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ABSTRACT 

Background. The association between hypo- and/or hypermagnesaemia and cardiovascular ( CV) outcomes or mortality 
has shown conflicting results in chronic kidney disease ( CKD) and has been conducted on total magnesium ( tMg) levels. 
Thus, the objectives of the present study were to ( i) describe the serum ionized Mg ( iMg) concentration in patients at 
various CKD stages, ( ii) measure the correlation between iMg and tMg concentrations, ( iii) identify their associated 
factors and ( iv) determine whether serum tMg and/or iMg concentrations are associated with major adverse 
cardiovascular events ( MACE) and mortality before kidney replacement therapy in CKD patients. 
Methods. Chronic Kidney Disease–Renal Epidemiology and Information Network ( CKD-REIN) is a prospective cohort of 
CKD patients with an estimated glomerular filtration rate ( eGFR) < 60 mL/min/1.73 m2 . Baseline iMg and tMg serum 

concentrations were centrally measured. Adjusted cause-specific Cox proportional hazard models were used to estimate 
hazard ratios ( HRs) for first MACE and for mortality. 
Results. Of the 2419 included patients, median age was 68 years, and the mean eGFR was 34.8 mL/min/1.73 m2 . 
Concentrations of serum iMg and tMg were strongly correlated ( r = 0.89, P < .001) and were independently associated 
with eGFR. The adjusted HR [95% confidence interval ( CI) ] for MACE associated with the baseline serum tMg level was 
1.27 ( 0.95; 1.69) for patients in Tertile 1 and 1.56 ( 1.18; 2.06) for patients in Tertile 3, relative to patients in Tertile 2. The HR 
( 95% CI) of death according to serum tMg concentration was increased in Tertile 3 [1.48 ( 1.11; 1.97) ]. The adjusted risk for 
MACE and mortality ( all-cause or CV) associated with the baseline serum iMg level was not significantly different 
between tertiles. 
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Conclusions. Our analysis of a large cohort of patients with moderate-to-advanced CKD demonstrated that individuals 
with higher serum tMg concentrations, although still within the normal range, had a greater likelihood of MACE and 
mortality. However, serum iMg levels were not associated with these outcomes. 

GRAPHICAL ABSTRACT 

Pluquet, M., et al.
Clinical Kidney Journal (2024)

@CKJsocial

Conclusion: Higher serum total magnesium concentration (although within the 
normal range) was associated with adverse outcomes, but no association was
found with ionized serum concentration.

Ionized and total magnesium levels in patients with
chronic kidney disease: associated factors and outcomes

Are serum ionized and total magnesium concentrations associated with adverse outcomes such as
major adverse cardiovascular events (MACE) and death before kidney replacement therapy?

Methods Results

CKD-REIN cohort
CKD stage 3–5, without KRT

eGFR 34.8 ±13 mL/min/1.73 m²

5-year follow-up

Adjusted Cox models

N=2419

Ionized magnesium
Tertile 1 (n=828): ≤ 0.45 mmol/L
Tertile 2 (n=860): 0.46–0.52 mmol/L
Tertile 3 (n=731): > 0.52 mmol/L

Adjusted HR [95% CI]*

MACE Death
Total magnesium
Tertile 1 (n=829): ≤ 0.73 mmol/L
Tertile 2 (n=837): 0.74–0.81 mmol/L
Tertile 3 (n=753): > 0.81 mmol/L

10.5 1.50 2.0 10.5 1.50 2.0

10.5 1.50 2.0 10.5 1.50 2.0

1.27 [0.95 ; 1.69]

Ref

1.56 [1.18 ; 2.06]

0.93 [0.71 ; 1.23]

1.14 [0.88 ; 1.48]

Ref

1.11 [0.82 ; 1.50]

Ref

1.48 [1.11 ; 1.97]

0.79 [0.59 ; 1.05]

0.96 [0.73 ; 1.26]

Ref

*Hazard ratios are adjusted for age, sex, body mass index, diabetes, dyslipidaemia, pulse pressure, estimated GFR filtration rate, history of CVD, serum urea, sodium,
potassium, bicarbonates, calcium, phosphates, albumin, parathyroid hormone and haemoglobin, the use of renin-angiotensin system inhibitors, diuretics (high-ceiling
diuretics and/or potassium-sparing diuretics and/or aldosterone antagonists), and hypomagnesaemic drugs (thiazide diuretics and/or proton pump inhibitors and/or
potassium chelators).

Keywords: cardiovascular disease, chronic kidney disease, magnesium, mortality 
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KEY LEARNING POINTS 

What was known: 

• In patients with chronic kidney disease ( CKD) , previous stu
magnesium ( tMg) levels and all-cause mortality, with confl

• However, no study has investigated the association betwe
CKD.

This study adds: 

• In 3033 patients with moderate-to-advanced CKD, individu
the normal range, had a greater likelihood of major adver
confounding factors.

• We failed to show an association between serum iMg on on

Potential impact: 

• tMg is routinely assayed in hospital laboratories and migh
• The safety of magnesium supplementation requires furth
 have shown an association between high or low serum total 
g findings regarding cardiovascular ( CV) events.
nized Mg ( iMg) and CV events or mortality in patients with 

ith elevated serum tMg concentrations, although still within 
rdiovascular events and mortality, even after adjustment for 

nd and the occurrence of CV events or mortality on the other.

a useful variable to monitor in CKD patients.
aluation.
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NTRODUCTION 

hronic kidney disease ( CKD) is considered a major public 
ealth problem worldwide [1 ]. All patients with CKD should be
onsidered to have a high risk of cardiovascular disease ( CVD) ,
lthough the underlying pathophysiological mechanisms are 
ot fully understood [2 , 3 ]. Indeed, conventional cardiovascular 
 CV) risk factors do not appear to fully explain the elevated risk
f CVD. 

Magnesium is the fourth most abundant cation in the body.
lthough only about 1% of the total magnesium ( tMg) is located 
utside the cells, this is nevertheless a major fraction because
t is involved in a multitude of enzyme reactions and essential
hysiological processes [4 –6 ], such as the inhibition of vascu-
ar smooth muscle cell calcification [7 ], the regulation of inflam-
ation and immune responses [8 ]. Magnesium homeostasis de- 
ends mainly on absorption through the intestine and excretion 
y the kidney [9 ]. In late-stage CKD, the growing impairment
n renal excretion typically leads to the accumulation of mag-
esium in the blood [10 ]. However, hypomagnesaemia is also
ommon in patients with CKD, due to variations in dietary mag-
esium intake and the use of drugs that can induce hypomagne-
aemia ( such as thiazide diuretics and proton pump inhibitors) 
9 , 11 ]. 

In serum, around 20%–30% of the tMg in circulation is bound
o proteins and is believed to be biologically inert. Ionized mag-
esium ( iMg) comprises roughly 60%–70% of tMg in circulation 
nd is regarded as the active form of magnesium. It is plausible
hat iMg could serve as a more physiologically significant marker
ompared with tMg. The total serum magnesium concentration 
s most frequently used in routine clinical practice [12 ]. In fact,
he fraction of iMg is not usually measured and is difficult to cal-
ulate [13 , 14 ]. Recent studies of various non-CKD cohorts have
videnced a moderate correlation between tMg and iMg [15 , 16 ].
iven the variations and/or impairments in serum binding pro- 
eins observed in patients with CKD, one could expect to find the
ame moderate correlation in this population. However, data on 
evels of iMg in patients with CKD are lacking. 

A large body of data from studies of the general population
hows that both hypermagnesaemia and hypomagnesaemia 
re associated with greater mortality and worse CVD outcomes 
17 –20 ]. Along the same lines, the results of a registry-based
tudy of a cohort of more than 140 000 haemodialysis patients
ighlighted a U-shaped relationship between tMg levels and 
oth CVD and non-CVD mortality rates [21 ]. All-cause mortality
s the most frequently studied outcome in CKD populations 
22 –29 ]. The association between magnesium levels and CV
utcomes has not been frequently evaluated, and the few 

ublished data are conflicting [22 , 23 , 25 , 28 ]. Furthermore, most
tudies of the link between magnesium and patient outcomes 
ave focused on tMg concentrations and not iMg, and some
tudies have reported that tMg and iMg are not related in the
ame way to the predicted clinical outcomes [15 , 16 ]. 

Thus, the objectives of the present study were to ( i) describe 
he serum iMg concentration in patients at various CKD stages,
 ii) measure the correlation between iMg and tMg concentra- 
ions, ( iii) identify associated factors of the iMg concentration 
nd ( iv) determine whether serum total and/or iMg concen- 
rations are associated with adverse outcomes ( such as fatal 
r non-fatal major CV events and mortality) before kidney 
eplacement therapy ( KRT, defined as the initiation of chronic 
ialysis, or kidney transplantation) in patients with CKD, after 
djustment for the estimated glomerular filtration rate ( eGFR) 
nd other risk factors. 
ATERIALS AND METHODS 

he results of this cohort study are reported in accordance with
he Strengthening the Reporting of Observational Studies in
pidemiology ( STROBE) guideline [30 ]. 

tudy design and participants 

hronic Kidney Disease–Renal Epidemiology and Information 
etwork ( CKD-REIN) is a French prospective cohort of adult 
atients ( > 18 years of age) with a confirmed diagnosis of CKD,
ith eGFR < 60 mL/min/1.73 m2 ( stage 3–5) , who were not on
aintenance dialysis nor had undergone kidney transplanta- 

ion by study entry. Details of the study protocol have already
een published [31 ]. Patients were recruited from 40 nationally
epresentative nephrology outpatient facilities in France with 
espect to geography and facility legal status, public or private.
 total of 3033 patients were included during a routine nephrol-
gy outpatient appointment between 2013 and 2016, and were
ollowed up by clinical research associates ( CRAs) for 5 years or
ntil 31 December 2020. The study protocol was approved by
he institutional review board at the French National Institute of
ealth and Medical Research ( INSERM; reference: IRB00003888) 
nd was registered at ClinicalTrials.gov ( NCT03381950) . 

For the purposes of the present analysis, we excluded
atients who did not have a serum collection at baseline
 n = 442) , patients for whom the tMg assay could not be per-
ormed ( n = 3) and patients for whom serum samples were
ollected > 90 days after inclusion in the study ( n = 169) . Hence,
 total of 2419 patients were included in the present analysis
 Supplementary data, Fig. S1) . 

tudy data 

RAs collected data from patient interviews and medical
ecords at baseline and then annually. The patients’ charac-
eristics were recorded, and the patients were screened for a
istory of hypertension, diabetes and CVD. Height and weight
ere measured to calculate body mass index ( BMI) . A specific
lectronic case report form ( linked to the international Anatom-
cal Therapeutic and Chemical thesaurus) was used by the CRAs
o record the drugs prescribed to patients in the 3 months prior
o the enrolment visit. Standard blood and urine tests ( those
ecommended by the French health authorities for the routine
anagement of CKD) were carried out for all patients in their
sual medical laboratory. The GFR was estimated using the
hronic Kidney Disease Epidemiology Collaboration creatinine 
quation [32 ]. The urinary albumin-to-creatinine ratio ( ACR) 
as determined by either measurement or estimation using an
quation based on proteinuria measurements [33 ]. We therefore
lassified patients according to the Kidney Disease: Improving
lobal Outcomes ( KDIGO) 2012 guideline stages as follows: A1 
 normal or minimal increase) , ACR < 3 mg/mmol or albumin
xcretion rate ( AER) < 30 mg/24 h; A2 ( moderate increase) , ACR
–30 mg/mmol or AER 30–300 mg/24 h; A3 ( severe increase) ,
CR = 30 mg/mmol or AER = 300 mg/24 h [34 ]. 

Mg and iMg measurements 

erum samples were collected at the time of patient’s enrol-
ent, stored at 4°C, and aliquoted within 6 h without further
rocessing. All samples were stored at –80°C at the Biobanque de
icardie ( Amiens-Picardie University Hospital, Amiens, France; 
RIF number: BB-0033-00017) . We used direct potentiometry 

https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae046#supplementary-data
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ith an ion-selective electrode ( Stat Profile® PRIMETM ES Comp,
ova Biomedical, Waltham, MA, USA) to assay iMg levels. In 
ealthy adults, the serum iMg concentration ranges from 0.43 to 
.54 mmol/L [35 ]. We used a photometric technique ( a modified 
ylidyl blue reaction) to assay tMg assays in the same serum 

amples ( Atellica® CH, Siemens Healthcare Diagnostics Inc.,
arrytown, NY, USA; reference range 0.66–1.07 mmol/L) . For 
hree patients whose serum iMg concentration was below 

he assay’s limit of quantification ( 0.10 mmol/L) , we set the 
alue of 0.10 mmol/L. Hypomagnesaemia was defined as a tMg 
oncentration below 0.66 mmol/L, and hypermagnesaemia as a 
agnesium concentration equal or above 1.07 mmol/L. 

tudy outcomes 

ospitalizations occurring during study follow-up were iden- 
ified from medical reports, hospital records and/or patient 
nterview; deaths were ascertained from death certificates, hos- 
ital records, reports by family members and by linkage with the 
ational vital status registry. A physician reviewed and coded all 
vents using the International Classification of Diseases, Tenth 
evision. Then, based on these codes, this physician identified 
nd assessed CV events according to the Cardiovascular and 
troke Endpoint Definitions for Clinical Trials [36 ]. One senior 
ardiologist further adjudicated all CV deaths. 

The primary endpoint was the occurrence of the first fatal 
r non-fatal major CV event ( MACE) , defined as any CV death,
yocardial infarction, stroke and hospitalization for heart 

ailure. The secondary endpoint was the occurrence of death ( i) 
hatever the cause and ( ii) from CV cause. 
Only events that occurred before KRT were analysed. KRT 

vents were defined as initiation of maintenance dialysis or 
re-emptive kidney transplantation, identified from medical 
ecords, patient interviews, and/or by linkage with the national 
EIN registry. KRT events and non-CV deaths before KRT were 
onsidered competing events for CV events and CV mortality.
atients were censored at the date of the competing event, the 
nd of their 5-year follow-up, or at study loss to follow-up. 

tatistical analysis 

aseline characteristics were described first for the study pop- 
lation as a whole ( n = 2419) . We then compared subgroups 
f patients by the serum tMg tertiles at baseline [Tertile 1 
 T1) , ≤0.73 mmol/L; T2, 0.74–0.81 mmol/L; T3, > 0.81 mmol/L].
ontinuous variables were reported as the mean [standard 
eviation ( SD) ] or the median ( first–third quartiles) , depending 
n the distribution. Categorical variables were reported as the 
requency ( percentage) . Depending on the distribution, we used 
 chi-squared test or Fisher’s exact test to compare values 
f categorical variables, and an analysis of variance or the 
ruskal–Wallis test to compare values of continuous variables. 
Multivariable linear regressions ( based on sociodemographic 

ariables, clinical variables and prescription drugs) were used 
o estimate independent associations with the serum iMg 
oncentration and the serum tMg concentration ( expressed as 
 non-standardized coefficient [95% confidence interval ( CI) ],
nd as a standardized coefficient) . Our choice of the variables 
ncluded in multivariable models was based on a literature 
eview and a P -value < .2 in a univariable analysis. Hypomagne- 
aemic drugs were those negatively associated with magnesium 

oncentration in multivariable models. 
We used cause-specific Cox models to test the crude and 

djusted associations between the risk of a first CV event 
n one hand and the serum ionized, tMg concentration at 
aseline on the other. Cox models were adjusted for a set of 
onfounding factors selected from a directed acyclic graph 
 Supplementary data, Fig. S2) [37 ]. This approach enables the 
election of an optimal set of adjustment factors [i.e. closing 
on-causal pathways between exposure ( magnesaemia) and 
utcome ( CV event) ]. The selected covariates were: age, sex, his- 
ory of CVD, diabetes, dyslipidaemia, BMI, pulse pressure, eGFR,
evels of serum urea, sodium, potassium, bicarbonate, calcium,
hosphate, serum albumin, parathyroid hormone ( PTH) and 
aemoglobin, and prescriptions of renin–angiotensin system 

nhibitors, hypomagnesaemic drugs [thiazide diuretics, proton 
ump inhibitors ( PPIs) and/or potassium chelators] and other 
iuretics ( defined as all diuretics other than thiazide diuretics,
uch as high-ceiling diuretics, potassium-sparing diuretics 
nd/or aldosterone antagonists) . We also tested the association 
etween the baseline serum magnesium concentration ( ionized 
nd total) and all-cause mortality, as well as CV mortality. The 
djustment factors were the same as those used to assess 
he risk of MACE ( Supplementary data, Fig. S3) . We tested the 
roportional hazards hypothesis by analysing the Schoenfeld 
esiduals for each model. Using restricted cubic splines in 
he adjusted Cox models [38 ], we investigated the functional 
elationship between the serum magnesium concentration 
 ionized and total) and the CV risk, all-cause and CV mortality. 

After assuming that data were missing at random, we man- 
ged missing covariate data with multivariate imputation by 
hained equations with predictive mean matching in the mice 
ackage in R [39 , 40 ]. A total of 25 datasets were created, and
he number of iterations was set to 20. All covariates present in
he final Cox models were included in the imputation model.
itted Cox models were generated for each dataset, and pooled 
egression coefficients were obtained using Rubin’s rules. 

All tests were two-tailed, and the threshold for statistical 
ignificance was set to P < .05. All statistical analyses were 
erformed with R software ( version 4.1.3) [40 ]. 

ESULTS 

haracteristics of the patients at baseline 

f the 3033 patients enrolled in the CKD-REIN cohort, 2419 were 
nalysed ( Supplementary data, Fig. S1) . The median age was 
8 ( 60–76) years, 66% of the patients were men and the mean 
 SD) eGFR was 34.8 ( 13.4) mL/min/1.73 m2 ; 52% of the patients 
ad a history of CVD and 41% had diabetes ( Table 1 ) . For the
tudy population as a whole, the mean ( SD) serum tMg and iMg 
oncentrations were, respectively, 0.77 ( 0.10) mmol/L and 0.48 
 0.09) mmol/L. Compared with patients in T1 and T2, patients in 
3 were older, were more likely to have a history of CVD history,
ad higher serum phosphate, PTH and urea concentrations, and 
ad a lower baseline eGFR. However, patients in T1 had more 
rescribed daily medications, including higher use of PPI, thi- 
zide diuretics or potassium chelators, and had more frequently 
iabetes than those of T2 or T3. A small but significant negative 
orrelation was found for serum magnesium ( ionized and total) 
nd the eGFR ( r = –0.19, P < .001 for both total and ionized) . The
ore advanced CKD stages were associated with higher serum 

onized and tMg concentrations ( Table 2 ) . 

ssociations between iMg and tMg 

he serum ionized and tMg concentrations were strongly cor- 
elated ( r = 0.89, P < .001) . The vast majority of patients had a

https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae046#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae046#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae046#supplementary-data


Ionized and total Mg levels in patients with CKD 5

Table 1: Baseline characteristics of the study population. 

tMg ( mmol/L) 

Total 
( N = 2419) 

T1 ≤0.73 
( N = 829) 

T2 0.74–0.81 
( N = 837) 

T3 > 0.81 
( N = 753) P -value 

Imputed data 
( N = 2419) ( %) 

tMg ( mmol/L) 0.77 ( 0.10) 0.66 ( 0.07) 0.78 ( 0.02) 0.88 ( 0.06) < .001 0 
iMg ( mmol/L) 0.48 ( 0.09) 0.40 ( 0.08) 0.49 ( 0.04) 0.57 ( 0.07) < .001 0 
Age ( years) 68 ( 60; 76) 67 ( 58; 75) 68 ( 60; 75) 70 ( 63; 77) < .001 0 
Men ( %) 66 68 68 63 .049 0 
Level of studies ( %) .23 1 

< 9 years 14 16 14 13 
9–11 years 49 48 48 52 
≥12 years 36 36 38 35 

Alcohol abuse 1 2 1 1 .16 0.7 
Smoking status ( %) .12 0.6 

Non-smoker 40 40 38 44 
Current 12 13 14 10 
Past 47 48 48 46 

Hypertension ( %) 96 97 96 96 .46 0.2 
Diabetes ( %) 41 51 39 33 < .001 0.2 
Dyslipidaemia ( %) 66 68 68 63 .35 0.4 
History of CVD ( %) 52 50 51 56 .04 0.5 
Gastrointestinal bleeding ( %) 4 4 3 4 .65 4.3 
BMI ( kg/m2 ) 28.8 ( 5.8) 29.6 ( 6.0) 28.5 ( 5.6) 28.1 ( 5.7) < .001 1.9 
Systolic blood pressure ( mmHg) 142 ( 21) 143 ( 21) 143 ( 20) 141 ( 21) .13 2.1 
Pulse pressure ( mmHg) 64 ( 19) 64 ( 19) 64 ( 18) 64 ( 19) .88 2.3 
eGFR ( mL/min/1.73m²) 34.8 ( 13) 36.9 ( 14) 36.1 ( 14) 31.0 ( 12) < .001 1.4 
Albumin- or protein-to-creatinine ratio classes ( %) .02 8.5 

Normal or minimal increase ( A1) 28 25 30 30 
Moderate increase ( A2) 32 31 31 34 
Severe increase ( A3) 40 44 39 37 

CRP ( mg/L) 2.5 ( 1.1; 5.9) 2.7 ( 1.2; 6.1) 2.4 ( 1.0; 5.4) 2.6 ( 1.3; 6.5) .12 0.8 
Sodium ( mmol/L) 140 ( 2.8) 140 ( 2.8) 140 ( 2.7) 140 ( 2.8) .90 0.5 
Potassium ( mmol/L) 4.5 ( 0.5) 4.5 ( 0.5) 4.6 ( 0.5) 4.5 ( 0.5) .10 0.4 
Bicarbonates ( mmol/L) 24.9 ( 3.4) 24.5 ( 3.4) 25.0 ( 3.4) 25.2 ( 3.4) < .001 8.9 
Calcium ( mmol/L) 2.35 ( 0.13) 2.34 ( 0.15) 2.36 ( 0.12) 2.35 ( 0.12) < .001 2.5 
Phosphates ( mmol/L) 1.15 ( 0.23) 1.14 ( 0.24) 1.14 ( 0.21) 1.18 ( 0.24) < .001 3.8 
Serum albumin ( g/L) 40.6 ( 4.1) 39.8 ( 4.3) 40.8 ( 4.0) 41.1 ( 3.8) < .001 0.1 
Urea ( mmol/L) 13.3 ( 10.2; 

18.1) 
12.8 ( 10.1; 

16.9) 
12.9 ( 9.80; 

17.2) 
14.8 ( 11.1; 

20.5) 
< .001 6.7 

Total cholesterol ( mmol/L) 4.83 ( 1.29) 4.74 ( 1.29) 4.91 ( 1.30) 4.84 ( 1.27) .04 9.3 
HDL-cholesterol ( mmol/L) 1.32 ( 0.47) 1.25 ( 0.44) 1.32 ( 0.48) 1.38 ( 0.47) < .001 10.0 
LDL-cholesterol ( mmol/L) 2.69 ( 1.09) 2.58 ( 1.08) 2.76 ( 1.10) 2.73 ( 1.08) .005 11.8 
Triglycerides ( mmol/L) 1.53 ( 1.10; 

2.25) 
1.72 ( 1.19; 

2.52) 
1.51 ( 1.08; 

2.22) 
1.45 ( 1.04; 

1.98) 
< .001 9.6 

Haemoglobin ( g/dL) 13.0 ( 1.7) 12.9 ( 1.7) 13.3 ( 1.7) 12.9 ( 1.6) < .001 0.8 
PTH ( pg/mL) 79 ( 49; 129) 73 ( 46; 122) 73 ( 46; 118) 95 ( 58; 150) < .001 12.9 
25-OH vitamin D ( ng/mL) 28 ( 19; 37) 27 ( 18; 36) 28 ( 21; 37) 28 ( 20; 37) .24 10.6 
Number of prescriptions per patient 8 ( 5; 10) 8 ( 6; 11) 7 ( 5; 10) 8 ( 5; 10) < .001 0.3 
PPIs ( %) 32 39 30 28 < .001 0.3 
Diuretics ( %) 54 53 51 59 .01 0.3 

Thiazide diuretics 21 27 21 16 < .001 0.3 
High-ceiling diuretics 35 27 33 46 < .001 0.3 
Potassium-sparing diuretics 5 5 4 5 .49 0.3 

Beta-blockers ( %) 42 43 40 43 .38 0.3 
Calcium channel blockers ( %) 47 45 48 48 .43 0.3 
Renin–angiotensin system inhibitors ( %) 76 80 78 70 < .001 0.3 
Corticosteroids ( %) 7 7 6 8 .42 0.3 
Potassium chelator ( %) 13 15 12 12 .049 0.3 
Phosphate binders ( %) 4 3 3 5 .06 0.3 
Magnesium supplementation ( %) 0.4 0.4 0.5 0.4 .93 0.3 
Medications for constipation ( %) 4 3 4 6 .02 0.3 
Lithium ( %) 0.2 0.02 0.2 0.3 .34 0.3 

Data are presented as the mean ( SD) or the median ( first–third quartiles) , or frequency ( %) . 

CRP, C-reactive protein; HDL, high-density lipoprotein; LDL, low-density lipoprotein. 
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Table 2: Serum iMg and tMg concentrations, by CKD stage. 

CKD stage 

Total ( N = 2394) Stage 2–3A ( N = 531) Stage 3B ( N = 884) Stage 4–5 ( N = 979) P -value 

iMg ( mmol/L) 0.48 ( 0.09) 0.46 ( 0.08) 0.47 ( 0.09) 0.50 ( 0.10) < .001 
tMg ( mmol/L) 0.77 ( 0.10) 0.74 ( 0.09) 0.76 ( 0.10) 0.79 ( 0.11) < .001 

Figure 1: Number of events, incidence rates and adjusted HRs for MACEs, as a function of the baseline serum tMg and iMg concentrations. Serum tMg: T1 ( ≤0.73 mmol/L) , 

T2 ( 0.74–0.81 mmol/L) , T3 ( > 0.81 mmol/L) . Serum iMg: T1 ( ≤0.45 mmol/L) , T2 ( 0.46–0.52 mmol/L) , T3 ( > 0.52 mmol/L) . HRs are adjusted for age, sex, BMI, diabetes, 
dyslipidaemia, pulse pressure, eGFR, history of CVD, levels of serum urea, sodium, potassium, bicarbonates, calcium, phosphates, albumin, PTH and haemoglobin, 
the use of renin–angiotensin system inhibitors, diuretics ( high-ceiling diuretics, potassium-sparing diuretics and/or aldosterone antagonists) and hypomagnesaemic 
drugs ( thiazide diuretics, PPIs and/or potassium chelators) . 
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ormal tMg concentration ( 88%) ; 11.5% showed hypomagne- 
aemia ( < 0.66 mmol/L) and only 0.5% showed hypermagne- 
aemia ( ≥1.07 mmol/L) . In T1 for iMg, one-third of patients 
howed hypomagnesaemia and two-thirds were in the normal 
ange of tMg levels ( Supplementary data, Table S1) . In T2, over 
9% of the patients were in the normal range. In T3, only 2% 

f patients showed hypermagnesaemia, and 98% were in the 
ormal range. 

actors associated with magnesium levels 

n linear regression models, both ionized and tMg levels were 
ndependently positively associated with age, serum levels of 
hosphate, albumin and urea, and prescriptions for high-ceiling 
iuretics and laxatives; and negatively associated with diabetes,
MI, eGFR, serum levels of triglycerides, and prescriptions for 
PIs and potassium chelators. Additionally, the serum iMg 
evel was negatively associated with systolic blood pressure,
erum levels of calcium and prescriptions for thiazide diuretics 
 Supplementary data, Table S2) , while the serum tMg level was 
ositively associated with the serum calcium and bicarbonate,
nd negatively associated with sodium and 25-OH vitamin D 

evels ( Supplementary data, Table S3) . Diabetes, prescription for 
igh-ceiling diuretics, serum urea levels, prescriptions for PPIs 
nd potassium chelators were the variables that most strongly 
redicted iMg levels ( Supplementary data, Table S2) . For tMg 
evels, the best predictors were prescriptions for high-ceiling 
iuretics, diabetes, urea and serum albumin levels, and kidney 
unction ( Supplementary data, Table S3) . 

ajor CV events 

ver a median ( interquartile range) follow-up period of 4.9 ( 3.3; 
.1) years, 351 patients experienced a first MACE. The crude inci- 
ence rate ( 95% CI) was 3.9 ( 3.5; 4.3) per 100 person-years. The in- 
idence rate was higher in patients in T3 and ( to a lesser extent) 
n T1 than in patients in T2 ( Fig. 1 , Supplementary data, Table S4) .
he adjusted hazard ratio ( HR) ( 95% CI) for MACEs associated 
ith the baseline serum tMg level was 1.27 ( 0.95; 1.69) for 
atients in T1 and 1.56 ( 1.18; 2.06) for patients in T3, relative to 
atients in T2 ( Fig. 1 , Supplementary data, Table S5) . A r estricted 
ubic spline analysis showed that the relationship between 
he serum tMg level and the MACE risk was non-linear, with a 
reater risk at high concentrations ( Fig. 2 A) . 

The adjusted HR ( 95% CI) for MACEs associated with the 
aseline serum iMg level was 0.93 ( 0.71; 1.23) for patients in T1 
nd 1.14 ( 0.88; 1.48) for patients in T3, relative to patients in T2 
 Fig. 1 , Supplementary data, Table S6) . Restricted cubic spline 
nalysis confirmed this non-significant trend ( Fig. 2 B) . 

ortality 

n our study, 314 patients died before KRT resulting in a crude 
ncidence rate ( 95% CI) of 3.3 ( 3.0; 3.7) per 100 person-years.

https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae046#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae046#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae046#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae046#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae046#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae046#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae046#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae046#supplementary-data
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Figure 2: Adjusted HRs for the occurrence of the first MACE, as a function of the baseline serum tMg and iMg concentrations, using restricted cubic spline term. ( A) 
Adjusted HR for the first MACE, as a function of the baseline serum tMg level. ( B) Adjusted HR for first MACE, as a function of baseline serum iMg level. HRs are adjusted 

for age, sex, BMI, diabetes, dyslipidaemia, pulse pressure, eGFR, history of CVD, levels of serum urea, sodium, potassium, bicarbonates, calcium, phosphates, albumin, 
PTH and haemoglobin, the use of renin–angiotensin system inhibitors, diuretics ( high-ceiling diuretics, potassium-sparing diuretics and/or aldosterone antagonists) 
and hypomagnesaemic drugs ( thiazide diuretics, PPIs and/or potassium chelators) . Dotted lines correspond to the 95% CI. The lines on the x -axis correspond to patient 
values. The 5% most extreme values of serum magnesium concentrations have been removed in this graph. 
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he incidence rate was higher in patients in T3 and ( to a lesser
xtent) T1 than in patients in T2 for both ionized and tMg ( Fig. 3 ,
upplementary data, Table S4) . After m ultiple adjustments,
he risk of death before KRT according to serum tMg concen-
ration was 1.11 ( 0.82; 1.50) for patients in T1 and 1.48 ( 1.11; 
.97) for patients in T3, compared with patients in T2 ( Fig. 3 ,
upplementary data, Table S7) . The adjusted risk of death before 
RT according to serum iMg concentration did not differ signif-
cantly from one tertile to another ( Fig. 3 , Supplementary data,
able S8) . The same trends have been found when the analysis 
as restricted to CV mortality, the risk being increased in
atients in T3 of serum tMg [HR ( 95% CI) 1.98 ( 1.27; 3.10) ] and
on-significantly in patients in T1 [HR ( 95% CI) 1.38 ( 0.85; 2.25) ],
elative to patients in T2 ( Fig. 4 , Supplementary data, Table S9) .
he risk of CV death was not found to be significantly
ssociated with serum iMg levels in our study ( Fig. 4 ,
upplementary data, Table S10) . Restricted cubic spline anal- 
ses confirmed these trends ( Supplementary data, Figs S4
nd S5) . 
ISCUSSION 

ur analysis of 2419 non-dialysed CKD patients from a large
rospective cohort showed that both ionized and tMg levels
ncreased with the CKD stage, were strongly correlated, and
ere associated with similar factors. Higher serum tMg levels,
lthough still within the normal range, were significantly asso-
iated with an elevated risk of MACEs, all-cause mortality and
V mortality. However, the serum iMg level was not associated
ith these outcomes. 
In our study, the serum magnesium concentrations ( iMg and

Mg) tended to rise with the CKD stage; indeed, magnesium
xcretion is known to decrease as renal function declines [10 ].
he correlation between iMg and tMg concentrations was very
trong ( r = 0.89; P < .001) . This finding contrasts with published
ata on intensive care unit patients, where the correlation was
eak and up to 85% of the patients with a low tMg level had a
ormal iMg level [15 ]. However, our finding is in line with the
esults of a small, single-centre study of chronic haemodialysis
atients ( n = 42) , in which the ionized and tMg levels were

https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae046#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae046#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae046#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae046#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae046#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae046#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae046#supplementary-data
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Figure 3: Number of events, incidence rates and adjusted HRs for overall mortality, as a function of the baseline serum tMg and iMg concentrations. Serum tMg: T1 
( ≤0.73 mmol/L) , T2 ( 0.74–0.81 mmol/L) , T3 ( > 0.81 mmol/L) . Serum iMg: T1 ( ≤0.45 mmol/L) , T2 ( 0.46–0.52 mmol/L) , Tertile 3 ( > 0.52 mmol/L) . HRs are adjusted for age, 
sex, BMI, diabetes, dyslipidaemia, pulse pressure, eGFR, history of CVD, levels of serum urea, sodium, potassium, bicarbonates, calcium, phosphates, albumin, PTH 

and haemoglobin, the use of renin–angiotensin system inhibitors, diuretics ( high-ceiling diuretics, potassium-sparing diuretics and/or aldosterone antagonists) and 
hypomagnesaemic drugs ( thiazide diuretics, PPIs and/or potassium chelators) . 

Figure 4: Number of events, incidence rates and adjusted HRs for CV mortality, as a function of the baseline serum tMg and iMg concentrations. Serum tMg: T1 
( ≤0.73 mmol/L) , T2 ( 0.74–0.81 mmol/L) , T3 ( > 0.81 mmol/L) . Serum iMg: T1 ( ≤0.45 mmol/L) , T2 ( 0.46–0.52 mmol/L) , T3 ( > 0.52 mmol/L) . HRs are adjusted for age, sex, 

BMI, diabetes, dyslipidaemia, pulse pressure, eGFR, history of CVD, levels of serum urea, sodium, potassium, bicarbonates, calcium, phosphates, albumin, PTH and 
haemoglobin, the use of renin–angiotensin system inhibitors, diuretics ( high-ceiling diuretics, potassium-sparing diuretics and/or aldosterone antagonists) and hypo- 
magnesaemic drugs ( thiazide diuretics, PPIs and/or potassium chelators) . 
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trongly correlated ( r = 0.88; P < .001) [41 ]. It is noteworthy that 
he degree of inter-individual variability was lower for iMg than 
or tMg. 

We found that serum magnesium concentrations were not 
articularly elevated, as might have been the case in patients 
ith a decreased kidney function [10 ]. This could be due, at least 

n part, to the use of hypomagnesaemic drugs [9 ]. We found that 
he use of PPIs, thiazide diuretics and potassium chelators was 
ssociated with a decrease of serum magnesium levels, either 
onized for thiazide diuretics, or both total and ionized for PPIs 
nd potassium chelators. Indeed, hypomagnesaemia is a known 
dverse effect of these classes of medications, and is mentioned 
n the summaries of product characteristics. Furthermore,
round 40% of patients suffered from diabetes, a factor known 
o be associated with a decrease in magnesaemia [42 ]. These 
actors could partially explain why patients in our cohort have 
agnesium concentrations close to normal. Overall, we found 

hat ionized and tMg were associated with the same factors: 
ge, eGFR, diabetes, BMI, serum calcium, phosphate, albumin,
rea and triglycerides, and prescriptions of PPIs, high-ceiling 
iuretics, potassium chelators and laxatives. These predictors 
f magnesium concentration have already been described in 
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he literature for tMg levels [22 , 24 , 25 , 43 , 44 ]. So, we extended
hese findings for iMg levels. 

With regard to the reference values for tMg ( 0.66–
.07 mmol/L) , 11.5% of patients showed hypomagnesaemia 
nd 0.5% showed hypermagnesaemia. Similar values were 
ound in a study of more than 10 000 patients ( at CKD stages
–4) in the Cleveland Clinic registry: 12.4% of the patients had a
agnesium concentration < 1.7 mg/dL ( 0.70 mmol/L) and 1.9% 

ad a concentration > 2.6 mg/dL ( 1.07 mmol/L) [24 ]. 
Our present study highlighted an elevated risk of MACE and

ortality in T3 of the serum tMg concentration. Of note, the
levation of tMg is moderate ( > 0.81 mmol/L) . A similar, non-
ignificant trend was found for the serum iMg level and the risk
f MACE. In a study of more than 65 000 hospitalized patients,
 U-shaped association between the tMg level and mortality 
as found [19 ]. A registry-based study of a large cohort of
aemodialysis patients also found that high levels of tMg were
ssociated with both CVD and non-CVD mortality [21 ]. Of note,
he levels of tMg in this dialysis cohort were higher than in our
on-dialysed CKD population. In studies of non-dialysed CKD 

atients, the tMg level ( but not the iMg level) has sometimes ( but 
ot always) been linked to mortality or CV disease. Some studies
 such as the present one) have found an association between 
 high tMg level on one hand and CV events [23 ] and all-cause
ortality [22 –24 ] on the other, whereas other studies failed to
how an association with CV outcomes [22 , 25 ]. Furthermore,
ow tMg levels have been associated with mortality in CKD
opulations [22 , 24 , 25 , 27 ]. In the present study, we failed to find
n association between low tMg levels and studied outcomes. 

Moreover, we failed to show an association between serum 

Mg on one hand and the occurrence of CV events or mortality
n the other. This lack of association with iMg ( the biologically
ctive fraction) might suggest that serum tMg is not causally 
elated to MACE and mortality, and that confounding factors 
ffecting both tMg and the occurrence of these events caused
he significant association in our study. The ionized fraction of
agnesium might not be affected by these unknown confound- 

ng factors, which would explain why the association with MACE
nd mortality is not significant in our study. In contrast to tMg,
Mg is not routinely assayed in hospital laboratories and is used
n a research setting only. Furthermore, the measurement of 
Mg is not straightforward because the result can be influenced
y other ions ( especially calcium) , temperature, pH, dilution of 
he sample and/or the lack of normative reference values [45 ]. 

It has been suggested that magnesium supplementation can 
educe the CV burden in general and the vascular calcification
urden in CKD patients in particular. A randomized, controlled 
rial in patients with stage 3–4 CKD showed that the median in
he coronary artery calcification ( CAC) score at 2 years was sig- 
ificantly smaller in participants taking magnesium oxide than 
n controls [46 ]. In another recent, randomized, controlled trial,
upplementation with magnesium hydroxide for 12 months 
id not slow the progression of CAC ( relative to a placebo) in
48 patients with stage 3b–4 CKD [47 ]. It is noteworthy that al-
hough no MACEs were reported in the placebo group, six ( three
udden cardiac deaths, two strokes and one incident heart 
ailure) were reported in the magnesium group. Hence, the 
afety of magnesium supplementation requires further eval- 
ation, in addition to determination of whether lowering tMg 
oncentrations will impact outcomes in the setting of kidney 
isease. 
The present study had several strengths. First, it is ( to the

est of our knowledge) the first to have investigated the asso-
iation between both serum tMg and iMg concentrations and 
he occurrence of CV events and mortality in CKD patients not
ndergoing KRT. Secondly, our analysis of a large number of pa-
ients from a nationally representative, multicentre, prospective 
ohort enabled comprehensive adjustments for confounding 
actors. Thirdly, the serum iMg and tMg concentrations were
easured centrally, which probably reduced the variability 
etween measurements. Lastly, all CV events were assessed
arefully, according to standardized definitions. 

Our study also had some limitations. First, 99% of the body’s
agnesium is located in the intracellular space ( mainly in the
ones) , and so only 1% is present in extracellular fluids. Hence,
he serum magnesium concentration might not adequately re-
ect the body’s magnesium status; it might be more relevant to
easure the intracellular magnesium concentration in specific 

issues or cell types. However, this evaluation is particularly
omplex and, in contrast to a tMg assay, is not carried out on
 routine basis. Secondly, the magnesium concentrations were
easured once ( at baseline) , and so we were not able to explore
utative associations between time-varying concentrations 
nd outcomes. Lastly, the lack of data on the participants’ diet
revented us from adjusting our analyses for the magnesium
ntake through diet. 

In conclusion, we highlighted a strong correlation between
otal and iMg levels. Our analysis of a large cohort of patients
ith moderate-to-advanced CKD demonstrated that ( i) elevated 
erum tMg concentrations ( albeit still within the normal range)
ere associated with a greater likelihood of MACE and mortality
ut ( ii) elevated serum iMg levels were not associated with these
utcomes. Moreover, the safety of magnesium supplementation 
equires further evaluation. 

UPPLEMENTARY DATA 

upplementary data are available at ckj online. 
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