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Rationale & Objective: Low serum magnesium
level has been shown to be associated with
increased mortality, but its role as a predictor of
cardiovascular disease is unclear. This study eval-
uates the association between serum magnesium
level and cardiovascular events and all-cause
mortality in a large cohort of individuals with
chronic kidney disease (CKD).

Study Design: Prospective cohort study.

Setting & Participants: 3,867 participants with
CKD, enrolled in the Chronic Renal Insufficiency
Cohort (CRIC) Study.

Exposures: Serum magnesium measured at study
baseline.

Outcomes: Composite cardiovascular events
(myocardial infarction, cerebrovascular accident,
heart failure, and peripheral arterial disease) and
all-cause mortality.

Analytical Approach: Cox proportional hazards
models adjusted for demographic, clinical, and
laboratory characteristics.

Results: During the 14.6 (4.4) years (standard de-

1,000 person-years), and 1,227 (40/1,000 person-
years) had a composite cardiovascular event. There
was a nonlinear association between serum
magnesium level and all-cause mortality. Low and
high magnesium levels were associated with
greater rates of all-cause mortality after adjusting

for demographics, comorbid conditions,
medications including diuretics, estimated
glomerular  filtration  rate, and  proteinuria
(P<0.001). No significant associations were

observed between serum magnesium levels and
the composite cardiovascular events. Low serum
magnesium level was associated with incident atrial
fibrillation (HR, 1.36; 95% ClI, 1.01-1.82; P = 0.04).

Limitations:
magnesium.

Single measurement of serum

Conclusions: In this large CKD cohort, serum
magnesium level < 1.9 mg/dL and >2.1 mg/dL was
associated with increased risk for all-cause
mortality. Low magnesium level was associated
with incident atrial fibrillation but not with
composite cardiovascular disease events. Further
studies are needed to determine the optimal
range of serum magnesium in CKD to prevent
adverse clinical outcomes.
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viation) of follow-up, 1,384 participants died (36/

M agnesium, the second most common intracellular ion
in the human body, is involved in more than 300
enzymatic reactions and is essential for life. Total body
magnesium is approximately 24 g and is distributed

Editorial, p. 162

mainly in bone and muscle. Serum magnesium represents
only 0.3% of total body magnesium, and in healthy in-
dividuals, the serum concentration range is about 1.8 to
2.8 mg/dL (with 1 mmol/L=2 mEq/L= 2.4 mg/dL).'
Despite some limitations, serum magnesium is used as
the standard for evaluating magnesium homeostasis.”

In chronic kidney disease (CKD) stages 1-3, serum
magnesium level is maintained within normal limits by the
compensatory increase of the renal fractional excretion of
magnesium.” Hypermagnesemia becomes apparent at an
estimated glomerular filtration rate (eGFR) < 30 mL/min/
1.73 m” and particularly at eGFRs < 15 mL/min/1.73 m”.
However, certain CKD-specific risk factors predispose to
hypomagnesemia, including long-term use of certain
medications (diuretics, proton pump inhibitors, calci-
neurin inhibitors, etc), the presence of diabetes,

Kidney Med Vol 3 | Iss 2 | March/April 2021

proteinuria, hyperaldosteronism, volume expansion, and
. . . 3= .
metabolic acidosis.” * Hypomagnesemia may portend poor

7-10
outcomes.

Observational studies and small intervention trials
show that magnesium may improve vascular tone and
endothelial function, reduce platelet aggregation, in-
crease high-density lipoprotein cholesterol level,
improve glucose homeostasis, and favorably affect
metabolic syndrome parameters.”''*'> A recent open-
label randomized controlled trial in patients with stage
3-4 CKD and risk factors for coronary artery calcification
showed a significantly smaller change in the median
coronary artery calcification score for individuals taking
magnesium oxide versus controls (11.3% vs 39.5%) at 2
years.'” In dialysis patients, magnesium supplementation
has been reported to reduce carotid intima media
thickness.'* A meta-analysis of serum magnesium,
including 20 studies and 200,934 participants with CKD
and end-stage kidney disease, showed that compared
with individuals with normal or high magnesium levels,
those with low levels had increased risk for all-cause
mortality (hazard ratio [HR], 1.32; 95% CI, 1.19-1.47;
P<0.001)."
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PLAIN-LANGUAGE SUMMARY
Chronic kidney disease (CKD)-specific risk factors pre-
dispose to hypomagnesemia, including long-term use
of certain medications, diabetes, proteinuria, hyper-
aldosteronism,
acidosis. Low serum magnesium level is associated with
increased mortality but its role as a predictor of car-
diovascular disease is unclear. This study evaluates the
association between serum magnesium level and car-
diovascular disease and all-cause mortality in a large
CKD cohort. We found that serum magnesium
level <1.9 and>2.1 mg/dL was
increased all-cause mortality. No significant associations
were observed between serum magnesium level and
composite cardiovascular disease. Low serum magne-

volume expansion, and metabolic

associated with

sium level associated with incident atrial fibrillation.
Interventional trials are needed to establish the optimal
range of serum magnesium levels to prevent adverse
clinical outcomes in CKD.

By and large, available studies associate low serum
magnesium levels with various poor clinical outcomes in
CKD, but the exact mechanistic link is unknown. It is
suggested that the beneficial effects of magnesium are
mediated by the inhibition of inflammation, aortic osteo-
genic signaling, and extracellular matrix remodeling
pathways, thereby leading to reduced vascular calcification
in CKD.'*"’

The high cardiovascular morbidity and mortality in
CKD remains far from explained by current traditional risk
factors, and the discovery of novel nontraditional risk
factors may contribute to improved clinical outcomes.
Because hypomagnesemia in CKD may be more frequent
than previously estimated, better understanding of the
association between low serum magnesium levels and
adverse cardiovascular outcomes in well-characterized
CKD populations warrants further investigations.

In this study, we sought to determine the association
between serum magnesium level and clinical outcomes in
the Chronic Renal Insufficiency Cohort (CRIC) Study. We
hypothesize that low serum magnesium level is associated
with an increased risk for all-cause mortality and cardio-
vascular events.

METHODS

Study Design

The CRIC Study is a prospective multicenter observational
cohort study of participants with CKD. The study design
and participants’ baseline characteristics have been previ-
ously described.'®'” Between 2003 and 2015, a total of
5,499 participants aged 21 to 74 years with eGFRs of 20 to
70 mL/min/1.73 m” were enrolled in the study. Exclusion
criteria included a diagnosis of polycystic kidney disease,
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active  immunosuppression for  glomerulonephritis,
cirrhosis, class III/IV heart failure, HIV infection, cancer,
and pregnancy. The study protocol was approved by the
institutional review board of each participating site, and
written informed consent was obtained from all
participants.

Data Collection

Primary Exposure

Magnesium was measured at study baseline using colori-
metric reflectance spectrophotometry; the normal range
for age older than 18 years defined as 1.7 to 2.8 mg/dL”’
at the University of Pennsylvania Core Laboratory. The
current analysis examined serum magnesium level as a
nonlinear function and categorically by the following
tertiles: low (0.70-1.89 mg/dL), mid (1.90-2.09 mg/dL;
reference group), and high (2.10-3.30 mg/dL) tertile

group.

Outcomes

Incident cardiovascular events (myocardial infarction [MI],
cerebrovascular accident, heart failure, and peripheral
arterial disease) were ascertained during the course of the
study by asking participants about hospitalizations during
the clinic or telephone visit. Hospital records were then
obtained and were adjudicated using predefined event-
specific guidelines by 2 clinicians. Heart failure events
were determined on the basis of clinical symptoms,
radiographic evidence of pulmonary edema, physical ex-
amination of the heart and lungs, central venous hemo-
dynamic monitoring data, and echocardiographic imaging
in hospitalized patients using criteria consistent with pre-
vious studies.”' Diagnosis of probable or definite MI was
made on the basis of symptoms consistent with acute
ischemia, cardiac biomarker levels, and electrocardiograms
as recommended by a consensus statement on the universal
definition of ML** Two neurologists reviewed all hospi-
talizations and emergency department visits suggestive of
stroke and adjudicated the stroke outcome based on pre-
defined criteria.”” Incident atrial fibrillation (AF) was
determined by identification of hospitalizations or emer-
gency department visits involving AF during study follow-
up. At least 2 study physicians adjudicated all possible AF
events by manual review of relevant medical records and
electrocardiograms, if available, wusing standardized
criteria. All discordances were discussed by the 2 reviewers
and resolved.

Mortality was ascertained through report from next of
kin, retrieval of death certificates or obituaries, review of
hospital records, and linkage with the Social Security
Mortality Master File. Participants’ follow-up was censored
as of end of year 2018 when the data set was locked for
analysis, loss to follow-up, when they achieved the event
of interest, or death, whichever occurred first.

Two primary outcomes were analyzed: (1) all-cause
mortality and (2) cardiovascular events (a composite of
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MI, cerebrovascular accident, heart failure, and peripheral
arterial disease). Secondary outcomes included incident
MI, incident congestive heart failure, and incident AF.

Covariates

At each study visit, demographic and physical measures,
medical history, medication use, and serum and urine for
laboratory assessments were collected. Participants were
followed up annually with in-person clinic visits and also
contacted by telephone calls approximately 6 months
apart.

All antihypertensive medications were categorized into
drug classes, and the total number of antihypertensive
drug classes was calculated. Serum creatinine was
measured at the CRIC Central Laboratory using an enzy-
matic method (Ortho Clinical Diagnostics) through
October 2008 and by the Jaffé method (Beckman Coulter)
thereafter and standardized to isotope-dilution mass
spectrometry—traceable  values.”"””  Twenty-four—hour
urinary total protein excretion was measured using a tur-
bidometric method (Roche Diagnostics) through October
2008 and spectrophotometric quantitation (Beckman
Coulter) thereafter. Glucose was detected using a coupled
enzymatic method (Ortho Clinical Diagnostics) through
October 2008 and by an oxygen-depletion method
(Beckman Coulter) thereafter. Diabetes was determined as
at least 1 of the following: self-reported insulin or oral
hypoglycemic medication, fasting blood glucose lev-
el = 126 mg/dL or nonfasting level = 200 mg/dL, glycated
hemoglobin level = 6.5%, or use of insulin or other anti-
diabetic medication.”®

GFR was estimated using the CRIC Study equation.”’
Self-reported history of any cardiovascular disease at
baseline included previous MI, coronary revascularization,
heart failure, stroke, or peripheral arterial disease.

Statistical Analysis

Standard descriptive statistics were used to characterize the
study cohort at CRIC Study baseline, stratified by serum
magnesium tertiles. Continuous variables were expressed
as mean with standard deviation or median with inter-
quartile range (IQR) and compared using t tests or Wil-
coxon rank sum tests as appropriate. Categorical variables
were expressed as frequency or proportion. Differences in
covariates between magnesium level tertiles were exam-
ined using 7’ tests or l-way analyses of variance with
Bonferroni corrections.

Kaplan-Meier curves were used to depict the incidence
of clinical outcomes by serum magnesium strata. Cox
proportional hazards regression models were used to
analyze time to composite cardiovascular events, death,
MI, and congestive heart failure for both the first and third
magnesium tertiles using tertile 2 as the reference group.
We estimated the effect of serum magnesium as a cate-
gorical variable, by tertiles, and as a continuous predictor
to allow for nonlinear effects using restricted cubic spline
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models. Covariates used for adjustment in the models
included age, sex, race, clinical center, diabetes status,
eGFR, 24-hour urinary protein excretion, and baseline
cardiovascular, systolic blood pressure, and antihyperten-
sive medications (angiotensin-converting enzyme inhibi-
tor, angiotensin receptor blocker, B-blocker, and diuretic
use). Participants with cardiovascular disease at study
baseline were excluded from the survival analyses.

Sensitivity analyses were modeled to assess whether the
association between serum magnesium levels and clinical
outcomes of interest is modified by age (<70 and >70
years), sex, diuretic use, presence of diabetes, eGFR (<45
and >45 mL/min/1.73 m?), and fibroblast growth factor
23 (FGF-23) level (below or above median), using an
interaction between serum magnesium level and each
potential modifier. All models were tested for linearity of
continuous variables of interest. Given the small number of
missing covariate data and the large data set, imputation
was not performed; participants with missing data were
excluded from the multivariable analyses. Model assump-
tions were tested using residual values versus fitted plots,
normal Q-Q plots of standardized residuals, plots of
standardized residuals versus leverage, scale-location plots,
and Cook’s distance. Age was not normally distributed and
was log transformed. For all analyses, 2-sided P = 0.05 was
considered statistically significant.

All analyses were performed using IBM Corp, released
2017, IBM SPSS Statistics for Windows, version 25.0, and
the R Statistical Computing Environment (R Foundation
for Statistical Computing), version 3.6.1.

RESULTS

A total of 3,867 participants with available serum mag-
nesium values at study baseline were included in these
analyses. Mean age was 58+11 years, 45% were women,
42% were non-Hispanic White, and 48% had diabetes at
study baseline. Average eGFR was 44.9+16.7 mL/min/
1.73m?, ~ and average magnesium level  was
1.96+0.28 mg/dL. Magnesium distribution is depicted in
Figure S1. Compared with the mid and high magnesium
tertiles, patients in the low tertile were more likely to be
younger, be female, and have diabetes at study baseline
and higher body mass index. Baseline characteristics of
study participants are depicted in Table 1. CRIC partici-
pants with missing magnesium levels tended to be older
and have more prevalent diabetes, but otherwise were
similar to the study cohort (Table S1).

Serum Magnesium Level and All-Cause Mortality
Participants in the low and high magnesium tertiles had
2.9% and 9.6% higher crude mortality rates, respectively,
compared with participants in the mid tertile (Table 2).
Adjusted survival curves showed an increased risk for all-
cause mortality for both the low and high tertiles
compared with the mid tertile, P <0.001 (Fig 1).
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Table 1. Baseline Characteristics of Chronic Renal Insufficiency Cohort Participants by Serum Magnesium Tertiles

Magnesium Tertile

Characteristic All Participants (N=3,867) 1(n=1289) 2(n=1289) 3(n=1,289) P
Serum magnesium, mg/dL 0.70-3.30 0.70-1.89 1.90-2.09 2.10-3.30 <0.001
Demographic data
Age,y 58 (11) 56 (11) 57 (11) 59 (10) <0.001
Women 1,738 (45%) 650 (50%) 536 (42%) 552 (43%) <0.001
Race, n (%) 0.18
Non-Hispanic White 1,610 (42%) 500 (39%) 548 (43%) 562 (44%)
Non-Hispanic Black 1,615 (42%) 578 (45%) 518 (40%) 519 (40%)
Hispanic 491 (13%) 161 (12%) 170 (13%) 160 (12%)
Other 151 (4%) 50 (4%) 53 (4%) 48 (4%)
Hypertension 3,325 (86%) 1,117 (87%) 1,099 (85%) 1,109 (86%) 0.59
Diabetes 1,875 (48%) 687 (53%) 584 (45%) 604 (47%) <0.001
Any cardiovascular disease 1,289 (33%) 389 (30%) 409 (32%) 491 (38%) <0.001
Current smoking 499 (13%) 151 (12%) 190 (15%) 158 (12%) 0.05
Body mass index, kg/m? 32.1 (7.8) 32.9 (8.2) 31.8 (7.6) 31.6 (7.6) <0.001
Systolic blood pressure, mm Hg 128 (22) 129 (22) 129 (22) 127 (22) 0.07
Diastolic blood pressure, mm Hg 72 (13) 73 (13) 72 (13) 70 (12) <0.001
LDL cholesterol, mg/dL 102.7 (35.5) 101.9 (35.4) 104.0 (34.5) 102.2 (35.5) 0.25
HDL cholesterol, mg/dL 475 (15.5) 47.2 (14.8) 471 (15.8) 48.3 (15.9) 0.09
Medications
Aspirin 1,645 (43%) 509 (40%) 523 (41%) 613 (48%) <0.001
B-Blockers 1,891 (49%) 640 (50%) 585 (46%) 666 (52%) 0.005
Statins 2,116 (55%) 674 (53%) 711 (56%) 731 (567%) 0.08
ACE inhibitor/ARB 1,884 (49%) 668 (52%) 631 (49%) 585 (46%) 0.004
Proton pump inhibitors 879 (23%) 294 (23%) 299 (23%) 286 (22%) 0.84
Any diuretic 2,282 (59%) 745 (58%) 709 (55%) 828 (65%) <0.001
Laboratory data:
eGFR, mL/min/1.73 m? 44.9 (16.7) 46.8 (16.3) 46.7 (16.9) 41.1 (16.3) <0.001
Creatinine, mg/dL 1.8 (0.6) 1.7 (0.6) 1.8 (0.6) 2.0 (0.6) <0.001
24-h urinary protein, g/24 h 0.2 [0.1-0.9] 0.2 [0.1-1.1] 0.2 [0.1-0.9] 0.2 [0.1-0.8] 0.01
Calcium, mg/dL 9.2 (0.5) 9.2 (0.6) 9.2 (0.5) 9.2 (0.5) 0.68
Phosphorus, mg/dL 3.73 (0.7) 3.7 (0.7) 3.7 (0.6) 3.8 (0.7) <0.001
Bicarbonate, mg/dL 24.4 (3.2) 24.2 (3.3) 245 (3.2) 24.6 (3.2) 0.02
Albumin, g/dL 3.9 (0.5) 3.9 (0.5) 4.0 (0.5) 4.0 (0.5) <0.001
Hemoglobin, g/dL 12.6 (1.8) 12.5 (1.7) 12.7 (1.8) 12.6 (1.8) 0.002
Fibroblast growth factor 23, RU/mL 145 [96-238] 149 [99-247] 135 [91-214] 156 [98-253] 0.01
High-sensitivity C-reactive protein, mg/L 5.6 (9.8) 5.6 (10.4) 5.4 (8.2) 5.8 (10.8) 0.62
Aldosterone, pmol/L 102 [72-153] 95 [66-95] 100 [71-147] 112 [79-167] 0.008
Dietary protein, g/kg/d 0.8 (0.4) 0.8 (0.4) 0.8 (0.4) 0.8 (0.4) 0.06

Note: Values expressed as mean (standard deviation), number (percent), or median (interquartile range; 25th-75th percentiles). Conversion factors for units: creatinine
in mg/dL to umol/L, x88.4; calcium in mg/dL to mmol/L, x0.2495; phosphorus in mg/dL to mmol/L, x0.3229.
Abbreviations: ACE, angiotensin-converting enzyme; ARB, angiotensin receptor blocker; eGFR, estimated glomerular filtration rate; HDL, high-density lipoprotein;

LDL, low-density lipoprotein.

Participants in the low magnesium tertile had 21%
higher risk for death compared with those in the mid
tertile (HR, 1.21 [95% CI, 0.99-1.48]; P = 0.06; Table 3).

Results were consistent in subgroups by sex (HR, 1.06
[95% CI, 0.80-1.40] and HR, 1.28 [95% CI, 0.92-1.79],
for men and women, respectively), diabetes (HR, 1.22
[95% CI, 0.93-1.60], and HR, 0.95 [95% CI, 0.66-1.35]
for participants with and without diabetes, respectively),
any diuretic use (HR, 1.05 [95% CI, 0.80-1.39] and HR,
1.19 [95% CI, 0.84-1.67] for participants taking diuretics
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and not taking diuretics, respectively), and eGFR (HR,
1.27 [95% CI, 0.96-1.68], and HR, 0.85 [95% CI, 0.61-
1.21] for eGFR <45 or>45mL/min/1.73 m?, respec-
tively; Fig 2).

To assess for potential nonlinearity, a multivariable-
adjusted restricted cubic spline model was built, showing
consistent results. Low magnesium level was associated
with greater rates of all-cause mortality, P <0.001. Like-
wise, high magnesium level was statistically significant
associated with all-cause mortality, P <0.001 (Fig 3).
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Table 2. Cardiovascular Events and Mortality Rates by Baseline
Serum Magnesium Level in the Chronic Renal Insufficiency
Cohort Study

Events Overall Magnesium Tertile®
1 2 3
<1.90 1.90- 22.10
2.09
All-cause mortality
No. of events/N 1,384/ 446/ 419/ 519/
3,867 1,289 1,289 1,289
Event rate/1,000 person-y 35.9 347 318 413
Composite cardiovascular
events®
No. of events/N 1,227/ 411/ 388/ 428/
3,864 1,288 1,287 1,289
Event rate/1,000 person-y 40.0 40.1 372 42.7
Myocardial infarction
No. of events/N 379/ 129/ 122/ 128/
3,864 1,288 1,287 1,289
Event rate/1,000 person-y 11.0 11.2 104 113
Incident congestive heart
failure
No. of events/N 650/ 216/ 187/ 247/
3866 1,289 1,288 1,289
Event rate/1,000 person-y 19.4 19.3 163 227
Atrial fibrillation
No. of events/N 639/ 202/ 190/ 247/
3864 1,288 1,288 1,288
Event rate/1,000 person-y 18.5 17.6 16.2 218

“The distribution of magnesium by tertiles was tertile 1, 0.70 to 1.89 mg/dL;
tertile 2, 1.90 to 2.09 mg/dL (reference group); and tertile 3, 2.10 to 3.30 mg/
dL.

PComposite cardiovascular events include congestive heart failure, myocardial
infarction, stroke, and peripheral arterial disease.

Serum Magnesium Level and Composite
Cardiovascular Events

Participants in the low and high magnesium tertiles had
2.9% and 5.5% higher crude composite cardiovascular
event rates, respectively, compared with those in the mid
tertile (Table 2). Adjusted Kaplan-Meier plots showed
increased risk for composite cardiovascular events for both
the low and high tertiles compared with the mid tertile,
P <0.001 (Fig 1).

Serum magnesium levels were not associated with risk
for composite cardiovascular events in adjusted Cox
regression models (HR, 1.11 [95% CI, 0.90-1.38],
P=0.32 for the low compared with the mid tertile;
Table 3). Results were consistent in subgroup analyses
defined by age, sex, diabetes, diuretic use, eGFR, and FGF-
23 level (Fig 4). This is likely due to a reduction in the
predictive power derived from categorization of magne-
sium level.

Serum Magnesium Level and Incident MI

Serum magnesium levels were not associated with risk for
incident MI in adjusted Cox regression models (HR, 1.17
[95% CI, 0.82-1.66]; P =0.39 for the low compared with
the mid tertile (Table 3).
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Figure 1. Adjusted Kaplan-Meier survival curve for (A) all-cause
mortality and (B) composite cardiovascular events (congestive
heart failure [CHF], myocardial infarction [MI], stroke, and pe-
ripheral arterial disease [PAD]) by magnesium tertiles.
P <0.001 for both survival curves. Models adjusted for age,
sex, race, clinical center, diabetes status, estimated glomerular
filtration rate, 24-hour urinary protein excretion, and baseline car-
diovascular, systolic blood pressure, and antihypertensive
medications.

Serum Magnesium Level and Incident Congestive
Heart Failure Events
Participants in the low and high magnesium tertiles had
3.0% and 6.3% higher crude composite congestive heart
failure events rates, respectively, compared with those in
the mid tertile (Table 2).

Serum magnesium levels were not associated with risk
for incident congestive heart failure for the low compared
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Table 3. Multivariable-Adjusted HRs for All-Cause Mortality and
Cardiovascular Events by Baseline Serum Magnesium Levels in
the Chronic Renal Insufficiency Cohort Study

Unadjusted

Model Adjusted Model®
Hazard Ratio Hazard Ratio
(95% CI), P (95% CI), P

All-cause mortality (reference:

tertile 2; magnesium 1.9-2.1)

Tertile 1° 1.18 (0.97-1.42), 0.09
Tertile 3 1.33 (1.10-1.60), 0.003°
Composite cardiovascular events?
(reference: tertile 2; magnesium 1.9-2.1)
Tertile 1 1.16 (0.95-1.42), 0.14
Tertile 3 1.18 (0.97-1.45), 0.11
Incident myocardial infarction
(reference: tertile 2; magnesium 1.9-2.1)
Tertile 1 1.25 (0.89-1.75), 0.19
Tertile 3 0.94 (0.85-1.36), 0 .75
Incident congestive heart failure
(reference: tertile 2; magnesium 1.9-2.1)
Tertile 1 1.28 (0.96-1.72), 0.09
Tertile 3 1.43 (1.06-1.91), 0.02¢
Incident atrial fibrillation (reference:
tertile 2; magnesium 1.9-2.1)

Tertile 1 1.36 (1.03-1.80), 0.03° 1.36 (1.01-1.82), 0.04°
Tertile 3 1.47 (1.11-1.95), 0.007° 1.27 (0.95-1.70), 0.10
2Models adjusted for age, sex, race, clinical center, diabetes status, estimated
glomerular filtration rate, 24-hour urinary protein excretion, and baseline car-

diovascular, systolic blood pressure, and antihypertensive medications.

PThe distribution of magnesium by tertiles was tertile 1, 0.70 to 1.89 mg/dL;
tertile 2, 1.90 to 2.09 mg/dL (reference group); and tertile 3, 2.10 to 3.30 mg/
SIS_.tatistically significant.

4Composite cardiovascular events include incident congestive heart failure,
myocardial infarction, stroke, and peripheral arterial disease.

1.21 (0.99-1.48), 0.06
1.17 (0.96-1.42), 0.12

1.11 (0.90-1.38), 0.32
1.07 (0.86-1.33), 0.55

1.17 (0.82-1.66), 0.39
0.92 (0.63-1.36), 0.69

1.15 (0.84-1.57), 0.40
1.20 (0.88-1.64), 0.26

with the mid magnesium tertile (HR, 1.15 [95% CI, 0.84-
1.57]; P=0.40[ Table 3).

Serum Magnesium Level and AF

Participants in the low and high magnesium tertiles had
1.3% and 5.6% higher crude new-onset AF event rates,
respectively, compared with those in the mid tertile
(Table 2).

Participants in the low magnesium tertile had 36%
higher risk for new-onset AF compared with those in the
mid tertile; HR, 1.36 (95% CI, 1.01-1.82; P=0.04;
Table 3).

DISCUSSION

In a large cohort of adults with CKD, participants with
serum magnesium levels < 1.9 mg/dL and >2.1 mg/dL
had increased risk for all-cause mortality when accounting
for demographics, comorbid conditions, medications, and
kidney function. Low magnesium level was associated with
incident AF. Serum magnesium level was not indepen-
dently associated with composite cardiovascular events.
The findings were consistent in subgroups defined by age,
sex, diabetes status, diuretic use, eGFR, and FGF-23 level.
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The study suggests that low serum magnesium level is
a risk factor for all-cause mortality in individuals with
CKD. Magnesium balance is dependent on intestinal ab-
sorption and kidney excretion, without any identified
specific hormonal regulator of its homeostasis. Multiple
factors can contribute to hypomagnesemia in CKD,
including medication use (diuretics, proton pump in-
hibitors, or calcineurin inhibitors), diabetes, hyper-
aldosteronism, volume expansion, and metabolic acidosis.
In this large well-characterized CKD cohort, a third of
participants had a magnesium levels < 1.9 mg/d, with a
mean value of 1.7 mg/dL, suggesting that hypomagne-
semia is prevalent in CKD. Experimental studies have
demonstrated that low magnesium level can have detri-
mental health consequences leading to increased mortal-
ity in several ways.

Magnesium modulates the activity of both cardiac
myocytes and pacemaker cells by regulating a number of
potassium and calcium channels (ie, sodium—potassium
adenosine triphosphatase [Na/K-ATPase], inwardly recti-
fying potassium channels [Kir], and L-type calcium
channels).”® Magnesium depletion could cause depolari-
zation of the transmembrane potential at rest, as well as
prolong the depolarization time during action potential
(phase 3), making the heart more vulnerable to arrhythmia
and sudden cardiac death. Magnesium influences car-
diomyocyte contractility by acting as a natural antagonist
to calcium (competes for binding to troponin C and
calmodulin) and also limits intracellular calcium overload
during myocardial ischemia.”” Further, magnesium can
favorably affect cardiac remodeling through its inhibitory
effect on production of matrix metalloproteinase-2 in
cardiac fibroblasts.””

Because cause-specific mortality was unable to be
assessed, the proportion of cardiovascular deaths, and
especially arrhythmia-related deaths, is unknown in our
study. It is reasonable to speculate that most deaths were
related to cardiovascular disease because this is recognized
as the leading cause of death in CKD.”'

In addition to being proarrhythmogenic, magnesium
deficiency promotes a preatherogenic phenotype by
increasing oxidative stress and inflammation in cardiac
tissue and vascular smooth muscle cells.””** The rela-
tionship between low magnesium level and oxidative
stress is bidirectional, and oxidative stress may also exac-
erbate magnesium deficiency.’* An inflammatory marker,
high-sensitivity C-reactive protein, was simultaneously
measured at study baseline and found to be the high in
participants with serum magnesium levels in the lowest
and highest tertiles, suggesting that abnormal magnesium
levels may be associated with a higher degree of inflam-
mation. In the current study, we did not observe a statis-
tically significant association between serum magnesium
level and incident MI, potentially explained by residual
confounding due to incomplete ascertainment of the
severity or duration of exposure to traditional atheroscle-
rotic risk factors.
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Figure 2. Forest plot for risk for all-cause mortality overall and by subgroups for the low magnesium tertile compared with the mid
tertile. Abbreviations: eGFR, estimated glomerular filtration rate; FGF23, fibroblast growth factor 23.

Compared with participants with serum magnesium levels
in the mid tertile, those with serum magnesium lev-
els<1.9 mg/dL had 15% higher risk for incident heart
failure events. Though this association did not reach statistical
significance (P =0.05), magnesium may be linked to heart
failure in at least 3 ways. First, low magnesium level is
inversely associated with vascular calcifications. In vitro,
magnesium administration prevents vascular smooth muscle
cell calcification through the magnesium transporter transient
receptor potential cation channel subfamily M member 7
(TRPM7), it inhibits the Wnt/B-catenin pathway that me-
diates high phosphorus—induced calcifications,”” and can
interfere directly with calcium and phosphorus crystallization
into hydroxyapatite.”® Magnesium may prevent vascular
calcifications through activation of the calcium-sensing re-
ceptor.”” In a rat model of uremic vascular calcification,
moderately increased dietary magnesium and also intraperi-
toneal magnesium reduced vascular calcifications.’®

Second, low magnesium level is associated with high
blood pressure. Magnesium has a substantial vasodilatory
effect by being a natural calcium channel antagonist,
inhibiting endothelin 1 expression,and increasing nitric
oxide production and prostacyclin 2 levels.’”
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Figure 3. Restricted cubic splines for the hazard of death by
serum magnesium levels. Solid lines indicate the log-hazard ratio;
dotted lines indicate standard error of the mean. The 2 knots are
placed at the 1.9- and 2.1-mg/dL magnesium level (P < 0.001).
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Figure 4. Forest plot for the risk for composite cardiovascular events (congestive heart failure, myocardial infarction, stroke, and pe-
ripheral arterial disease) overall and by subgroups for the low magnesium tertile compared with the mid tertile. Abbreviations: eGFR,
estimated glomerular filtration rate; FGF23, fibroblast growth factor 23.

Third, magnesium also decreases directly aldosterone
production,”” decreasing sodium reabsorption and thus
limiting volume overload.

Magnesium deficiency can cause increased mortality by
altering the mineral metabolism.”” In normal parathyroid
glands under conditions of moderate hypocalcemia,
magnesium decreases parathyroid hormone levels by
activating the calcium-sensing receptor and upregulating
the vitamin D receptor and the FGF receptor 1/klotho co-
receptor. However, hypomagnesemia impairs parathyroid
hormone secretion and lowers 1,25 dihydroxyvitamin D
levels. In addition, certain enzymes on the parathyroid
hormone—vitamin D axis are also magnesium dependent
and have decreased activity in hypomagnesemia.

Serum FGF-23 levels have not been studied extensively
in hypomagnesemic states. In a mice model of CKD fed a
high-phosphorus diet, a low-magnesium diet was associ-
ated with lower FGF -23 levels than the normal-
magnesium diet group. In our study, subgroup analyses
by FGF-23 categories showed that participants in the lower
magnesium tertile had significantly increased risk for
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mortality compared with participants in the mid tertile,
suggesting that low FGF-23 level has an additive negative
effect in hypomagnesemic states. A high-magnesium diet
can bind dietary phosphorus, resulting in less hyper-
phosphatemia in CKD. In a large cohort of hemodialysis
patients, increasing serum magnesium largely altered the
mortality risk associated with hyperphosphatemia.”'
Although the definition of low magnesium level varied in
the cited studies, magnesium sufficiency appears beneficial
in multiple systems. Higher predialysis magnesium levels
were associated with a lower incidence rate of arrhythmia in
patients with continuous electrocardiogram monitoring.*”
In the general population, many, though not all,
epidemiologic studies and clinical trials have demonstrated
an association between low serum magnesium levels and
hypertension, type 2 diabetes, and several cardiovascular
events (ischemic heart disease, cardiovascular mortality,
and left ventricular hypertrophy).'""**** Recently, low
serum magnesium level was also associated with incident
kidney disease in the Atherosclerosis Risk in Communities
(ARIC) Study.”” Although the main analysis in this study
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was based on a 1-time measurement of serum magnesium,
using the 3-year study visit serum magnesium level as the
baseline resulted in a similar association between magne-
sium level and incident CKD."*”

A meta-analysis in patients without CKD"® demonstrated
an inverse association between serum magnesium concen-
tration and risk for total cardiovascular events (stroke, cor-
onary heart disease, and cardiovascular death). Also, low
serum magnesium level has been associated with the
development of AF in the ARIC Study”’ and in the Fra-
mingham Offspring Study.”” In the latter study, baseline
serum magnesium level was associated with the develop-
ment of AF in individuals without heart disease. Moreover,
the baseline serum potassium level in that study was not
associated with incident AF and secondary analyses adjusting
for serum potassium did not change the serum
magnesium—AF association. The development of AF years
after the baseline data raises the possibility that hypomag-
nesemia may be a marker of unmeasured risk factors.
Importantly, our study extends the association of low mag-
nesium level and new-onset AF to patients with CKD. With
AF remaining the most common cause of arrhythmic death
in the end-stage kidney disease population, a more consistent
examination of serum magnesium levels across the spectrum
of CKD and its relation with arrhythmic events is warranted.

This study has a few important strengths: it represents a
comprehensive analysis of the association between serum
magnesium level and rigorously adjudicated cardiac events
and mortality in CKD. The large and racially diverse patient
population, long duration of follow-up, comprehensive
covariate measurements, and large subgroup sizes to allow
robust subgroup analyses are also important strengths.

However, a few limitations need to be considered. First,
it is an observational study and therefore a certain degree
of residual confounding and selection bias cannot be
excluded and causality cannot be inferred. Second, these
analyses are based on a single measurement of serum
magnesium; notably, after the first year of follow-up,
magnesium level was not significantly different with me-
dian values of 2.0 (IQR, 1.8-2.1) and 2.1 (IQR, 1.9-2.2)
mg/dL at baseline and study year 1, respectively. Whether
changes in serum magnesium levels over time add incre-
mental predictive value will need further study.

In this large CKD cohort, serum magnesium lev-
el <1.9mg/dL and >2.1 mg/dL was associated with
increased risk for death from any cause. Low magnesium
level was associated with incident AF but not with com-
posite cardiovascular disease events. Further studies are
needed to determine the optimal range of serum magne-
sium levels in CKD to prevent adverse clinical outcomes.

SUPPLEMENTARY MATERIAL
Supplementary File (PDF)
Figure S1: Magnesium distribution at study baseline

Table S1: Selected baseline characteristics of participants with
missing magnesium levels
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was associated with increased risk of all-cause mortality. Low magnesium level also was associated
with incident atrial fibrillation, but not with composite ) events. Visual abstract by Jia Hwei Ng, MD, MSCE W @jaiweing
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