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Abstract

Background Magnesium deficiency is common in patients with chronic kidney diseases (CKD) due to restricted magnesium
intake and impaired magnesium reabsorption. Based on pathophysiological risk factors influencing kidney magnesium reab-
sorption, a magnesium depletion score (MDS) was developed. Using MDS as a novel indicator for assessing body magnesium
status, we hypothesized that it was associated with clinical prognosis.

Methods We conducted a prospective population-based cohort study using data from the National Health and Nutrition
Examination Survey 1999-2014 to explore the impact of MDS on the clinical outcomes of CKD patients. Propensity score-
matched analyses were conducted to increase comparability. The primary outcome was all-cause mortality, and the secondary
outcomes were cardiovascular-cause and cancer-cause mortality.

Results After propensity score matching, 3294 CKD patients were divided into 2 groups: MDS <2 (N=1647), and MDS > 2
(N=1647). During a median follow-up of 75 months, Kaplan—Meier analyses showed that MDS > 2 was associated with
worse 5- and 10-year overall survival (78.5% vs 73.4%; 53.1% vs 43.1%, P <0.001). After adjusting for confounding vari-
ables, MDS was found to be an independent risk factor for all-cause mortality (HR:1.34, 95% CI 1.20-1.50, P <0.001).
MDS > 2 was also associated with higher cardiovascular-cause mortality (16.2% VS 11.6%, P=0.005). Multivariate compet-
ing risk analysis revealed that MDS > 2 was an independent risk factor (HR: 1.33, 95% CI 1.06-1.66, P=0.012). Subgroup
analyses reported that MDS > 2 increased all-cause mortality and cardiovascular-cause mortality only in patients with inad-
equate magnesium intake (P <0.001, P <0.001) but not in those with adequate intake (P =0.068, P=0.920).

Conclusions A magnesium depletion score > 2 was independently associated with higher long-term cardiovascular-cause
and all-cause mortality in CKD patients.
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* MDS>2 was associated with poorer 5-year and
10-year overall survival (5-year: 78.5% vs
73.4%; 10-year: 53.1% vs 43.1%, P<0.001).

* MDS was an independent risk factor of all-cause
mortality (HR:1.34, 95%ClI: 1.20-1.50, P<0.001)
and cardiovascular-specific mortality (HR: 1.33,
95%Cl: 1.06-1.66, P=0.012)

* MDS>2 increased all-cause mortality and

with inadequate magnesium intake (P<0.001,

Caridiovascular-specific mortality by competing
risk analyses /
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Introduction

The global burden of chronic kidney disease (CKD) is esti-
mated at approximately 10%, resulting in 1.2 million deaths
annually [1]. Cardiovascular diseases are reported as the
leading cause of death in CKD patients, accounting for up
to 40% of all deaths. While common risk factors, includ-
ing overweight, hypertension, hyperlipidemia, and diabetes,
have been identified as associated with cardiovascular com-
plications and higher mortality, non-traditional risk factors
can also increase risk [2—4]. In particular, mineral disorders
contribute to the progression and worse prognosis of CKD
[3, 6].

Magnesium, the second most abundant ion in the intra-
cellular space of the human body, is an essential cofactor
for more than 300 enzymatic reactions [7]. Due to impaired
kidney function, magnesium intake or supplementation is
restricted in CKD patients, which increases the risk of mag-
nesium deficiency. In a national cross-sectional study of
5126 CKD patients, hypomagnesemia was the most common
electrolyte abnormality (14.7%), with a similar prevalence
across CKD stages 1-5 [8]. The magnesium tolerance test
(MTT) is used as the standardized measure of body mag-
nesium status [9, 10]. However, widespread application
of the magnesium tolerance test in research and clinical
practice is difficult and impractical because it requires 24-h
urine collection, followed by an intravenous magnesium
infusion for 4 h, and then by a second 24-h urine collection.
Instead, current measurement methods include evaluating
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daily magnesium intake, serum magnesium levels, and
urine magnesium levels in the clinical practice. However,
total body magnesium is mainly stored in bone and mus-
cle, with only 0.3% of magnesium being present in serum.
Previous epidemiological studies showed less consistent
associations between current magnesium measurements and
health outcomes. One meta-analysis of more than 400,000
adults reported a 14% increased risk of cardiovascular-cause
death in patients with magnesium deficiency, while no sta-
tistical difference was reported in another meta-analysis that
included 6 prospective studies involving over 200,000 par-
ticipants [11, 12].

Notably, the kidneys play a critical role in maintaining
magnesium homeostasis, as over 80% of serum magne-
sium is reabsorbed by the kidneys [13]. Previous studies
have reported pathophysiological factors that diminish renal
magnesium reabsorption capacity, including alcohol con-
sumption, diuretic use, proton pump inhibitor (PPI) use, and
kidney diseases [14, 15]. Recently, Fan et al. developed the
magnesium depletion score (MDS) [16], a composite score
combining these risk factors as an indicator of the status of
kidney magnesium resorption. Using the magnesium toler-
ance test, the authors found that MDS can better predict
total body magnesium compared with serum magnesium
levels, urine magnesium levels, and dietary magnesium
intake. Therefore, MDS may serve as a promising indicator
for evaluating magnesium deficiency. The pathophysiologi-
cal factors associated with low magnesium reabsorption
capacity are common in CKD patients. Diuretics are often
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used to treat edema and hypertension, and PPIs to protect
gastric mucosa, for example after using high-dose gluco-
corticoids. In the present study, we explored the association
between MDS and clinical outcomes and the possibility of
using MDS to guide the administration of magnesium sup-
plements in CKD patients.

Methods
Data Source and Study Population

All data were extracted from the National Health and Nutri-
tion Examination Survey (NHANES), which is a nationally
representative survey designed to assess health and nutri-
tion of the non-institutionalized US population [17]. The
NHANES data are released every two years and managed
by the National Center for Health Statistics under the pur-
view of the Centers for Disease Control and Prevention. Data
from eight continuous cycles, 1999-2014 NHANES, were
used in this study. Mortality information was obtained from
the National Death Index as previously reported.

The inclusion criteria were as follows: (1) age > 18 years;
(2) the presence of CKD; (3) enough data to calculate
MDS. However, those without mortality information were
excluded. As previously reported [19], CKD was defined by
impaired estimated glomerular filtration rate (¢GFR) and/or
albuminuria (urinary albumin-to-creatinine ratio > 30 mg/g).
CKD was graded as follows: Stage 1, eGFR >90 mL/
min/1.73 m? with albuminuria; stage 2, eGFR of 60-89 mL/
min/1.73 m? and albuminuria; stage 3, eGFR of 30 to 59 mL/
min/1.73 m?; stage 4, eGFR of 15-29 mL/min/1.73 m% and
stage 5, eGFR < 15 mL/min/1.73 m?.

Magnesium Depletion Score

Based on the previous publication by Fan et al. [16], magne-
sium depletion score was calculated by including the follow-
ing 4 risk factors: (1) current diuretic use (1 point), (2) cur-
rent PPI use (1 point), (3) kidney function: 60 mL/min/1.73
m?<eGFR <90 mL/(min/1.73 m?) 1 point; eGFR < 60 mL/
(min - 1.73 m?) 2 points, and (4) heavy alcohol consumption
(1 point).

Variables and Study Outcomes

Based on previous publications and clinical experience, we
considered age, sex, body mass index (BMI), race, income
to poverty ratio, education levels, total daily magnesium
intake, smoking, chronic diseases (diabetes, and hyper-
tension), and laboratory tests (eGFR, serum total calcium
and phosphorus) as potential confounders of the relation-
ship between MDS and long-term prognosis. Inadequate

magnesium intake was defined as intake <350 mg/day for
men > 30 years, < 330 mg/day for men < 30 years, <265 for
women > 30 years, and < 255 for women < 30 years [20].
Clinical outcomes included all-cause mortality, cardiovas-
cular-cause mortality, and cancer-cause mortality, which
was diagnosed based on the 10th Revision of the Inter-
national Statistical Classification of Diseases and Related
Health Problems (ICD-10) codes. Cardiovascular-specific
deaths included codes 100-109 (acute rheumatic fever and
chronic rheumatic heart diseases), I11 (hypertensive heart
disease), I13 (hypertensive heart and renal disease), [20-125
(ischemic heart disease), 126151 (other heart diseases), and
160-169 (cerebrovascular diseases). Cancer-specific deaths
were based on codes CO0-C97.

Multiple Imputation of Missing Data

Missing data were as follows: education (n=99/4322;
2.3%), income to poverty ratio (n=298/4322, 6.9%), BMI
(n=134/4322; 3.1%), calcium (n=3/4322, 0.0%), phospho-
rus (n=1/4322, 0.0%), and smoking (n=49/4322, 1.1%). As
recommended in the NHANES analytic guidelines, missing
values were imputed by multiple imputation with chained
equations, in which data were assumed to be missing at
random. Normally distributed continuous variables were
modeled using linear regression, non-normally distributed
continuous variables were modeled using predictive mean
matching, and binary variables were modeled using logistic
regression.

Propensity-Score Matching

We conducted propensity-score matching (PSM) analyses
to increase comparability between groups. First, all patients
were divided into two groups: MDS <2 and MDS > 2 based
on the previous publication by Fan et al. Second, covari-
ant factors were selected to estimate the propensity scores
by logistic regression analysis on the following factors:
age, sex, body mass index, race, income to poverty ratio,
education levels, smoking, chronic diseases (diabetes, and
hypertension), and laboratory tests (serum total calcium
and phosphorus). Then patients were matched 1:1 between
groups using the “nearest” method. This matching procedure
was done using Package “Matchlt” of R software (Version:
4.1.2).

Statistical Analyses

Descriptive analyses were performed before and after
PSM. Continuous variables are expressed as mean (stand-
ard deviation) or median (range) for normally or non
normally distributed variables. Categorical variables are
presented as numbers and proportions. Continuous and
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categorical demographic variables were compared using
analysis of variance (ANOVA) and Chi-square tests,
respectively.

Kaplan—Meier survival analyses were performed using
log-rank tests to compare all-cause mortality between the
MDS > 2 and MDS <2 groups. To estimate cardiovascular-
specific and cancer-specific mortality, we conducted com-
peting risk analyses using sub-distribution hazard models
with Fine and Gray tests. Subgroup survival analyses were
conducted based on dietary magnesium intake (adequate,
inadequate).

Further, we conducted Cox proportional hazards analyses
to explore the independent effects of MDS, each item of
MDS (diuretic use, PPI use, drinking, eGFR), and dietary
magnesium intake on all-cause mortality. Model 1 was a
crude model with no adjusted covariates. Model 2 adjusted
for sociodemographic variables (age, sex, race, education,
income to poverty ratio, BMI, smoking). Model 3 built on
model 2 and additionally adjusted for diabetes and hyper-
tension. Model 4 was the fully adjusted model, which was
based on model 3 and further adjusted for calcium and phos-
phorus. Likewise, by using sub-distribution hazard models,
competing risk analyses were conducted to determine the
impact of MDS, each item of calculating MDS, and dietary
magnesium intake on cancer-specific and cardiovascular-
specific death.

To address potential confounding bias, we conducted sev-
eral subgroup analyses based on age (<65, > 65 years), sex
(male, female), dietary magnesium intake (adequate, inad-
equate), diabetes (Yes, No), and hypertension (Yes, No). All

statistical analyses were conducted by R software (Version
4.1.2).

Results

Patient selection is shown in Fig. 1. Overall, 4322 subjects
were selected from among 82,091 individuals. Baseline char-
acteristics are shown in Table 1. Before PSM, patients in the
MDS > 2 group were older, had higher BMI and had more
hypertension and eGFR < 60 ml/min/1.73 m?. After PSM,
baseline characteristics of the two groups were matched with
regard to age, BMI, hypertension and eGFR.

Survival Analyses of MDS and All-cause,
Cardiovascular-Specific, Cancer-Specific Mortality

Kaplan—Meier survival analyses with log-rank tests were
performed before and after PSM, as shown in Fig. 2. After
PSM, there were 600 deaths in the MDS <2 group with a
median follow up of 77 months (range: 13—181 months)
and 700 deaths in the MDS > 2 group with a median follow
up of 74 months (range 11-179 months). Kaplan—-Meier
analyses indicated that MDS > 2 was associated with
poorer 5- and 10-year overall survival (5-year: 78.5%
vs 73.4%; 10-year: 53.1% vs 43.1%, P <0.001, Fig. 2B).
Subgroup analyses were conducted based on magnesium
intake, observing that MDS was associated with all-cause
mortality in patients with inadequate levels of magnesium

Fig. 1 Flow chart of patient

. NHANES data 1999-2014
selection

(N=82091)

Not enough information to calculate MgDS (N=20435)

N=25628

®| No information of PPl use (N=36028)
No information of diuretic use (N=0)

Not enough information to calculate urine albumin-to-

N=18987

»| creatinine ratio (N=2146)
Not enough information to calculate eGFR (N=3895)

»| Age <18 years (N=1611)

N=17362

No information of mortality (N=14)

»| Patients without chronic kidney diseases

N=4322

@ Springer

(N=13040)




Journal of Nephrology (2023) 36:755-765

759

Table 1 Baseline characteristics before and after propensity-score matching

Variables Before PSM After PSM

MDS< =2 (N=2675) MDS>2 (N=1647) Pvalue MDS< =2 (N=1647) MDS>2 (N=1647) P value
Age, years 63.3 (16.8) 72.9 (9.7) <0.001 71.8 (10.2) 72.9 (9.7) 0.006
Sex, female 1402 (52.4) 911 (55.3) 0.068 854 (51.9) 911 (55.3) 0.046
Body mass index, kg/m> 29.5 (7.0) 30.4 (6.9) <0.001 30.0 (7.0) 30.4 (6.9) 0.82
Income to poverty ratio 2.4 (1.6) 2.5(1.5) 0.093 2.4 (1.5) 2.5(1.5) 0.11
Education, less than High 893 (33.4) 557 (33.8) 0.794 553 (33.6) 557 (33.8) 0.883

school

Serum total calcium, mg/dl 9.5(0.4) 9.5(0.4) 0.893 9.5 (0.4) 9.5 (0.4) 0.793
Serum phosphorus, mmol/l 1.2 (0.2) 1.2 (0.2) <0.001 1.2 (0.2) 1.2(0.2) 0.095
Diabetes 1083 (40.5) 699 (42.4) 0.216 711 (43.2) 699 (42.4) 0.673
Hypertension 1859 (69.5) 1451 (88.1) <0.001 1395 (84.7) 1451 (88.1) 0.004
Smoke 1389 (51.9) 867 (52.6) 0.67 871(52.9) 867 (52.6) 0.889
eGFR < 60 ml/min/1.73 m? 958 (35.8) 1544 (93.7) <0.001 766 (46.5) 1544 (93.7) <0.001

PSM propensity score matching, MDS magnesium depletion score, eGFR estimated glomerular filtration rate

(P <0.001, Fig. 2D), but not in patients with adequate lev-
els of magnesium (P =0.140, Fig. 2F).

Sub-distribution hazard analyses with Fine and Gray
tests were conducted to estimate cardiovascular-specific
and cancer-specific mortality. Among 3294 CKD patients,
there were 125 cardiovascular-specific deaths in the
MDS <2 group and 169 deaths in the MDS > 2 group,
suggesting that MDS > 2 was associated with higher
cumulative cardiovascular-specific mortality (16.2% vs
11.6%, P <0.001, Fig. 3B). Subgroup analyses revealed
that MDS > 2 caused higher cardiovascular-specific
mortality in individuals with inadequate magnesium
intake (P=0.021), but not in those with adequate intake
(P=0.591). Among 3294 CKD patients, there were 98 and
104 cancer-specific deaths in the MDS <2 and > 2 groups,
respectively, showing that MDS was not associated with
cancer-cause mortality (P =0.609) (Fig. 3H).

Multivariable Analyses

We conducted multivariable COX proportional regression
analyses to determine the independent effect of MDS, each
term of MDS, and dietary magnesium intake on all-cause
mortality (Table 2). In the fully adjusted model (model
4), MDS was associated with higher all-cause mortality
(HR: 1.34,95% CI 1.20-1.50, P <0.001). We further con-
ducted competing risk analyses to determine the impact
on cardiovascular-specific and cancer-specific mortal-
ity. Similarly, MDS was independently associated with
higher cardiovascular-specific mortality (HR: 1.33, 95%
CI 1.06-1.66, P=0.012) but not cancer-specific mortal-
ity (HR: 1.17, 95% CI 0.88-1.55, P =0.290) in the fully
adjusted models.

Subgroup Analyses

We conducted subgroup analyses to address potential con-
founding bias. After fully adjusting, the impact of MDS on
all-cause and cardiovascular-specific mortality was similar
in subgroups based on age, sex, diabetes, and hypertension
(Fig. 4). In the subgroup analysis of dietary magnesium
intake, MDS was associated with all-cause and cardiovas-
cular-specific mortality only in those with inadequate mag-
nesium intake.

Discussion

To the best of our knowledge, this is the first study to evalu-
ate the association between renal magnesium reabsorption
status and long-term all-cause and cardiovascular-cause
mortality in patients with CKD. This large population-based
cohort study reports a close association between high MDS
and worse prognosis in CKD patients. Notably, this inverse
association was found only in patients with inadequate mag-
nesium intake but not in patients with adequate intake. These
findings provide a novel indicator evaluating magnesium in
individuals with CKD, and may contribute to clinical trials
exploring the value of magnesium supplementation.

In the MDS development study [16], Fan et al. enrolled
77 individuals to compare the capacity of serum magne-
sium levels, urine magnesium levels, total magnesium
intake and MDS in predicting total body magnesium
by using the magnesium tolerance test as the reference
measure. They found that MDS had a higher area under
the receiver operating characteristic (ROC) curve (AUC)
(AUC: 0.68, 95% CI 0.53-0.83) compared with serum
magnesium levels (AUC:0.53, 95% CI 0.31-0.74), urine
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Fig.2 Kaplan—Meier survival analysis of all-cause mortality A, B and subgroup analysis by inadequate magnesium intake (C, D) and adequate

magnesium intake (E, F) before and after propensity-score matching

magnesium levels (AUC: 0.49, 95% CI 0.23-0.74), and
total magnesium intake (AUC: 0.52, 95% CI 0.33-0.72).
When combined with MDS, age and sex, the AUC reached
0.77 (95% CI 0.60-0.95). Further, in the validation cohort
study including 10,049 individuals, the authors found
that MDS > 2 had a 1.29-fold risk of all-cause mortality
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(P=0.059) and a 3.13-fold risk of cardiovascular-cause
mortality (P=0.024) compared to MDS at 0.

Previous epidemiological studies have reported that mag-
nesium deficiency is common in CKD patients. Numerous
studies have explored the relationship between magnesium
deficiency and the prognosis of CKD patients, evaluated
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Table 2 Independent impact of magnesium depletion score (MDS), each item of calculating MDS, dietary magnesium intake on all-cause, cardi-
ovascular-specific, cancer-specific mortality in individuals with chronic kidney diseases

Variables Death/total ~ Model 1 Model 2

Model 3

HR (95% CI) Pvalue HR (95% CI)

P value

HR (95% CI)

P value

Model 4

HR (95%CI)

P value

All-cause mortality

Diuretic use, Yes  713/4322

vs No

1.67 (1.51-1.85) <0.001 1.53 (1.38-1.7)

PPI use, Yes vs 275/4322

No

Drinking, Yes
vs No

eGFR, <60
vs>60 ml/
min/1.73 m?

MDS,>2vs< =2 700/4322
1143/4322

1.22 (1.07-1.39) 0.004 1.11(0.97-1.26)

98/4322 0.8 (0.65-0.98) 0.027 0.93 (0.75-1.14)

102074322 1.97 (1.76-2.2) <0.001 1.26 (1.12-1.43)

1.79 (1.61-1.98)
1.39 (1.23-1.57)

<0.001 1.41(1.27-1.57)

Dietary magne- <0.001 1.19 (1.05-1.35)
sium intake,
inadequate vs

adequate

Cardiovascular-spe-
cific mortality

Diuretic use, Yes  165/1125 <0.001

vs No
PPI use, Yes vs
No

Drinking, Yes
vs No

eGFR, <60
vs>60 ml/
min/1.73 m?

MDS,>2 vs< =2

Dietary magne-
sium intake,
inadequate vs
adequate

1.47 (1.19-1.81) 1.33 (1.07-1.65)

71/1125 1.32(1.01-1.71) 0.04 1.22(0.93-1.58)

24/1125 0.88 (0.58-1.34) 0.56 1.02 (0.67-1.57)

234/1125 1.68 (1.33-2.11) <0.001 1.16 (0.9-1.49)

169/1125
266/1125

1.69 (1.37-2.09)
1.36 (1.05-1.76)

<0.001
0.021

1.38 (1.11-1.73)
1.17 (0.9-1.53)

Cancer-specific
mortality

Diuretic use, Yes  105/1236

vs No

1.31 (1.01-1.7) 0.043 1.22 (0.92-1.61)

PPI use, Yes vs 50/1236

No
Drinking, Yes

vs No
eGFR, <60

vs>60 ml/
min/1.73 m?

MDS,>2 vs< =2

Dietary magne-
sium intake,
inadequate vs
adequate

1.38 (1.01-1.88) 0.046 1.28 (0.93-1.76)

20/1236 1.12 (0.71-1.77) 0.62 1.21(0.76-1.92)

146/1236 1.32(1.01-1.74) 0.042 0.98 (0.72-1.34)

104/1236
173/1236

1.41 (1.08-1.83) 0.01
1.17 (0.86-1.59) 0.31

1.2 (0.9-1.59)
1.04 (0.76-1.42)

<0.001 1.45(1.3-1.62)

0.133 1.11 (0.97-1.26)

0.482 0.93 (0.76-1.15)

<0.001 1.26 (1.11-1.42)

<0.001 1.37 (1.22-1.52)

0.0061 1.18 (1.04-1.34)

0.011 1.24 (0.99-1.56)
0.15 1.21(0.93-1.58)
0.92  1.03 (0.67-1.58)
026 1.15(0.9-1.48)

0.004 1.33 (1.07-1.66)
023  1.16 (0.9-1.51)

0.

—_

7 1.19 (0.89-1.59)

0.

3 1.27(0.92-1.75)

043 1.2(0.75-1.91)

091 0.97 (0.71-1.33)

0.21  1.18 (0.88-1.57)
0.8  1.04(0.76-1.42)

<0.001

0.127

0.515

<0.001

<0.001
0.009

0.059

0.15

0.88

0.27

0.011
0.26

0.23

0.14

0.45

0.87

0.26
0.81

1.46 (1.31-1.63)

1.09 (0.95-1.24)

0.92 (0.75-1.13)

1.23 (1.09-1.4)

1.34 (1.2-1.5)
1.19 (1.05-1.35)

1.24 (0.99-1.56)

1.2 (0.92-1.57)

1.03 (0.67-1.58)

1.15 (0.89-1.48)

1.33 (1.06-1.66)
1.17 (0.9-1.52)

1.19 (0.89-1.59)

1.27 (0.93-1.75)

1.19 (0.74-1.9)

0.96 (0.7-1.31)

1.17 (0.88-1.55)
1.05 (0.77-1.43)

<0.001

0.204

0.435

<0.001

<0.001
0.007

0.059

0.17

0.89

0.29

0.012
0.25

0.24

0.14

0.47

0.78

0.29
0.78

PPI proton pump inhibitor, MDS magnesium depletion score, eGFR estimated glomerular filtration rate

Model 1 was a crude model with no adjusted covariates. Model 2 adjusted for sociodemographic variables (age, sex, race, education, income to
poverty ratio, BMI, smoking). Model 3 built on model 2 and additionally adjusted for diabetes and hypertension. Model 4 was the fully adjusted
model, which was based on model 3 and further adjusted for calcium and phosphorus

by dietary magnesium intake, serum magnesium level or
urine magnesium levels. However, the associations were not
consistent. Using the Cleveland Clinic CKD registry, Azem
et al. identified 10,568 CKD patients with eGFR between

@ Springer

15 and 59 ml/min/1.73 m? [21]. During a median follow-up
of 3.7 years, the authors showed a U-shaped relationship
between serum magnesium and all-cause mortality, finding
that hypomagnesemia (HR:1.14, 95% CI 1.04-1.24) was
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A B
cardiovascular-specific C .

Subgroup All-cause mortality HR (95%Cl) P value Subgroup mortality HR (95%Cl) P value Subgroup _ cancer-specific mortality HR (95%Cl) P value
Fully adjusted - 1.34 (1.20-1.50) <0.001 Fully adjusted - 1.33 (1.06-1.66) 0.012 Fully adjusted T— 1.17 (0.88-1.55)  0.29
Age Age Age

>=65 years - 1.32(1.18-1.49) <0.001 >=65 years —— 1.35(1.07-1.71)  0.012 >=65 years i 1.11 (0.82-1.5) 0.49

<65 years —a—  1.65(1.22-2.22) <0.001 <65 years ——&—— 1.31(0.68-2.52) 0.42 <65 years ——&—— 1.55(0.76-3.16)  0.22
Sex Sex Sex

Female - 1.28 (1.09-1.51)  <0.001 Female — 1.24 (0.89-1.75)  0.21 Female —— 0.95(0.63-1.44)  0.82

Male i 1.39(1.2-1.61)  <0.001 Male —-— 1.4 (1.04-1.88) 0.028 Male - 1.36 (0.92-2.01)  0.13
Dietary magnesium intake Dietary magnesium intake Dietary magnesium intake

Inadequate - 1.38 (1.22-1.56) <0.001 Inadequate —— 1.43 (1.12-1.83) <0.001 Inadequate - 1.2 (0.87-1.66) 0.27

Adequate - 1.25(0.98-1.59) 0.0681 Adequate —— 0.98 (0.58-1.65)  0.92 Adequate ——— 1.08 (0.59-2) 0.8
Diabetes Diabetes Diabetes

Yes _— 1.41(1.19-1.68)  <0.001 Yes — 1.2 (0.86-1.67) 0.3 Yes - 1.14(0.73-1.8)  0.56

No - 1.3(1.12-1.49)  <0.001 No ——— 1.46 (1.08-1.97) 0.014 No —-— 118 (0.82-1.7)  0.38
Hypertension Hypertension Hypertension

Yes - 1.28(1.14-1.44)  <0.001 Yes —— 1.44 (1.13-1.83)  <0.001 Yes —— 1.13(0.83-1.54) 045

No —&—  1.69(1.3-2.19) <0.001 No —. 0.82 (0.44-1.55)  0.54 No —#——— 1.32(0.69-2.53) 0.41

0s

15 2
The estimates

25

0s

1 s 2
The estimates

25

0s

1

5 2 25
The estimates

Fig.4 Subgroup analyses of the independent impact of magnesium
depletion score on all-cause (A), cardiovascular-specific (B), and
cancer-specific mortality (C) based on age, sex, dietary magnesium

associated with an increased risk after adjusting the covari-
ates. However, in another prospective population-based
cohort study including 3179 CKD patients, Yuan et al. [22].
reported that 24 h urinary magnesium concentration was not
associated with death risk.

Considering the conflicting data, there was no consen-
sus regarding the need for magnesium supplementation in
CKD patients. The randomized placebo-controlled double-
blinded clinical trial by Bressendorff et al. [23] investigated
the safety and efficacy of oral magnesium supplementation
in 34 subjects with CKD stages 3 and 4. Although no serious
adverse events related to the study medication were reported,
no benefits were reported either. Similarly to the findings by
Fan et al. [16], in our CKD patients, we observed that MDS
was independently associated with cardiovascular-cause and
all-cause mortality. Notably, this association was significant
only in patients with inadequate magnesium intake. These
results suggest that supplementing magnesium based on
dietary magnesium intake was not the best strategy because
more than 80% of serum magnesium can be reabsorbed
by the kidneys. By using MDS, we identified those CKD
patients with likely magnesium reabsorption dysfunction.
Hence, based upon score, it seems reasonable to administer
magnesium supplements when CKD patients simultane-
ously have inadequate intake and reabsorption dysfunction.
Our study provides a novel measure for evaluating magne-
sium status and identifing CKD patients at higher risk of
magnesium deficiency.

Several mechanisms may explain the benefit of mag-
nesium supplements in CKD patients with magnesium
deficiency: magnesium has both anti-atherosclerotic and
anti-calcification effects through its anti-inflammatory
and antioxidant properties [24]. Magnesium status has an
important impact on the cardiovascular system. Magnesium
deficiency is closely related to insulin resistance and meta-
bolic syndrome [25]. Insulin resistance is an early metabolic

intake, diabetes, and hypertension. All estimates were fully adjusted
by all variables except itself

alteration in CKD patients and becomes almost universal at
stages 4-5 CKD. In two studies involving Japanese patients
with moderate-to-severe CKD [26, 27], the prevalence of
insulin resistance was 30% and 44%. Magnesium supple-
mentation can ameliorate chronic inflammation. In rat mod-
els with induced CKD, magnesium supplementation allevi-
ated inflammation, TNF-a, IL-1p and IL-6 [28].

Our study has the merits of population-based analyses,
large sample size, long follow-up, application of propensity
score matches and adjustments for a wide range of poten-
tial confounders. However, because of lack of availability
of serum magnesium levels, we cannot compare the capac-
ity of MDS and serum magnesium levels in predicting the
prognosis in CKD patients. Furthermore, despite the com-
prehensive adjustment for confounders, we cannot exclude
the possibility of residual confounding by dietary-related or
other variables.

Conclusions

High magnesium depletion score was associated with higher
long-term cardiovascular-cause and all-cause mortality. This
finding provides a novel indicator for evaluating magnesium
in individuals with CKD, and may contribute to clinical tri-
als to explore the value of magnesium supplementation.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s40620-022-01489-5.
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