calcification in Uremic Rats. J. Am. Soc. Nephrol. 2002, 13, 2299–2308. [CrossRef]

44. Nagano, N.; Miyata, S.; Obana, S.; Kobayashi, N.; Fukushima, N.; Burke, S.K.; Wada, M. Sevelamer hydrochloride, a phosphate
binder, protects against deterioration of renal function in rats with progressive chronic renal insufficiency. Nephrol. Dial. Transplant.
2003, 18, 2014–2023. [CrossRef]

45. Chiu, Y.-W.; Adler, S.; Budoff, M.; Takasu, J.; Ashai, J.; Mehrotra, R. Prevalence and Prognostic Significance of Renal Artery
Calcification in Patients with Diabetes and Proteinuria. Clin. J. Am. Soc. Nephrol. 2010, 5, 2093–2100. [CrossRef] [PubMed]

46. Ter Braake, A.D.; Vervloet, M.G.; de Baaij, J.H.F.; Hoenderop, J.G.J. Magnesium to prevent kidney disease-associated vascular
calcification: Crystal clear? Nephrol. Dial. Transplant. 2022, 37, 421–429. [CrossRef] [PubMed]

47. O’Neill, W. The fallacy of the calcium-phosphorus product. Kidney Int. 2007, 72, 792–796. [CrossRef] [PubMed]
48. Silva, A.P.; Viegas, C.S.B.; Guilherme, P.; Tavares, N.; Dias, C.; Rato, F.; Santos, N.; Faísca, M.; de Almeida, E.; Neves, P.L.; et al.

Gla-Rich Protein, Magnesium and Phosphate Associate with Mitral and Aortic Valves Calcification in Diabetic Patients with
Moderate CKD. Diagnostics 2022, 12, 496. [CrossRef] [PubMed]

49. Sakaguchi, Y.; Iwatani, H.; Hamano, T.; Tomida, K.; Kawabata, H.; Kusunoki, Y.; Shimomura, A.; Matsui, I.; Hayashi, T.;
Tsubakihara, Y.; et al. Magnesium modifies the association between serum phosphate and the risk of progression to end-stage
kidney disease in patients with non-diabetic chronic kidney disease. Kidney Int. 2015, 88, 833–842. [CrossRef]

50. Park, B.; Kim, M.-H.; Cha, C.K.; Lee, Y.-J.; Kim, K.-C. High Calcium–Magnesium Ratio in Hair Is Associated with Coronary Artery
Calcification in Middle-Aged and Elderly Individuals. Biol. Trace Element Res. 2017, 179, 52–58. [CrossRef]

http://doi.org/10.1093/ndt/gfq787
http://www.ncbi.nlm.nih.gov/pubmed/21248296
http://doi.org/10.1093/ndt/gfq808
http://doi.org/10.1681/ASN.2011020175
http://doi.org/10.2215/CJN.07810910
http://doi.org/10.1016/j.amjmed.2012.08.018
http://doi.org/10.1038/ki.2013.145
http://doi.org/10.1172/JCI105877
http://doi.org/10.1007/978-1-4615-9167-2_33
http://doi.org/10.1056/NEJM197801192980302
http://doi.org/10.1097/01.ASN.0000025782.24383.0D
http://doi.org/10.1093/ndt/gfg309
http://doi.org/10.2215/CJN.03730410
http://www.ncbi.nlm.nih.gov/pubmed/20705966
http://doi.org/10.1093/ndt/gfaa222
http://www.ncbi.nlm.nih.gov/pubmed/33374019
http://doi.org/10.1038/sj.ki.5002412
http://www.ncbi.nlm.nih.gov/pubmed/17609689
http://doi.org/10.3390/diagnostics12020496
http://www.ncbi.nlm.nih.gov/pubmed/35204586
http://doi.org/10.1038/ki.2015.165
http://doi.org/10.1007/s12011-017-0956-8

	Introduction 
	Materials and Methods 
	Patients 
	Follow-Up 
	Laboratory Measurements 
	Statistical Analyses 

	Results 
	Discussion 
	Conclusions 
	References

