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A B S T R A C T

Background. Low serum magnesium (SMg) has been linked to
increased mortality and cardiovascular disease (CVD) in the gen-
eral population. We examined whether this association is similar
in participants with versus without prevalent chronic kidney dis-
ease (CKD) in the multiethnic Dallas Heart Study (DHS) cohort.
Methods. SMg was analyzed as a continuous variable and
divided into tertiles. Study outcomes were all-cause death, cardio-
vascular (CV) death or event, and CVD surrogate markers, eval-
uated using multivariable Cox regression models adjusted for
demographics, comorbidity, anthropometric and biochemical
parameters including albumin, phosphorus and parathyroid hor-
mone, and diuretic use. Median follow-up was 12.3 years (11.9–
12.8, 25th percentile–75th percentile).
Results. Among 3551 participants, 306 (8.6%) had prevalent
CKD. Mean SMg was 2.08 6 0.19 mg/dL (0.85 6 0.08 mM,
mean 6 SD) in the CKD and 2.07 6 0.18 mg/dL (0.85 6

0.07 mM) in the non-CKD subgroups. During the follow-up
period, 329 all-cause deaths and 306 CV deaths or events
occurred. In a fully adjusted model, every 0.2 mg/dL decrease in
SMg was associated with �20–40% increased hazard for all-
cause death in both CKD and non-CKD subgroups. In CKD
participants, the lowest SMg tertile was also independently asso-
ciated with all-cause death (adjusted hazard ratio 2.31; 95% con-
fidence interval 1.23–4.36 versus 1.15; 0.55–2.41; for low versus
high tertile, respectively).
Conclusions. Low SMg levels (1.4–1.9 mg/dL; 0.58–0.78 mM)
were independently associated with all-cause death in patients
with prevalent CKD in the DHS cohort. Randomized clinical
trials are important to determine whether Mg supplementation
affects survival in CKD patients.
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I N T R O D U C T I O N

Chronic kidney disease (CKD) is a global public health problem
that affects more than 26 million Americans [1, 2]. There are few
specific and effective strategies to retard CKD progression and
prevent or ameliorate extra-renal complications. Cardiovascular
disease (CVD) remains the leading cause of death in patients
with CKD, accounting for �50% of deaths [3, 4]. Risk factors
contributing to the excess cardiovascular (CV) events due to car-
diomyopathy and vasculopathy in the CKD population include
hypertension, diabetes, tobacco smoking, anemia, bone mineral
disturbances, dyslipidemia and older age [5, 6]. Besides early
detection and risk stratification, novel therapies are desperately
needed for preserving kidney function and minimizing CV com-
plications in CKD patients.

Magnesium (Mg), the second-most abundant intracellular
cation after potassium, is essential for human health as it is
involved in virtually every biological function in the cell.
Despite a prominent role of Mg in the intracellular compart-
ment, total body Mg deficiency is determined clinically solely
by measuring total serum Mg (SMg) concentration, which
ranges between 1.6 and 2.2 mg/dL (0.66–0.90 mM) in healthy
individuals. Normal SMg levels are tightly regulated by the con-
certed action of the intestinal uptake from food; the bone, which
stores Mg in its hydroxyapatite form; and the kidneys, regulating
urinary Mg excretion [7]. In the general population, both a low
Mg intake and low SMg levels are associated with an increased
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incidence of hypertension [8], type 2 diabetes [9], metabolic syn-
drome [10] and CVD [11–16]. In addition, observational studies
have shown that low SMg levels may predict the incidence and
progression of CKD [17–19] and adverse outcomes in the gen-
eral population [12, 20–23] and in patients with either advanced
CKD or undergoing hemodialysis [24–28]. However, the associ-
ation of SMg levels and adverse outcomes has not been fully
explored in patients with early CKD.

Therefore, the main goal of the present study is to examine the
association of SMg levels with all-cause death, CV death or event,
and surrogate markers of CVD in the Dallas Heart Study (DHS)
participants with and without CKD. The DHS cohort is unique in
its availability of a comprehensive CV assessment and the inclu-
sion of multiethnic participants with early stages of CKD.

M A T E R I A L S A N D M E T H O D S

Study population

The DHS is a multiethnic, population-based, cohort study of
Dallas County adults aged 30–65 years in which intentional
oversampling of African Americans was performed. Written
informed consent was provided by all participants, and the
University of Texas (UT) Southwestern Institutional Review
Board approved the study. The design and detailed methods of
DHS Phase 1 (DHS-1) have been previously described [29].
DHS-1 was conducted in three visits, which occurred between
2000 and 2002. In DHS Phase 2 (DHS-2), participants who
completed DHS-1 underwent follow-up testing during a single
visit to UT Southwestern Medical Center between 2007 and
2009. Participants were subsequently followed for pre-defined
clinical events and death. For this study, we excluded partici-
pants with no SMg measurements at DHS-1, resulting in a final
cohort of 3551 participants.

Evaluation of kidney function

Microalbuminuria was defined based on the urinary albu-
min/creatinine ratio (ACR) in a first-morning void sample.
Estimated glomerular filtration rate (eGFR, mL/min/ 1.73 m2

body surface area) was determined with the four-variable
Modification of Diet in Renal Disease (MDRD) [30] and the
Chronic Kidney Disease Epidemiology Collaboration (CKD-
EPI) [31] equations, the latter for sensitivity analyses. Using the
National Kidney Foundation guidelines, CKD was defined as
eGFR<60 mL/min/1.73 m2 and/or ACR�17 mg/g in men
and�25 mg/g in women [32]. In sensitivity analysis, CKD was
also defined as eGFR<60 mL/min/1.73 m2 and/or
ACR�30 mg/g according to the latest KDIGO guidelines [33].

Independent variable/predictor

The exposure of interest was SMg level analyzed as a contin-
uous variable or according to statistical tertiles. Fasting SMg
was measured in the UT Southwestern General Clinical
Research Center (GCRC) lab for DHS-1 and at Quest
Diagnostics for DHS-2 as part of the standard chemistry panel
(normal SMg range, GCRC: 1.7–2.8 mg/dL; Quest Diagnostics:
1.5–2.5 mg/dL). SMg at DHS-2 was solely utilized for cross-
sectional correlations with CV surrogate markers (see Table 5).

Primary study outcomes

The primary study outcomes were all-cause death and a
composite of CV death and nonfatal CV events. Subjects were
followed over a median period of 12.3 years (11.9–12.8, 25th
percentile–75th percentile) and 11.1 years (10.3–11.6, 25th per-
centile–75th percentile) for all-cause death (n¼ 3551, 0 miss-
ing) and CV death or event (n¼ 3040, 511 missing),
respectively. All-cause death was adjudicated through 31
December 2013, from the National Death Index, whereas CV
death was adjudicated through 31 December 2012. Deaths were
classified as cardiovascular based on the International
Classification of Diseases-10 codes I00 to I99 [34]. A blinded
DHS committee adjudicated nonfatal CV events through 31
December 2012. CV events were coded as myocardial infarction
(MI), post-percutaneous coronary intervention MI, unstable
angina, coronary artery bypass grafting, percutaneous coronary
intervention, stroke, transient ischemic attack, cerebrovascular
revascularization, peripheral artery revascularization, conges-
tive heart failure and atrial fibrillation.

Secondary study outcomes

Coronary artery calcification. In DHS-1, electron beam
computed tomography (EBCT) image acquisition was prospec-
tively gated to the electrocardiogram at 80% of the RR interval
using an Imatron C-150XP EBCT scanner (Imatron Inc., San
Bruno, CA, USA), 30 cm FOV, 512 matrix, sharp reconstruc-
tion kernel and a 3-mm slice with a table increment of 3 mm. In
DHS-2, multi-detector computed tomography (MDCT) was
performed on a single scanner (Toshiba Aquilon 64-Slice
MDCT, Toshiba Medical Systems Inc., Tustin, CA, USA).
Scoring was performed using the Agatston method as previ-
ously described [35].

Coronary artery calcification (CAC) incidence was assessed
in 1657 individuals with CAC scores available from both DHS-
1 and DHS-2. Among subjects with CAC of<100 Agatston
units at baseline (DHS-1, n¼ 1540), incidence of CAC was
determined at DHS-2 as�100 Agatston units (n¼ 166), as this
cut-off corresponds to moderate to high 10-year risk of cardio-
vascular events [36, 37].

Pulse wave velocity. Participants in DHS-1 underwent car-
diovascular magnetic resonance (CMR) using a 1.5 Tesla
whole-body system (Intera, Philips Medical Systems, Best, The
Netherlands). Aortic arch pulse wave velocity (PWV) was
assessed using a breath-hold, velocity-encoded, phase-contrast
gradient echo sequence acquired perpendicular to the course of
the ascending aorta 4 cm above the aortic valve plane [38].
PWV was calculated by dividing arch distance (d) by transit
time (t): PWV¼ d/t (DHS-1, n¼ 2630) [38].

Left ventricular mass. CMR was performed on a 1.5 Tesla
system in DHS-1 [39] and on a 3 Tesla system in DHS-2
(Achieva, Philips Medical Systems). Cine images were acquired
using prospective electrocardiogram gating and turbo field echo
sequencing at both time points. Left ventricular mass (LV mass)
was calculated from short-axis sequences using QMass software
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(Medis, Medical Imaging Systems, Leiden, The Netherlands) for
image analysis.

Variable definitions

Race/ethnicity, history of MI and medication usage were
self-reported. Prevalent hypertension was defined by medical
treatment for hypertension, a systolic blood pressure (SBP)
of�140 mmHg or a diastolic blood pressure (DBP)
of�90 mmHg [40]. Five consecutive blood pressure (BP) read-
ings were recorded at 1-min intervals, and the average of the
third, fourth and fifth measurements was used for analysis
(SBP: DHS-1, n ¼ 3498; DHS-2, n ¼ 2200; DBP: DHS-1,
n ¼ 3498; DHS-2, n ¼ 2200). Prevalent type 2 diabetes was
defined by medical treatment for diabetes, a fasting blood glu-
cose (BG)�126 mg/dL or a non-fasting BG level�200 mg/dL
[41]. The homeostasis model assessment of insulin resistance
index (HOMA-IR) was calculated with the University of
Oxford’s HOMA CalculatorVC (DHS-1, n ¼ 2983; DHS-2,
n ¼ 2091) [42]. Body mass index (BMI) was calculated as
weight in kilograms divided by height in meters squared. All
laboratory parameters were measured from the fasting blood
and urine samples obtained at a second in-home visit during
DHS-1. Diuretic use consisted of thiazide-like diuretics, loop
diuretics, potassium-sparing diuretics and/or aldosterone
antagonists. Dietary supplements use consisted of any combi-
nation or single treatment with Mg, calcium, active vitamin D
and/or multivitamins.

Statistical analysis

Trend through SMg tertiles for quantitative baseline charac-
teristics were analyzed by Jonckheere–Terpstra test, and were
tested by Cochran–Armitage trend test for categorical baseline
characteristics. Comparisons between CKD and non-CKD
subgroups in the same SMg tertile were performed applying the
Chi-square test for categorical variables, t-test for Gaussian-
distributed continuous variables and Wilcoxon Rank-Sum test
for non-Gaussian distributed data. Data were presented as the
mean 6 standard deviation (SD) or median (25th–75th per-
centile) for continuous variables and as the percentages for cate-
gorical variables. To investigate the relationship between PWV,
SBP, DBP, LV mass and HOMA-IR, and SMg levels at DHS-1
and DHS-2, Spearman correlation analysis was performed. The
survival risk for all-cause death and for the composite of CV
death or event per SMg tertile was estimated using Kaplan–
Meier analysis. Multivariable Cox proportional hazard regres-
sion models were constructed to calculate the hazard ratio (HR)
and 95% confidence interval (CI) for all-cause death, CV death
or event, and CAC score �100 Agatston units in the entire
DHS cohort, and in the CKD and non-CKD subgroups. We
constructed four multivariable models: Model 1 adjusted for
age, gender and race/ethnicity; Model 2 adjusted for variables in
Model 1 plus BMI and serum phosphorus, calcium, bicarbon-
ate, albumin, intact parathyroid hormone (iPTH), total choles-
terol and high-density lipoprotein (HDL); Model 3 adjusted for
variables in Model 2 plus eGFR, prevalent hypertension, preva-
lent type 2 diabetes, and the use of diuretics and dietary supple-
ments. All models were fitted, HRs of SMg and its 95% CIs

were determined for each 0.2 mg/dL unit decrease in SMg or
low SMg tertile in reference to high SMg tertile. To examine the
functional form of the association between SMg and all-cause
death, we fitted unadjusted cubic splines. All statistical analyses
used two-sided a-values, at the significance level of 0.05. For
interaction analyses, a P-value of<0.10 was considered statisti-
cally significant. All analyses were performed using SAS
Version 9.4, Cary, NC, USA and GraphPad Prism 6.0.

R E S U L T S

Baseline characteristics

Of 3557 patients who had fasting blood collections at DHS-
1, baseline SMg data were available for 3551 subjects. SMg was
normally distributed with a mean 6 SD value of
2.07 6 0.18 mg/dL (0.85 6 0.07 mM) in the entire cohort, and
2.08 6 0.19 mg/dL (0.85 6 0.08 mM) in the CKD and
2.07 6 0.18 mg/dL (0.85 6 0.07) in the non-CKD subgroups.
Based on the four-variable MDRD eGFR<60 mL/min/1.73 m2

and/or the presence of microalbuminuria (urinary
ACR�17 mg/g in men and�25 mg/g in women), 306 (8.6%)
subjects had prevalent CKD, 36 by eGFR criteria, 227 by ACR
criteria and 43 by both eGFR and ACR criteria. Baseline charac-
teristics of non-CKD and CKD study participants according to
SMg tertiles are summarized in Table 1. CKD patients were
older, and a greater proportion was non-Hispanic black and
had history of type 2 diabetes, hypertension or myocardial
infarction as compared with those without CKD (Table 1).
Consequently, the use of diuretics and renin-angiotensin sys-
tem (RAAS) inhibitors was significantly higher in the CKD sub-
group. CKD patients also had higher iPTH and C-reactive
protein (CRP) levels, and slightly higher serum calcium and
phosphorus levels. In both, non-CKD and CKD subgroups,
higher BMI and lower serum albumin and bicarbonate levels
were observed in the low SMg tertile. Similarly, the prevalence
of type 2 diabetes was significantly higher in the low SMg tertile,
both in CKD and non-CKD participants (Table 1).

Associations between SMg and all-cause mortality or
CVD outcomes

The DHS cohort design is presented in Supplementary
Figure S1. The entire cohort, and CKD and non-CKD sub-
groups were examined with univariable and multivariable anal-
yses using MDRD eGFR together with ACR for CKD/non-
CKD subgroup stratification (Tables 2–4). All-cause death was
adjudicated in the entire cohort (n¼ 3551), with a median
follow-up of 12.3 years (11.9–12.8, 25th percentile–75th percen-
tile), whereas CV death or event data were available for 3040
participants (511 missing), with a median follow-up of
11.1 years (10.3–11.6, 25th percentile–75th percentile). During
the follow-up period, 329 (9.3%) total deaths occurred, of which
58 (1.6%) were attributed to CVD (Supplementary Table S1). In
addition, 273 (9.0%) nonfatal CV events were adjudicated (25
of these patients died; Supplementary Table S1). There was a
borderline significant interaction between the CKD status and
SMg levels on all-cause death (P¼ 0.15) but not on CV death
or event (P¼ 0.97). The unadjusted Kaplan–Meier curves

Magnesium and mortality in CKD 1391

https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfx275#supplementary-data
https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfx275#supplementary-data
https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfx275#supplementary-data
https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfx275#supplementary-data


(Figure 1) revealed that the risk of all-cause death increased sig-
nificantly in the low SMg tertile in both CKD (Log-Rank
P¼ 0.01; HR 1.69; 95% CI 1.02–2.08, versus high SMg) and
non-CKD (Log-Rank P< 0.001; HR 2.00; 95% CI 1.40-2.80,
versus high SMg) participants (Figure 1). The risk of the com-
posite of CV death or event across SMg tertiles was not different
in both CKD and non-CKD subgroups (Log-Rank P¼ 0.59 and
P¼ 0.92, respectively; data not shown).

In multivariable time-to-event analyses, every 0.2 mg/dL
(0.08 mM) decrease in SMg increased the adjusted hazard for
all-cause death by 31% in the entire cohort; 37% in CKD and
22% in non-CKD participants (Table 2). Interactions of SMg
with serum albumin (SMg�Alb) and serum phosphorus
(SMg� P) on the association between SMg levels and all-cause
death were evaluated. Only a significant SMg�Alb interaction
(P< 0.001) was found in the CKD subgroup.

After stratification by SMg tertiles, the low SMg tertile was
independently associated with all-cause death in the CKD

subgroup (adjusted HR 2.31; 95% CI 1.23–4.36, for low versus
high tertile; Table 3), whereas in non-CKD participants the
association was attenuated in Model 3 (Table 4).

The association between the low SMg tertile and CV death
or event was not statistically significant in both CKD and non-
CKD subgroups.

Associations between SMg and surrogate CVD
outcomes

In cross-sectional analyses, we did not find a significant cor-
relation between SMg levels and either LV mass or aortic PWV.
However, we did find a significant inverse correlation between
SMg levels and SBP and DBP measurements (Table 5). A signif-
icant inverse correlation was also found between SMg levels
and insulin resistance by HOMA-IR (Table 5). Each 0.2 mg/dL
(0.08 mM) decrease in SMg increased the adjusted hazard for
incident CAC scores�100 Agatston units by 32% in the entire

Table 1. Baseline characteristics of non-CKD and CKD study participants at DHS-1 according to SMg tertiles (mg/dL)

Characteristics Non-CKD (n¼ 3245) CKD (n¼ 306)

Tertiles of SMg (mg/dL) Tertiles of SMg (mg/dL)

Low
(1.1–1.9)

Medium
(2.0–2.1)

High
(2.2–3.4)

P trend Low
(1.4–1.9)

Medium
(2.0–2.1)

High
(2.2–2.6)

P trend

n¼ 736 n¼ 1461 n¼ 1048 n¼ 118 n¼ 109 n¼ 79

Demographics
Age (years) 43.1 6 10.3 42.9 6 9.95 44.8 6 10.0 <0.001 46.8 6 9.0* 47.7 6 10.5* 50.0 6 9.3* 0.02
Gender (male) 29.1 43.0 54.2 <0.001 43.2* 56.0* 58.2 0.03

Race <0.001a 0.01a

Hispanic 14.1 16.7 20.3 — 8.5* 21.1* 7.6* —
Non-Hispanic black 64.5 50.8 38.7 — 77.1* 62.4* 65.8* —
Non-Hispanic white 20.4 30 38.7 — 12.7* 14.7* 25.3* —
BMI (kg/m2) 31.9 6 8.6 30.4 6 7.4 29.7 6 6.5 <0.001 33.9 6 8.9 31.8 6 8.3 31.2 6 6.8 0.03

Comorbidities
Prevalent type 2 diabetes 19.6 7.1 4.9 <0.001 44.9* 31.2* 21.5* <0.001
Prevalent hypertension 41.7 34.2 37.4 0.14 73.7* 67.9* 72.2* 0.72
SBP 127 6 19 126 6 18 127 6 18 0.58 142 6 25* 141 6 27* 142 6 24* 0.86
DBP 79 6 10 79 6 10 79 6 10 0.45 86 6 13* 84 6 13* 84 6 13* 0.21
History of MI 5.0 2.0 3.0 0.03 6.8 7.3* 11.4* 0.27

Medications
Diuretics 11.7 7.7 8.5 0.04 25.4* 18.4* 25.3* 0.85
RAAS inhibitors 13.9 8.8 8.2 <0.001 26.3* 23.9* 26.6* 0.99
PPI 2.9 2.8 2.7 0.71 5.4 2.8 7.7* 0.56
Dietary supplements 12.6 15.3 18.3 0.001 11.0 14.7 19.0 0.12

Laboratory values
eGFR (mL/min/1.73 m2) 106.4 6 23.9 101.4 6 22.5 97.0 6 20.4 <0.001 93.2 6 37.4* 94.4 6 33.2* 76.6 6 52.0* <0.001
Microalbuminuria (mg/g) 3.0 (1.9–5.2) 2.7 (1.7–4.6) 2.6 (1.8–4.1) 0.002 63.0 (29.5–227.2)* 46.0 (28.7–98.7)* 29.0 (18.2–72.7)* <0.001
Phosphate (mg/dL) 3.2 6 0.6 3.2 6 0.6 3.2 6 0.6 0.79 3.3 6 0.7 3.4 6 0.6* 3.6 6 1.0* 0.05
Calcium (mg/dL) 9.2 6 0.4 9.2 6 0.4 9.3 6 0.6 <0.001 9.3 6 0.4 9.3 6 0.4 9.4 6 0.5* 0.02
Bicarbonate (mEq/L) 26.8 6 2.3 27.0 6 2.2 27.5 6 2.3 <0.001 26.4 6 2.5 27.0 6 2.7 27.3 6 2.8 0.01
iPTH (pg/mL) 35.4 (25.7–47.4) 37.4 (28.0–50.2) 37.5 (28.8–51.6) 0.001 39.3 (27.4–59.3)* 39.8 (25.1–59.3) 52.2 (36.1–67.5)* 0.02
Albumin (g/dL) 3.8 6 0.3 4.0 6 0.3 4.1 6 0.3 <0.001 3.7 6 0.4* 3.9 6 0.3* 4.0 6 0.4* <0.001
Total cholesterol (mg/dL) 172 6 38 181 6 37 186 6 41 <0.001 176 6 46 179 6 41 189 6 46 0.05
HDL (mg/dL) 51 6 15 50 6 15 48 6 14 <0.001 50 6 17 48 6 14 50 6 17 0.75
CRP (mg/L) 3.5 (1.2–8.6) 2.7 (1.1–6.6) 2.5 (1.1–5.9) <0.001 4.0 (1.9–12.0)* 3.9 (1.6–7.9)* 4.3 (1.8–9.4)* 0.80

Data are presented as mean 6 standard deviation, median (25th percentile–75th percentile), or percent for categorical variables.
BMI, body mass index; BP, blood pressure; MI, myocardial infarction; RAAS, renin-angiotensin system; PPI, proton pump inhibitors; eGFR, estimated glomerular filtration rate; iPTH,
intact parathyroid hormone; HDL, high-density lipoprotein; CRP, C-reactive protein. eGFR was calculated according to the MDRD study equation. Microalbuminuria was calculated
based on the urinary albumin/creatinine ratio (ACR). CKD was defined as eGFR<60 mL/min/1.73 m2 and/or ACR>17 mg/g in men and>25 mg/g in women. Dietary supplements
consisted of any combination or single treatment with Mg, calcium, active vitamin D and/or multivitamins. Conversion factors for units: phosphate in mg/dL to mmol/L, �0.3229; cal-
cium in mg/dL to mmol/L, �0.2495; cholesterol in mg/dL to mmol/L, �0.02586; HDL in mg/dL to mmol/L, �0.02586.
aChi-Square test.
*P< 0.05 compared with non-CKD in the same tertile group.
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cohort, but the association was attenuated with the inclusion of
anthropometric and biochemical parameters (Table 2).

Sensitivity analysis

CKD was adjudicated utilizing the CKD-EPI eGFR equation
in addition to ACR criteria. All multivariable analyses utilizing

SMg both as a continuous variable (per 0.2 mg/dL or 0.08 mM
decrease) and divided into tertiles were replicated
(Supplementary Tables S2–S4). The results were essentially the
same as those generated utilizing the MDRD eGFR equation to
define CKD. Furthermore, the analysis was replicated utilizing
the CKD KDIGO definition (eGFR<60 mL/min/1.73 m2 and/
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FIGURE 1: Unadjusted Kaplan–Meier curves for all-cause death in non-CKD (Long-Rank P< 0.001) and CKD (Log-Rank P¼ 0.01) partici-
pants stratified by SMg tertiles. The inserts show the same data on an enlarged Y-axis. eGFR was calculated according to the MDRD study
equation. CKD was defined as eGFR<60 mL/min/1.73 m2 and/or ACR�17 mg/g in men and�25 mg/g in women.

Table 2. Adjusted HRs for study outcomes in the entire cohort, and CKD and non-CKD subgroups using SMg as a continuous variable per 0.2 mg/dL
decrease

Model 1 Model 2 Model 3

HRa 95% CI P-value HRa 95% CI P-value HRa 95% CI P-value

All-cause death
Entire cohort 1.49 1.32–1.68 <0.001 1.35 1.18–1.54 <0.001 1.31 1.14–1.49 <0.001
CKD 1.26 1.04–1.53 0.02 1.25 1.00–1.56 0.05 1.37 1.08–1.75 0.01
Non-CKD 1.47 1.27–1.70 <0.001 1.33 1.13–1.57 0.001 1.22 1.04–1.45 0.02

CV death or event
Entire cohort 1.19 1.05–1.35 0.006 1.13 0.99–1.28 0.08 1.07 0.94–1.21 0.33
CKD 1.14 0.92–1.41 0.23 1.11 0.88–1.40 0.37 1.04 0.81–1.33 0.55
Non-CKD 1.12 0.97–1.30 0.13 1.07 0.91–1.26 0.39 1.01 0.86–1.18 0.90

Incident CAC
Entire cohort 1.32 1.08–1.61 0.007 1.25 1.00–1.56 0.05 1.05 0.84–1.32 0.67
CKD 2.05 1.00–4.17 0.05 1.71 0.53–5.56 0.37 1.47 0.37–5.88 0.59
Non-CKD 1.23 0.99–1.52 0.06 1.24 0.98–1.56 0.08 1.05 0.82–1.33 0.71

CKD, chronic kidney disease; CV, cardiovascular; CAC, coronary artery calcification; HR, hazard ratio; 95% CI, 95% confidence interval. eGFR was calculated according to the MDRD
study equation. CKD was defined as eGFR<60 mL/min/1.73 m2 and/or ACR>17 mg/g in men and>25 mg/g in women.
Model 1 was adjusted for age, gender and race/ethnicity. Model 2 was adjusted for variables in Model 1 plus BMI, serum phosphorus, calcium, bicarbonate, albumin, iPTH, total cho-
lesterol and HDL. Model 3 was adjusted for variables in Model 2 plus eGFR, prevalent hypertension, prevalent type 2 diabetes, and use of diuretics and dietary supplements.
aFor the outcome of incident CAC, data are presented as odds ratio (OR).

Table 3. Adjusted HRs for study outcomes in the CKD subgroup according to SMg tertiles (mg/dL)

Model 1 Model 2 Model 3

HR 95% CI P-value HR 95% CI P-value HR 95% CI P-value

All-cause death
Low SMg 2.22 1.33–3.72 0.002 1.92 1.03–3.60 0.04 2.31 1.23–4.36 0.01
Medium SMg 0.97 0.55–1.72 0.92 0.91 0.45–1.84 0.80 1.15 0.55–2.41 0.71
High SMg Ref. — — Ref. — — Ref. — —

CV death or event
Low SMg 1.47 0.85–2.57 0.17 1.16 0.62–2.18 0.64 0.97 0.50–1.89 0.93
Medium SMg 0.89 0.49–1.61 0.69 0.67 0.33–1.37 0.27 0.52 0.24–1.12 0.09
High SMg Ref. — — Ref. — — Ref. — —

SMg, serum magnesium; CV, cardiovascular; HR, hazard ratio; 95% CI, 95% confidence interval.
HR of the low versus high tertile of SMg level. eGFR was calculated according to the MDRD study equation. CKD was defined as eGFR<60 mL/min/1.73 m2 and/or ACR>17 mg/g in
men and>25 mg/g in women.
Model 1 was adjusted for age, gender and race/ethnicity. Model 2 was adjusted for variables in Model 1 plus BMI, serum phosphorus, calcium, bicarbonate, albumin, iPTH, total cho-
lesterol and HDL. Model 3 was adjusted for variables in Model 2 plus eGFR, prevalent hypertension, prevalent type 2 diabetes, and use of diuretics and dietary supplements.
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or ACR�30 mg/g; Supplementary Table S5). The results were
very similar to the original analysis (for SMg as a continuous
variable) and borderline significant for SMg divided in tertiles
(Supplementary Table S5), the latter likely related to the smaller
number of patients with CKD according to the KDIGO defini-
tion (n¼ 244 versus n¼ 306).

Exploratory analysis

We further explored the relationship between SMg levels
and all-cause death utilizing cubic spline curves. As depicted in
Supplementary Figure S2, we confirmed the inverse relation-
ship between SMg levels (X-axis) and the hazard ratio for all-
cause death (Y-axis) in the DHS cohort.

D I S C U S S I O N

The main finding of our investigation is that lower SMg levels
are independently associated with a higher risk of all-cause
death in patients with prevalent early stage CKD. This associa-
tion is independent of demographics, baseline eGFR, comorbid
conditions and the use of diuretics. In non-CKD participants,
the strength of the association was attenuated by other biochem-
ical parameters, prevalent type 2 diabetes, prevalent hyperten-
sion, and the exposure to diuretics and/or dietary supplements.
CKD patients may be more susceptible to low SMg levels due to
the prevalence of underlying endothelial dysfunction and
comorbidities, which are present even at early stages of CKD [5,

43, 44]. In support of this hypothesis, we observed that patients
with prevalent CKD were older and mostly non-Hispanic black;
had lower serum albumin; higher CRP levels; and higher preva-
lence of type 2 diabetes, hypertension and myocardial infarction,
compared with their non-CKD counterparts at the beginning of
the observation period.

Low extracellular Mg concentrations have been shown to
induce endothelial dysfunction, calcification of vascular smooth
muscle, and loss of anti-inflammatory and antioxidant capacities
[45–47]. In our analysis, SMg inversely correlated with SBP and
DBP measurements, and the insulin resistance index HOMA-IR.
Despite these significant cross-sectional correlations, every 0.2 mg/
dL decrease in SMg was not significantly associated with incident
CAC scores�100 Agatston units in a fully adjusted model.

Recent studies support our findings by showing that low
SMg is a significant predictor of death in pre-dialysis CKD
patients or patients undergoing hemodialysis; however, they
carry some limitations. Sakaguchi et al. showed that hypomag-
nesemia is a predictor of CV and non-CV death in a Japanese
cohort of hemodialysis patients, but they limited their follow-
up to 1 year [26]. A similar US cohort study of hemodialysis
patients reported comparable findings but lacked information
for specific cause of CV death and the use of oral Mg-contain-
ing medications [25]. Similarly, Kanbay et al. found that hypo-
magnesemia is a risk factor for CV death or event in patients
with CKD Stages 3–5, but heart failure hospitalizations were
not adjudicated [24]. The present study expands our knowledge
on the role of SMg in patients with early stages of CKD, and
opens new potential interventional portals targeting these
patients. Data from small studies suggest beneficial effects of
oral Mg supplementation on CV calcification and surrogate
parameters of atherosclerosis in patients with CKD [48–50].
However, no randomized controlled trials have examined the
effects of long-term Mg supplementation on surrogate or hard
CV outcomes in patients with different stages of CKD.

The strengths of our study include the utilization of a large
multiethnic population of more than 3000 subjects of which
�50% were African American, the long-term median follow-up
of 12.3 years and the standardized longitudinal data collection
methodology with comprehensive CVD assessment. Moreover,
the DHS collected a databank of genomic DNA samples of

Table 4. Adjusted HRs for study outcomes in the non-CKD subgroup according to SMg tertiles (mg/dL)

Model 1 Model 2 Model 3

HR 95% CI P value HR 95% CI P value HR 95% CI P value

All-cause death
Low SMg 2.09 1.47–2.98 <0.001 1.54 1.03–2.33 0.04 1.30 0.86–1.96 0.22
Medium SMg 1.38 0.99–1.92 0.06 1.26 0.88–1.82 0.21 1.24 0.86–1.79 0.25
High SMg Ref. — — Ref. — — Ref. — —

CV death or event
Low SMg 1.29 0.91–1.84 0.16 1.22 0.83–1.79 0.31 1.06 0.72–1.57 0.77
Medium SMg 1.06 0.78–1.44 0.69 0.99 0.71–1.37 0.95 1.01 0.73–1.41 0.94
High SMg Ref. — — Ref. — — Ref. — —

SMg, serum magnesium; CV, cardiovascular; HR, hazard ratio; 95% CI, 95% confidence interval. HR of the low versus high SMg level. eGFR was calculated according to the MDRD
study equation. CKD was defined as eGFR<60 mL/min/1.73 m2 and/or ACR>17 mg/g in men and>25 mg/g in women.
Model 1 was adjusted for age, gender and race/ethnicity. Model 2 was adjusted for variables in Model 1 plus BMI, serum phosphorus, calcium, bicarbonate, albumin, iPTH, total cho-
lesterol and HDL. Model 3 was adjusted for variables in Model 2 plus eGFR, prevalent hypertension, prevalent type 2 diabetes, and use of diuretics and dietary supplements.

Table 5. Cross-sectional correlations of SMg levels with CV surrogate
markers at DHS-1 and DHS-2

Spearman Correlation coefficients
Prob> r under H0: Rho¼ 0

PWV SBP DBP LV mass HOMA-IR

SMg DHS-1 0.003 �0.06 �0.05 0.04 �0.10
0.87 <0.001 0.001 0.10 <0.001

SMg DHS-2 – �0.13 �0.11 �0.04 �0.12
– <0.001 <0.001 0.20 <0.001

DHS-1, DHS Phase 1 (2000–02); DHS-2, DHS Phase 2 (2007–09); PWV (DHS-1,
n¼ 2630); SBP (DHS-1, n¼ 3498; DHS-2, n¼ 2200); DBP (DHS-1, n¼ 3498; DHS-2,
n¼ 2200); LV mass (DHS-1, n¼ 1388; DHS-2, n¼ 1388); HOMA-IR (DHS-1, n¼ 2983;
DHS-2, n¼ 2091).
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study participants that could be utilized to test whether previ-
ously identified genetic variants associated with Mg homeosta-
sis contribute to differences in CV and non-CV mortality in
DHS participants [51, 52]. Unique to our study is the inclusion
of CKD participants with early stages of CKD, in whom Mg
supplementation may potentially contribute to secondary pre-
vention of CKD progression and CVD.

Some limitations are noted in our study. First, the number
of all-cause deaths and CV deaths or events that were adjudi-
cated in the entire DHS cohort is small, and other non-CV
causes of death were not categorized. Also, a small sample size
of CKD participants with available CVD surrogate marker
adjudication was available. This small sample size may have
limited statistical power and the ability to detect small effects.
Second, given the narrow range of serum albumin levels and
the sample size limitation, we could not further investigate
how the SMg�Alb interaction that was found in the CKD
subgroup affects the association of SMg levels with all-cause
death at different serum albumin strata. The examination of
the SMg�Alb interaction has been proven to be relevant in
other cohorts because it somehow reflect the status of overall
illness associated with CKD [19, 25, 26]. Finally, this study
did not investigate the relationship between time-varying
SMg levels and outcome.

Overall, compared with our knowledge on calcium and
phosphorus metabolism in CKD patients, the regulation of Mg
homeostasis in this population is still relatively poorly under-
stood. In the DHS, SMg levels were not statistically different in
CKD and non-CKD study participants, likely because our CKD
population comprises mostly early stages of CKD. It is also pos-
sible that an undetected status of intracellular Mg deficiency
may be more important than total low SMg levels in the patho-
biology of CVD since Mg is essential for energy balance [53,
54]. Future research should address the correlation of free intra-
cellular Mg concentrations and SMg levels in CKD and non-
CKD patients, and should investigate the role of free intracellu-
lar Mg concentrations in the development or progression of
comorbidities in CKD [53, 54].

In conclusion, we observed that lower SMg levels were inde-
pendently associated with increased all-cause death in CKD
patients. The examination of the causal relationship between
low SMg and CV and non-CV complications in CKD is of para-
mount importance and provides the rationale for prospective
interventional studies of Mg supplementation as an inexpensive
therapy to mitigate fatal complications in CKD patients.
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