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ABSTRACT
Background:Malnutrition-inflammation-atherosclerosis (MIA) syndrome is caused
by the inflammatory cytokines in end stage renal disease (ESRD) patients, and MIA
complex-related factors may be associated with hypomagnesemia and mortality.
However, the association between serum magnesium level and mortality for dialysis
patients is still not clear. Additionally, no meta-analysis has investigated the impact
of serum magnesium on peritoneal dialysis and hemodialysis, separately.
Methods: We searched published studies in PubMed, Embase, Cochrane,
Collaboration Central Register of Controlled Clinical Trials, and Cochrane
Systematic Reviews through April 2022. Studies associated with serum magnesium
and all-cause mortality or cardiovascular (CV) mortality in ESRD on kidney
replacement therapy (KRT) patients were included. A hazard ratio (HR) with 95%
confidence intervals (CI) was used to report the outcomes.
Results: Twenty-one studies involving 55,232 patients were included. Overall, there
was a significant association between hypomagnesemia and all-cause mortality for
dialysis patients (HR: 1.67, 95% CI [1.412–2.00], p < 0.001; certainty of evidence:
moderate) using a mixed unadjusted and adjusted HR for analysis. There was also a
significantly increased risk of CV mortality for individuals with hypomagnesemia
compared with the non-hypomagnesemia group (HR 1.56, 95% CI [1.08–2.25],
p < 0.001; certainty of evidence: moderate). In addition, a subgroup analysis
demonstrated that hypomagnesemia was associated with a high risk of both all-cause
mortality and CV mortality (all-cause mortality, HR:1.80, 95% CI [1.48–2.19]; CV
mortality, HR:1.84, 95% CI [1.10–3.07]) in hemodialysis (HD) patients, but not in
participants receiving peritoneal dialysis (PD; all-cause mortality, HR:1.26, 95%
CI [0.84–1.91]; CV mortality, HR:0.66, 95% CI [0.22–2.00]). The systematic review
protocol was prespecified and registered in PROSPERO [CRD42021256187].
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Conclusions: Hypomagnesemia may be a significant risk factor for all-cause
mortality and CV mortality in KRT patients, especially in those receiving
hemodialysis. However, because of the limited certainty of evidence, more studies are
required to investigate this association.

Subjects Biochemistry, Hematology, Internal Medicine, Nephrology
Keywords Hypomagnesemia, Magnesium, Dialysis, Mortality, Hemodialysis

INTRODUCTION
Hypermagnesemia is common in patients with end stage renal disease (ESRD) due to
dialysate with a magnesium content of 0.5 mmol/L (Yang et al., 2021). Patients receiving
regular dialysis may have hypomagnesemia because increased phosphate, sulfate, or other
anions would decrease serum magnesium (Mg) levels by binding Mg and forming Mg
complex. In Japan, about 0.38% of patients on hemodialysis have a serum Mg level less
than 2.5 mg/dL (Sakaguchi et al., 2014). Among dialysis patients, magnesium deficiency
has been associated with inflammation, hyperparathyroidism, insulin resistance-related
diabetes mellitus, oxidative stress, atherosclerosis, and calcification of vascular smooth
muscle cells (VSMC), which may lead to hypertension (Salem et al., 2012; Montes de Oca
et al., 2014). A previous meta-analysis concluded that hypomagnesemia is significantly
associated with all-cause and cardiovascular mortality in populations with chronic kidney
disease (CKD) and ESRD without analyzing the outcomes for these two populations
separately (Xiong et al., 2019).

Therefore, we defined hypomagnesemia as a serum Mg level less than 2.5 mg/dL and
conducted a meta-analysis to explore the associations among serum magnesium, all-cause
mortality, and CV mortality in patients with ESRD on kidney replacement therapy (KRT).

MATERIALS AND METHODS
Search strategy and selection criteria
This meta-analysis was conducted according to the Preferred Reporting Items of
Systematic Reviews and Meta-Analyses (PRISMA) statement (Higgins et al., 2011) and
following the Cochrane methods (Salguero et al., 2008). The protocol was prospectively
submitted to PROSPERO [CRD42021256187].

Two investigators (CY Huang; CC Yang) searched published studies in PubMed,
Embase, Cochrane, Collaboration Central Register of Controlled Clinical Trials, and
Cochrane Systematic Reviews until April 2022 without any language limitation (Data S1).
Using Medical Subject Headings (MeSH) terms and the PICO (population, intervention,
comparison, outcome), we selected key words such as “Renal Dialysis,” “Hemodialysis,”
“Peritoneal dialysis,” “Magnesium,” “Hypomagnesemia,” “Hypermagnesemia,”
“Mortality,” and “Death” as search terms for our literature review. Prospective and
retrospective cohort studies and observational studies were included, but case reports and
case series were excluded. Two investigators (CY Huang, CC Yang) independently
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performed searches and checked all articles for inclusion. If they disagreed on the inclusion
of an article, a third author (MY, Jiang) resolved the dispute.

Inclusion and exclusion criteria
Published studies were included if they: (1) reported the impact of serum magnesium on
all-cause or CV mortality for KRT patients; (2) used a cohort study design, including
retrospective (e.g., cohort and case control study) and prospective cohort studies; and
(3) reported the hazard ratio (HR) with 95% confidence intervals (CIs) or provided
sufficient data to investigate the outcomes. The following studies were excluded: (1) studies
that did not include the outcomes of CV mortality or all-cause mortality, or (2) had
follow-up times less than 12 months.

Data extraction
The following data were extracted from the articles: first author, year of publication,
patient characteristics (sample size, age, and sex), follow-up duration, and clinical
outcomes. Both abstracts and full papers were selected for quality assessment and data
synthesis. If the data were incomplete in the text but extractable from the figures (ex.
Kaplan-Meier (KM) survival curve), we used WebPlotDigitizer Version 4.1 to extrapolate
the data (Drevon, Fursa & Malcolm, 2017). Another author (YT, Huang) then verified
these data. We did our best to contact the corresponding authors for more information
about the selected studies.

Quality assessment
The risk of bias of the included studies was assessed by two authors (CC, Hsieh; MH,
Chuang), independently, using the Newcastle-Ottawa Scale (NOS). The NOS contains
three domains which consisted of eight items totally, which represent three quality
assessment parameters: selection, comparability, and outcome. One point was given for a
low risk of bias, and 0 points were given for a high or unclear risk of bias. A score of 0–3
points was considered to be a low-quality study, a score of 4–6 points equated to a
moderate-quality study, with a score of 7–9 points indicating a study was high quality.

Outcomes and definition of hypomagnesemia or
non-hypomagnesemia
The primary outcome of this meta-analysis was all-cause mortality, with CV mortality as a
secondary outcome. Individual trials had different serum magnesium cut-off values for
defining hypomagnesemia and non-hypomagnesemia in KRT patients. Among these
studies, the HRs of serum magnesium as dichotomous variables were regarded as “lower
magnesium vs. non-hypomagnesium,” according to their respective categories.

Data synthesis and statistical analysis
The random-effects model was employed to analyze the selected outcomes (all-cause
mortality and CV mortality) between the two groups. The effect size was expressed as the
pool HRs with 95% CIs.
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We used funnel plots to demonstrate potential publication bias. Statistical heterogeneity
was calculated using I2, with an I2 more than 50% indicating the studies were not
homogeneous. P-values < 0.05 were considered statistically significant. We used the
Grading of Recommendations Assessment, Development, and Evaluation (GRADE)
approach to assess the certainty of the evidence for each outcome. We used the
Comprehensive Meta-Analysis software (Version 3.3.070, November 20, 2014) for all
statistical analyses.

Subgroup analysis
We performed subgroup analyses of adjusted/unadjusted outcomes, dialysis modality
(HD, PD), serum magnesium cut-off value for defining the hypomagnesemia and
non-hypomagnesemia groups (1.58–2.5 mg/dL vs. 2.5–2.79 mg/dL), follow-up period (≥5
years vs. <5 years), study design (retrospective vs. prospective), and if the data were
extracted from the KM survival curve.

RESULTS
Search results and included studies
Our initial screening of cohort studies focused on published studies that were available on
May 20th, 2021. We then submitted our study to PROSPERO and completed our
comprehensive database collection on April 4th, 2022.

A total of 3,416 studies were identified from the databases and 224 studies were
identified from registers as original research. We removed 810 studies due to duplication.
Of the remaining 2,830 articles, a further 2,806 articles were excluded after reviewing the
title and abstract (Fig. 1). The remaining 24 studies were then assessed for eligibility. After
excluding three more studies that lacked usable data for an analysis, a total of 21
observational studies of 55,232 patients undergoing dialysis were selected for inclusion in
the final meta-analysis.

Figure 1 Flowchart of study selection for meta-analysis. Full-size DOI: 10.7717/peerj.14203/fig-1
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Study characteristics
As shown in Table 1, the included studies were published from 2007 to 2020, including 12
studies from Asia (Ishimura et al., 2007; Kurita et al., 2015; Ago et al., 2016; Cai et al., 2016;
Yang et al., 2016; Ye et al., 2018;Mizuiri et al., 2019; Shimohata et al., 2019; Tamura et al.,
2019; Wu et al., 2019; Lu et al., 2020; Mizuiri et al., 2020), seven from Europe (Markaki
et al., 2012; Vervloet et al., 2013; João Matias et al., 2014; Lacson et al., 2015; de Roij van
Zuijdewijn et al., 2015; Garagarza et al., 2015; Selim et al., 2017), and two from North
America (Fein et al., 2014; Li et al., 2015). Thirteen studies were retrospective studies
(Ishimura et al., 2007; Fein et al., 2014; de Roij van Zuijdewijn et al., 2015; Lacson et al.,
2015; Ago et al., 2016; Cai et al., 2016; Li et al., 2016; Yang et al., 2016; Mizuiri et al., 2019;
Shimohata et al., 2019; Wu et al., 2019; Lu et al., 2020; Mizuiri et al., 2020), and the other
eight studies were prospective studies (Markaki et al., 2012; Vervloet et al., 2013; João
Matias et al., 2014; Garagarza et al., 2015; Kurita et al., 2015; Selim et al., 2017; Ye et al.,
2018; Tamura et al., 2019).

Table 1 Summary of the baseline characteristics of the included studies.

Author Nation Study design Modality Population
(n)

Male
(%)

DM
(%)

*Age (years) Follow up
duration
(m)

Cut-off value
of serum
Mg (mg/dL)

Ishimura et al. (2007) Japan Retrospective HD 515 59.4 24.0 60 ± 12 51 2.77

Markaki et al. (2012) Greece Prospective HD+PD 74 55.4 18.9 65 ± 15 50 2.45

Vervloet et al. (2013) Germany Prospective HD+PD 761 59.0 25.0 63 ± 14 36 2.07

João Matias et al. (2014) Portugal Prospective HD 206 55.0 26.0 63.6 ± 14.3 48 2.79

Fein et al. (2014) United States Retrospective PD 62 45.0 25.0 55 ± 16 129.6 1.94

Lacson et al. (2015) Germany Retrospective HD 27,544 53.7 53.6 61.9 ± 15 12 1.58

de Roij van Zuijdewijn et al.
(2015)

Netherlands Retrospective HD 365 61.9 20.8 64.1 ± 13.7 36 2.07

Garagarza et al. (2015) Portugal Prospective HD 605 NR NR 69.9 NR 2.0

Kurita et al. (2015) Japan Prospective HD 2,185 62.0 26.0 61.7 ± 12.5 36 2.3

Li et al. (2015) United States Retrospective HD 9,359 56.2 59.1 63.3 ± 14.9 60 2.0

Yang et al. (2016) China Retrospective PD 10,692 55.0 63.0 56 ± 16 13 1.8

Cai et al. (2016) China Retrospective PD 253 55.3 22.9 58 ± 16 29 1.7

Ago et al. (2016) Japan Retrospective HD 399 63.2 35.3 65.86 ± 11.8 12 2.2

Selim et al. (2017) Republic of
Macedonia

Prospective HD 185 59.5 17.3 49.7 ± 14.7 60 2.67

Ye et al. (2018) China Prospective PD 402 57.0 20.6 49.3 ± 14.9 49.9 1.7

Wu et al. (2019) China Retrospective HD 169 53.8 NR 60.20 ± 15.64 120 2.43

Tamura et al. (2019) Japan Prospective HD 392 65.3 47.2 68 43.5 2.6

Mizuiri et al. (2019) Japan Retrospective HD 353 66.6 40.2 68 36 2.4

Shimohata et al. (2019) Japan Retrospective HD 83 62.1 0 58 120 2.5

Mizuiri et al. (2020) Japan Retrospective HD 215 67.9 44.2 73 36 2.3

Lu et al. (2020) China Retrospective HD 413 57.4 14.4 50.4 ± 14.3 12 2.43

Notes:
* Data of age are presented as mean ± standard deviation.
Abbreviations: DM, Diabetes Mellitus; HD, Hemodialysis; m, month; Mg, Magnesium; mg/dl, milligrams per deciliter; NR, not reported; PD, Peritoneal dialysis.
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Hemodialysis (HD) patients were the study population in 15 studies, (Ishimura et al.,
2007; João Matias et al., 2014; de Roij van Zuijdewijn et al., 2015; Garagarza et al., 2015;
Kurita et al., 2015; Lacson et al., 2015; Li et al., 2015; Ago et al., 2016; Selim et al., 2017;
Mizuiri et al., 2019; Shimohata et al., 2019; Tamura et al., 2019; Wu et al., 2019; Lu et al.,
2020; Mizuiri et al., 2020), peritoneal dialysis (PD) patients were the study population in
four studies (Fein et al., 2014; Cai et al., 2016; Yang et al., 2016; Ye et al., 2018), and two
studies had a study population that combined HD and PD patients (Markaki et al., 2012;
Vervloet et al., 2013). The mean ages of the HD and PD populations were 62 ± 6 and 55 ± 6
years, respectively. The follow-up duration of the 21 included studies ranged from 12 to
129.6 months, with one study not reporting the follow-up duration (Garagarza et al.,
2015). Twenty studies reported the association of serum magnesium and all-cause
mortality (Ishimura et al., 2007; Markaki et al., 2012; Fein et al., 2014; João Matias et al.,
2014; de Roij van Zuijdewijn et al., 2015; Garagarza et al., 2015; Kurita et al., 2015; Lacson
et al., 2015; Li et al., 2015; Ago et al., 2016; Cai et al., 2016; Yang et al., 2016; Selim et al.,
2017; Ye et al., 2018; Mizuiri et al., 2019; Shimohata et al., 2019; Tamura et al., 2019; Wu
et al., 2019; Lu et al., 2020;Mizuiri et al., 2020) and nine studies reported the association of
serum magnesium and CV mortality (Ishimura et al., 2007; Vervloet et al., 2013; João
Matias et al., 2014; de Roij van Zuijdewijn et al., 2015; Cai et al., 2016; Ye et al., 2018;
Mizuiri et al., 2019; Tamura et al., 2019; Lu et al., 2020). The cut-off value of serum
magnesium used for defining hypomagnesemia ranged from 1.7 to 2.77 mg/dl.

Heterogeneity and publication bias
The heterogeneity was 82.77% for all-cause mortality and 71.46% for CV mortality
according to the I2 test. Publication bias, as evaluated using funnel plots and Egger’s test,
was significant for all-cause mortality (Fig. S1), but not significant for CV mortality
(Fig. S2). We used subgroup analyses and meta-regression to investigate the observed
heterogeneity.

Quality of enrolled trials
The NOS score of the included studies was 6–9 (Table S1), with 20 of the 21 studies
reaching the high-quality NOS score range of 7–9. The one study that did not reach a score
between 7–9 (Garagarza et al., 2015) received a score of six points. This study was
considered to be of moderate quality because it did not include the follow-up duration of
the study. There was a high inter-observer reliability in article selection (Kappa
coefficient = 0.90).

Assessment of evidence quality and summary of findings
An evidence quality assessment was performed using the GRADE system for the outcomes
of all-cause mortality and CV mortality (Table S3).

Serum magnesium and all-cause mortality
Twenty studies of 54,471 KRT patients reported the association between serum
magnesium levels and all-cause mortality. Ten studies presented both unadjusted and
adjusted HR (de Roij van Zuijdewijn et al., 2015; Kurita et al., 2015; Li et al., 2015; Ago
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et al., 2016; Cai et al., 2016; Yang et al., 2016; Selim et al., 2017; Shimohata et al., 2019;Wu
et al., 2019;Mizuiri et al., 2020), seven studies included only adjusted HR (Ishimura et al.,
2007;Markaki et al., 2012; Fein et al., 2014; João Matias et al., 2014; Garagarza et al., 2015;
Ye et al., 2018; Lu et al., 2020), and three studies included only unadjusted HR (Lacson
et al., 2015;Mizuiri et al., 2019; Tamura et al., 2019). Four studies extracted data for the HR
calculation from the KM survival curve (Table 2; Fein et al., 2014; Mizuiri et al., 2019;
Tamura et al., 2019; Lu et al., 2020; Mizuiri et al., 2020). The results of our meta-analysis
showed that hypomagnesemia was associated with increased risk of all-cause mortality
compared with non-hypomagnesemia among KRT patients (random effect, HR:1.67, 95%
CI [1.41–2.00], p < 0.001, (Fig. 2A)). However, we found high heterogeneity among the
included studies (random effect model, I2 value of 82.77%, Fig. 2A).

Table 2 Summary of the outcome of the included studies.

Author All-cause mortality, HR
(95% CI)

CV mortality, HR (95%
CI)

Primary outcome Secondary
outcome

Study quality,
NOS

Ishimura et al. (2007) 2.060a [1.026–4.135] 1.020a [0.323–3.220] all-cause mortality CV mortality 9

Markaki et al. (2012) 1.160a [0.340–3.959] NR all-cause mortality NR 7

Vervloet et al. (2013) NR 1.560a [0.950–2.561] CV mortality NR 7

João Matias et al. (2014) 1.149a [1.005–1.314] 1.220a [0.732–2.033] all-cause and CV
mortality

NR 8

Fein et al. (2014) 2.550b [1.398–4.652] NR all-cause mortality NR 9

Lacson et al. (2015) 1.600 [1.303–1.965] NR all-cause mortality NR 8

de Roij van Zuijdewijn et al.
(2015)

1.140 [1.013–1.283] 1.370a [1.173–1.600] all-cause and CV
mortality

NR 9

Garagarza et al. (2015) 2.040a [1.508–2.759] NR all-cause mortality NR 6

Kurita et al. (2015) 1.730 [1.201–2.492] NR all-cause mortality NR 7

Li et al. (2015) 1.170a [1.051–1.302] NR all-cause mortality NR 9

Yang et al. (2016) 0.970a [0.814–1.156] NR all-cause mortality NR 9

Cai et al. (2016) 0.075a [0.010–0.557] 0.013a [0.001–0.162] all-cause and CV
mortality

NR 9

Ago et al. (2016) 2.410a [1.461–3.975] NR all-cause mortality NR 7

Selim et al. (2017) 1.140a [0.445–2.922] NR all-cause mortality NR 8

Ye et al. (2018) 1.530a [0.980–2.389] 1.430a [0.799–2.558] CV mortality All-cause
mortality

8

Wu et al. (2019) 8.300a [4.258–16.181] NR all-cause mortality NR 9

Tamura et al. (2019) 1.550b [1.040–2.310] 1.698b [0.877–3.289] all-cause mortality CV mortality 8

Mizuiri et al. (2019) 2.790 [1.831–4.250] 3.730 [2.031–6.849] all-cause and CV
mortality

NR 8

Shimohata et al. (2019) 2.730a [1.072–6.953] NR all-cause mortality NR 7

Mizuiri et al. (2020) 1.720b [1.007–2.939] NR all-cause mortality NR 8

Lu et al. (2020) 3.535 [1.594–7.838] 4.285 [1.422–12.910] all-cause and CV
mortality

NR 7

Notes:
a Adjust HR.
b Data extracted from Kaplan-Meier survival curve.
Abbreviations: CV, cardiovascular; HR, hazard ratio; NOS, Newcastle-Ottawa Scale; NR, Not reported.
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Serum magnesium and cardiovascular mortality
Nine out of the 21 studies reported the relationship between serum magnesium level and
CV mortality among dialysis patients (Ishimura et al., 2007; Vervloet et al., 2013; João
Matias et al., 2014; de Roij van Zuijdewijn et al., 2015; Cai et al., 2016; Ye et al., 2018;
Mizuiri et al., 2019; Tamura et al., 2019; Lu et al., 2020). Four of these studies presented
both unadjusted and adjusted HR (João Matias et al., 2014; de Roij van Zuijdewijn et al.,
2015; Cai et al., 2016; Ye et al., 2018), three included only unadjusted HR (Tamura et al.,
2019; Lu et al., 2020; Mizuiri et al., 2020), and the remaining two studies only included
adjusted HR (Ishimura et al., 2007; Vervloet et al., 2013). One of these studies extracted
data for the HR calculation from the KM survival curve. The results of this meta-analysis
showed an increased risk of CV mortality for dialysis patients with hypomagnesemia
compared to those with non-hypomagnesemia. (random effect, HR:1.56, 95%
CI [1.08–2.25], p < 0.001, (Fig. 2B)). However, we found high heterogeneity among the
included studies (random effect model, I2 value of 71.46%, Fig. 2B).

Subgroup analysis
A subgroup analysis showed that the association between hypomagnesemia and increased
all-cause mortality (Fig. 3A) and CV mortality (Fig. 3B) among dialysis patients was
consistently significant when stratified by follow-up duration and data extraction. A
subgroup analysis by dialysis modality revealed that hypomagnesemia was associated with
increased all-cause and CV mortality among HD patients, but this association was not
present among PD patients. In addition, while the associations between hypomagnesemia
and all-cause mortality were significant for serum magnesium cut-off values both above
and below 2.5 mg/dL, the association between hypomagnesemia and CV mortality was
only significant for a cut-off value less than 2.5 mg/dL.

Meta-regression analysis
The quantitative measures of serummagnesium levels, older age, prevalence of diabetes, or
male proportion were not associated with all-cause mortality (Age, Z = 0.12, p = 0.90,
Fig. S3A; DM, Z = −1.27; p = 0.205, Fig. S3B; Male, Z = 0.35, p = 0.72, Fig. S3C; the
quantitative measures of serum levels of Mg, Z = 0.95, p = 0.34) or CV mortality (Age,
Z = 0.29, p = 0.7685, Fig. S4A; DM, Z = 0.75; p = 0.4548, Fig. S4B; Male, Z = 1.69,
p = 0.0.0907, Fig. S4C; the quantitative measures of serum levels of Mg, Z = 0.91,
p = 0.3636) between the hypomagnesemia and non-hypomagnesemia groups (Table S4).

DISCUSSION
In this meta-analysis of twenty-one studies, our results showed that hypomagnesemia is
associated with an increased risk of all-cause mortality and CV mortality among KRT
patients. When stratified by dialysis modality, hypomagnesemia was associated with
increased all-cause and CV mortality among HD patients, but this association was not
significant among PD patients. Additionally, if the cut-off value of serum magnesium was
higher than 2.5 mg/dl, hypomagnesemia did not significantly correlate with an increased
risk of CV mortality among dialysis patients. Several mechanisms could explain the
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increased risk of all-cause mortality/CVmortality with serummagnesium deficiency. First,
hypomagnesemia is associated with, and may lead to metabolic syndrome and insulin
resistance (Volpe, 2008). Because magnesium is involved in over 300 enzymatic reactions,

Figure 2 Forest plot showing increased risk of (A) all-cause mortality (B) cardiovascular mortality,
comparing hypoMg vs. non-hypoMg in a population dialysis patients.

Full-size DOI: 10.7717/peerj.14203/fig-2
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magnesium deficiency can contribute to the defective tyrosine kinase activities of insulin
receptors (Suárez et al., 1995), impairment of modulating insulin-mediated glucose uptake
and vascular tone (Barbagallo et al., 2003), elevation of tumor necrosis factor-alpha
(Rodriguez-Morán & Guerrero-Romero, 2004), and CRP levels (Dibaba, Xun & He, 2014).

Figure 3 Subgroup analysis for (A) all-cause mortality (B) cardiovascular mortality comparing
hypoMg vs. non-hypoMg in a population of dialysis patients.

Full-size DOI: 10.7717/peerj.14203/fig-3
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Additionally, ESRD patients in the presence of hypomagnesemia have elevated levels of
adiponectin, which plays a role in energy homeostasis and lipid/glucose metabolism
(Markaki et al., 2012) and may correlate with ischemic heart disease (van de Wal-Visscher,
Kooman & van der Sande, 2018). Hypomagnesemia is also related to defect immunity,
involving both innate and acquired immune responses (Tam et al., 2003). The molecular
identification of multiple magnesium transporters has provided the basis for the role
magnesium plays in the immune system (Brandao et al., 2013). A low magnesium level
inhibits endothelial proliferation by generating an inflammatory, pro-thrombotic,
pro-atherogenic environment, which could be a contributor to the pathogenesis of
cardiovascular disease (Maier et al., 2004). Patients with hypomagnesemia may have a
higher risk of electrolyte imbalances such as hypokalemia or hypocalcemia, because
dialysis patients with imbalances and an inadequate protein and energy intake develop
protein-energy wasting (PEW;Maraj et al., 2018). Acute nutritional depletion seems to be
related to poor appetite with low food intake and may be the cause of hypokalemia and
hypocalcemia in dialysis patients (Vavruk et al., 2012). These electrolyte imbalances can
cause cardiac arrhythmias (Hansen & Bruserud, 2018). A diet high in green leafy
vegetables, cereals, and nuts abundant in magnesium might help prevent
hypomagnesemia-related mortality in dialysis patients (Chrysant & Chrysant, 2019).
Closely tracking serum magnesium levels is also an important strategy for preventing
hypomagnesemia in dialysis patients.

In this meta-analysis, hypomagnesemia had a significant association with all-cause
mortality/CV mortality for HD patients, but no obvious association was observed in PD
patients in a subgroup analysis (Markaki et al., 2012; Fein et al., 2014; Cai et al., 2016; Yang
et al., 2016). This could be because hemodynamic fluctuation happens in the intermittent
delivery of HD due to the rapid loss of residual renal function and HD-induced myocardial
and cerebral ischemia (Selby & Kazmi, 2019).

Another subgroup analysis revealed that while the associations between hypomagnesemia
and all-cause mortality were significant for serummagnesium cut-off values both above and
below 2.5 mg/dL, the association between hypomagnesemia and CV mortality was only
significant for a cut-off value less than 2.5 mg/dL. Courivaud & Davenport (2014) reported
that mild hypermagnesemia may have a protective effect in reducing soft tissue and vascular
calcification, while higher serum magnesium may be the consequence of better nutrition
status (Joffres, Reed & Yano, 1987). These findings may help explain why a lower serum
magnesium cut-off value (≤2.5 mg/dl) was associated with a higher risk of CV mortality
when a lower cut-off value (>2.5 mg/dl) was not (Courivaud & Davenport, 2014).

According to the 2020 United States Renal Data System Annual Data Report:
Epidemiology of Kidney Disease, individuals with end stage renal disease (ESRD)
undergoing dialysis have a higher risk of cardiovascular disease and a shorter life
expectancy than the general population. The traditional risk factors of cardiovascular
disease among dialysis patients include diabetes, hypertension, and smoking, while
malnutrition, chronic inflammation, and vascular calcification are considered
non-traditional risk factors (Menon, Gul & Sarnak, 2005; Choi et al., 2019; Cozzolino et al.,
2018; Allawi, 2018). Among dialysis patients, magnesium deficiency has been shown to
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correlate with atherosclerosis and calcification of VSMC (Salem et al., 2012;Montes de Oca
et al., 2014). A previous meta-analysis concluded that hypomagnesemia is significantly
associated with all-cause and cardiovascular mortality in patients with chronic kidney
disease (CKD) and ESRD, though the analysis did not analyze the outcomes for these two
populations separately (Xiong et al., 2019). Another meta-analysis demonstrated that
hypomagnesemia was closely related to an increase in all-cause mortality in hemodialysis
(HD) patients, but the impact of serum magnesium on peritoneal dialysis (PD) patients
was not discussed. This meta-analysis also did not investigate the diverse cut-off values of
serum magnesium among the included studies (Liu & Wang, 2021). Because of these
existing gaps in the published research, we conducted a meta-analysis about the
association of serum magnesium with all-cause mortality and CV mortality in patients
with ESRD on KRT.

Strengths and limitations
Our study has some significant strengths. This is the first meta-analysis comprehensively
evaluating the association of serum magnesium concentration on all-cause mortality and
CV mortality in dialysis patients, specifically. Our findings represent the current evidence
supporting the potential influence of hypomagnesemia on relevant clinical outcomes.
We also extracted data from the KM survival curve using the WebPlotDigitizer, making
our data more complete.

However, our study results should be interpreted cautiously because of its limitations.
First, a high heterogeneity was observed among the included studies, which could be
related to differences among the studies in serum magnesium cut-off values and follow-up
period lengths. Two included studies (Vervloet et al., 2013; Garagarza et al., 2015) were
only available as abstracts and were thus lacking complete, available data. The inclusion
criteria for patients also differed among the included studies. For example, the proportion
of diabetes was vastly different among the studies, with one study even excluding DM
patients (Shimohata et al., 2019). These inclusion differences mean the patients included in
this meta-analysis may not match the characteristics of real-world patients on dialysis.
Two of the included studies (Markaki et al., 2012; Vervloet et al., 2013) combined the data
for both HD and PD patients, which may interfere with the analyses of HD and PD
patients, separately. More studies investigating the relationship between serummagnesium
and clinical outcomes in PD patients, specifically, are needed. In three of the included
studies (Kurita et al., 2015; Lacson et al., 2015; Yang et al., 2016), participants were
separated into multiple serum magnesium subgroups (ex. low, middle, higher groups).
For these studies, we compared the outcomes of the lowest and the highest magnesium
groups, which may have induced relevant bias in the effect estimates.

CONCLUSIONS
In our meta-regression analysis, the quantitative measures of serummagnesium levels, age,
sex, or prevalence of diabetes were not associated with all-cause mortality or CV mortality.
Our study suggested that a lower magnesium concentration is associated with a significant
risk of all-cause mortality and CV mortality compared with non-hypomagnesemia serum
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magnesium levels in dialysis participants. Hypomagnesemia had a larger impact on the
clinical outcomes of HD patients than for PD patients, but additional studies investigating
serum magnesium levels in PD patients are required.

ACKNOWLEDGEMENTS
We thank for the staff of the division of the Nephrology, Internal medicine department of
Chi Mei Medical Center, with valuable opinion for this study.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding
This study was supported by Chi-Mei Medical Center (CMFHR10973). The funders had
no role in study design, data collection and analysis, decision to publish, or preparation of
the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
Chi-Mei Medical Center: CMFHR10973.

Competing Interests
The authors declare that they have no competing interests.

Author Contributions
� Chi-Ya Huang conceived and designed the experiments, prepared figures and/or tables,
and approved the final draft.

� Chi-Chen Yang conceived and designed the experiments, prepared figures and/or tables,
and approved the final draft.

� Kuo-Chuan Hung performed the experiments, authored or reviewed drafts of the article,
and approved the final draft.

� Ming-Yan Jiang analyzed the data, authored or reviewed drafts of the article, and
approved the final draft.

� Yun-Ting Huang performed the experiments, prepared figures and/or tables, and
approved the final draft.

� Jyh-Chang Hwang analyzed the data, authored or reviewed drafts of the article, and
approved the final draft.

� Chih-Chieh Hsieh analyzed the data, prepared figures and/or tables, and approved the
final draft.

� Min-Hsiang Chuang performed the experiments, prepared figures and/or tables, and
approved the final draft.

� Jui-Yi Chen conceived and designed the experiments, prepared figures and/or tables, and
approved the final draft.

Data Availability
The following information was supplied regarding data availability:

Huang et al. (2022), PeerJ, DOI 10.7717/peerj.14203 13/17

http://dx.doi.org/10.7717/peerj.14203
https://peerj.com/


The raw data is available in the Supplemental Files.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.14203#supplemental-information.

REFERENCES
Ago R, Shindo T, Banshodani M, Shintaku S, Moriishi M, Masaki T, Kawanishi H. 2016.

Hypomagnesemia as a predictor of mortality in hemodialysis patients and the role of proton
pump inhibitors: a cross-sectional, 1-year, retrospective cohort study. Hemodialysis
International 20(4):580–588 DOI 10.1111/hdi.12437.

Allawi AAD. 2018.Malnutrition, inflamation and atherosclerosis (MIA syndrome) in patients with
end stage renal disease on maintenance hemodialysis (a single centre experience). Diabetes &
Metabolic Syndrome: Clinical Research & Reviews 12(2):91–97 DOI 10.1016/j.dsx.2017.09.003.

Barbagallo M, Dominguez LJ, Galioto A, Ferlisi A, Cani C, Malfa L, Pineo A, Busardo A,
Paolisso G. 2003. Role of magnesium in insulin action, diabetes and cardio-metabolic syndrome
X. Molecular Aspects of Medicine 24(1–3):39–52 DOI 10.1016/s0098-2997(02)00090-0.

Brandao K, Deason-Towne F, Perraud AL, Schmitz C. 2013. The role of Mg2+ in immune cells.
Immunologic Research 55(1–3):261–269 DOI 10.1007/s12026-012-8371-x.

Cai K, Luo Q, Dai Z, Zhu B, Fei J, Xue C, Wu D. 2016. Hypomagnesemia is associated with
increased mortality among peritoneal dialysis patients. PLOS ONE 11(3):e0152488
DOI 10.1371/journal.pone.0152488.

Choi SR, Lee YK, Cho AJ, Park HC, Han CH, Choi MJ, Koo JR, Yoon JW, Noh JW. 2019.
Malnutrition, inflammation, progression of vascular calcification and survival: inter-relationships
in hemodialysis patients. PLOS ONE 14(5):e0216415 DOI 10.1371/journal.pone.0216415.

Chrysant SG, Chrysant GS. 2019. Association of hypomagnesemia with cardiovascular diseases
and hypertension. International Journal of Cardiology Hypertension 1(Suppl 3A):100005
DOI 10.1016/j.ijchy.2019.100005.

Courivaud C, Davenport A. 2014. Magnesium and the risk of all-cause and cardiac mortality in
hemodialysis patients: agent provocateur or innocent bystander? Kidney International
85(1):17–20 DOI 10.1038/ki.2013.301.

Cozzolino M, Mangano M, Stucchi A, Ciceri P, Conte F, Galassi A. 2018. Cardiovascular disease
in dialysis patients. Nephrology Dialysis Transplantation 33(suppl_3):iii28–iii34
DOI 10.1093/ndt/gfy174.

de Roij van Zuijdewijn CL, Grooteman MP, Bots ML, Blankestijn PJ, Steppan S, Büchel J,
Groenwold RH, Brandenburg V, van den Dorpel MA, Ter Wee PM, Nubé MJ, Vervloet MG.
2015. Serum magnesium and sudden death in European hemodialysis patients. PLOS ONE
10(11):e0143104 DOI 10.1371/journal.pone.0143104.

Dibaba DT, Xun P, He K. 2014. Dietary magnesium intake is inversely associated with serum
C-reactive protein levels: meta-analysis and systematic review. European Journal of Clinical
Nutrition 68(4):510–516 DOI 10.1038/ejcn.2014.7.

Drevon D, Fursa SR, Malcolm AL. 2017. Intercoder reliability and validity of WebPlotDigitizer in
extracting graphed data. Behavior Modification 41(2):323–339
DOI 10.1177/0145445516673998.

Huang et al. (2022), PeerJ, DOI 10.7717/peerj.14203 14/17

http://dx.doi.org/10.7717/peerj.14203#supplemental-information
http://dx.doi.org/10.7717/peerj.14203#supplemental-information
http://dx.doi.org/10.7717/peerj.14203#supplemental-information
http://dx.doi.org/10.1111/hdi.12437
http://dx.doi.org/10.1016/j.dsx.2017.09.003
http://dx.doi.org/10.1016/s0098-2997(02)00090-0
http://dx.doi.org/10.1007/s12026-012-8371-x
http://dx.doi.org/10.1371/journal.pone.0152488
http://dx.doi.org/10.1371/journal.pone.0216415
http://dx.doi.org/10.1016/j.ijchy.2019.100005
http://dx.doi.org/10.1038/ki.2013.301
http://dx.doi.org/10.1093/ndt/gfy174
http://dx.doi.org/10.1371/journal.pone.0143104
http://dx.doi.org/10.1038/ejcn.2014.7
http://dx.doi.org/10.1177/0145445516673998
http://dx.doi.org/10.7717/peerj.14203
https://peerj.com/


Fein P, Weiss S, Ramos F, Singh P, Chattopadhyay J, Avram MM. 2014. Serum magnesium
concentration is a significant predictor of mortality in peritoneal dialysis patients. Advances in
Peritoneal Dialysis 30:90–93.

Garagarza C, Valente A, Oliveira T, Caetano C, Ribeiro S, Silva A. 2015. MON-PP149:
magnesium and body composition are associated with mortality in prevalent hemodialysis
patients: myth or reality? Clinical Nutrition 34(1):S183 DOI 10.1016/S0261-5614(15)30581-1.

Hansen BA, Bruserud Ø. 2018.Hypomagnesemia in critically ill patients. Journal of Intensive Care
6(1):21 DOI 10.1186/s40560-018-0291-y.

Higgins JP, Altman DG, Gøtzsche PC, Jüni P, Moher D, Oxman AD, Savovic J, Schulz KF,
Weeks L, Sterne JA. 2011. The Cochrane Collaboration’s tool for assessing risk of bias in
randomised trials. BMJ 343:d5928 DOI 10.1136/bmj.d5928.

Ishimura E, Okuno S, Yamakawa T, Inaba M, Nishizawa Y. 2007. Serum magnesium
concentration is a significant predictor of mortality in maintenance hemodialysis patients.
Magnesium Research 20:237–244 DOI 10.1684/MRH.2007.0116.

João Matias P, Azevedo A, Laranjinha I, Navarro D, Mendes M, Ferreira C, Amaral T, Jorge C,
Aires I, Gil C, Ferreira A. 2014. Lower serum magnesium is associated with cardiovascular risk
factors and mortality in haemodialysis patients. Blood Purification 38(3–4):244–252
DOI 10.1159/000366124.

Joffres MR, Reed DM, Yano K. 1987. Relationship of magnesium intake and other dietary factors
to blood pressure: the Honolulu heart study. American Journal of Clinical Nutrition
45(2):469–475 DOI 10.1093/ajcn/45.2.469.

Kurita N, Akizawa T, Fukagawa M, Onishi Y, Kurokawa K, Fukuhara S. 2015. Contribution of
dysregulated serum magnesium to mortality in hemodialysis patients with secondary
hyperparathyroidism: a 3-year cohort study. Clinical Kidney Journal 8(6):744–752
DOI 10.1093/ckj/sfv097.

Lacson E Jr, Wang W, Ma L, Passlick-Deetjen J. 2015. Serum magnesium and mortality in
hemodialysis patients in the United States: a cohort study. American Journal of Kidney Diseases
66(6):1056–1066 DOI 10.1053/j.ajkd.2015.06.014.

Li L, Liang W, Ye T, Chen Z, Zuo X, Du X, Qian K, Zhang C, Hu X, Li J, Wang L, Ma Z, Yao Y.
2016. The association between nutritional markers and biochemical parameters and residual
renal function in peritoneal dialysis patients. PLOS ONE 11(6):e0156423
DOI 10.1371/journal.pone.0156423.

Li L, Streja E, Rhee CM, Mehrotra R, Soohoo M, Brunelli SM, Kovesdy CP, Kalantar-Zadeh K.
2015. Hypomagnesemia and mortality in incident hemodialysis patients. American Journal of
Kidney Diseases 66(6):1047–1055 DOI 10.1053/j.ajkd.2015.05.024.

Liu H, Wang R. 2021. Associations between the serum magnesium and all-cause or cardiovascular
mortality in chronic kidney disease and end-stage renal disease patients: a meta-analysis.
Medicine (Baltimore) 100(45):e27486 DOI 10.1097/md.0000000000027486.

Lu C, Wang Y, Wang D, Nie L, Zhang Y, Lei Q, Xiong J, Zhao J. 2020. Hypomagnesemia and
short-term mortality in elderly maintenance hemodialysis patients. Kidney Diseases (Basel)
6(2):109–118 DOI 10.1159/000504601.

Maier JA, Malpuech-Brugère C, Zimowska W, Rayssiguier Y, Mazur A. 2004. Low magnesium
promotes endothelial cell dysfunction: implications for atherosclerosis, inflammation and
thrombosis. Biochimica et Biophysica Acta (BBA) – Molecular Basis of Disease 1689(1):13–21
DOI 10.1016/j.bbadis.2004.01.002.

Maraj M, Kuśnierz-Cabala B, Dumnicka P, Gala-Błądzi�nska A, Gawlik K,
Pawlica-Gosiewska D, Ząbek-Adamska A, Mazur-Laskowska M, Ceranowicz P,

Huang et al. (2022), PeerJ, DOI 10.7717/peerj.14203 15/17

http://dx.doi.org/10.1016/S0261-5614(15)30581-1
http://dx.doi.org/10.1186/s40560-018-0291-y
http://dx.doi.org/10.1136/bmj.d5928
http://dx.doi.org/10.1684/MRH.2007.0116
http://dx.doi.org/10.1159/000366124
http://dx.doi.org/10.1093/ajcn/45.2.469
http://dx.doi.org/10.1093/ckj/sfv097
http://dx.doi.org/10.1053/j.ajkd.2015.06.014
http://dx.doi.org/10.1371/journal.pone.0156423
http://dx.doi.org/10.1053/j.ajkd.2015.05.024
http://dx.doi.org/10.1097/md.0000000000027486
http://dx.doi.org/10.1159/000504601
http://dx.doi.org/10.1016/j.bbadis.2004.01.002
http://dx.doi.org/10.7717/peerj.14203
https://peerj.com/


Kuźniewski M. 2018. Malnutrition, inflammation, atherosclerosis syndrome (MIA) and diet
recommendations among end-stage renal disease patients treated with maintenance
hemodialysis. Nutrients 10(1):69 DOI 10.3390/nu10010069.

Markaki A, Kyriazis J, Stylianou K, Fragkiadakis GA, Perakis K, Margioris AN, Ganotakis ES,
Daphnis E. 2012. The role of serum magnesium and calcium on the association between
adiponectin levels and all-cause mortality in end-stage renal disease patients. PLOS ONE
7(12):e52350 DOI 10.1371/journal.pone.0052350.

Menon V, Gul A, Sarnak MJ. 2005. Cardiovascular risk factors in chronic kidney disease. Kidney
International 68(4):1413–1418 DOI 10.1111/j.1523-1755.2005.00551.x.

Mizuiri S, Nishizawa Y, Yamashita K, Naito T, Ono K, Tanji C, Usui K, Doi S, Masaki T,
Shigemoto K. 2019. Hypomagnesemia is not an independent risk factor for mortality in
Japanese maintenance hemodialysis patients. International Urology and Nephrology
51:1043–1052 DOI 10.1007/s11255-019-02073-w.

Mizuiri S, Nishizawa Y, Yamashita K, Ono K, Usui K, Arita M, Naito T, Doi S, Masaki T,
Shigemoto K. 2020. Relationship of serum magnesium level with body composition and
survival in hemodialysis patients. Hemodialysis International 24:99–107
DOI 10.1111/hdi.12797.

Montes de Oca A, Guerrero F, Martinez-Moreno JM, Madueno JA, Herencia C, Peralta A,
Almaden Y, Lopez I, Aguilera-Tejero E, Gundlach K, Buchel J, Peter ME, Passlick-Deetjen J,
Rodriguez M, Munoz-Castaneda JR. 2014. Magnesium inhibits Wnt/beta-catenin activity and
reverses the osteogenic transformation of vascular smooth muscle cells. PLOS ONE 9(2):e89525
DOI 10.1371/journal.pone.0089525.

Rodriguez-Morán M, Guerrero-Romero F. 2004. Elevated concentrations of TNF-alpha are
related to low serum magnesium levels in obese subjects. Magnesium Research 17:189–196.

Sakaguchi Y, Fujii N, Shoji T, Hayashi T, Rakugi H, Isaka Y. 2014. Hypomagnesemia is a
significant predictor of cardiovascular and non-cardiovascular mortality in patients undergoing
hemodialysis. Kidney International 85(1):174–181 DOI 10.1038/ki.2013.327.

Salem S, Bruck H, Bahlmann FH, Peter M, Passlick-Deetjen J, Kretschmer A, Steppan S,
Volsek M, Kribben A, Nierhaus M, Jankowski V, Zidek W, Jankowski J. 2012. Relationship
between magnesium and clinical biomarkers on inhibition of vascular calcification. American
Journal of Nephrology 35(1):31–39 DOI 10.1159/000334742.

Salguero G, Akin E, Templin C, Kotlarz D, Doerries C, Landmesser U, Grote K, Schieffer B.
2008. Renovascular hypertension by two-kidney one-clip enhances endothelial progenitor cell
mobilization in a p47phox-dependent manner. Journal of Hypertension 26(2):257–268
DOI 10.1097/HJH.0b013e3282f09f79.

Selby NM, Kazmi I. 2019. Peritoneal dialysis has optimal intradialytic hemodynamics and
preserves residual renal function: why isn’t it better than hemodialysis? Seminars in Dialysis
32(1):3–8 DOI 10.1111/sdi.12752.

Selim GN, Spasovski G, Tozija L, Georgievska-Ismail L, Zafirova-Ivanovska B,
Masin-Spasovska J, Rambabova-Busletic I, Petronijevic Z, Dzekova-Vidimliski P,
Ristovska V, Pusevski V, Stojceva-Taneva O. 2017. Hypomagnesemia and cause-specific
mortality in hemodialysis patients: 5-year follow-up analysis. The International Journal of
Artificial Organs 40(10):542–549 DOI 10.5301/ijao.5000611.

Shimohata H, Yamashita M, Ohgi K, Tsujimoto R, Maruyama H, Takayasu M, Hirayama K,
Kobayashi M. 2019. The relationship between serum magnesium levels and mortality in
non-diabetic hemodialysis patients: a 10-year follow-up study. Hemodialysis International
23:369–374 DOI 10.1111/hdi.12759.

Huang et al. (2022), PeerJ, DOI 10.7717/peerj.14203 16/17

http://dx.doi.org/10.3390/nu10010069
http://dx.doi.org/10.1371/journal.pone.0052350
http://dx.doi.org/10.1111/j.1523-1755.2005.00551.x
http://dx.doi.org/10.1007/s11255-019-02073-w
http://dx.doi.org/10.1111/hdi.12797
http://dx.doi.org/10.1371/journal.pone.0089525
http://dx.doi.org/10.1038/ki.2013.327
http://dx.doi.org/10.1159/000334742
http://dx.doi.org/10.1097/HJH.0b013e3282f09f79
http://dx.doi.org/10.1111/sdi.12752
http://dx.doi.org/10.5301/ijao.5000611
http://dx.doi.org/10.1111/hdi.12759
http://dx.doi.org/10.7717/peerj.14203
https://peerj.com/


Suárez A, Pulido N, Casla A, Casanova B, Arrieta FJ, Rovira A. 1995. Impaired tyrosine-kinase
activity of muscle insulin receptors from hypomagnesaemic rats.Diabetologia 38(11):1262–1270
DOI 10.1007/BF00401757.

Tam M, Gómez S, González-Gross M, Marcos A. 2003. Possible roles of magnesium on the
immune system. European Journal of Clinical Nutrition 57(10):1193–1197
DOI 10.1038/sj.ejcn.1601689.

Tamura T, Unagami K, Okazaki M, Komatsu M, Nitta K. 2019. Serum magnesium levels and
mortality in Japanese maintenance hemodialysis patients. Blood Purification 47(Suppl 2):88–94
DOI 10.1159/000496659.

van de Wal-Visscher ER, Kooman JP, van der Sande FM. 2018. Magnesium in chronic kidney
disease: should we care? Blood Purification 45(1–3):173–178 DOI 10.1159/000485212.

Vavruk AM, Martins C, Nascimento MM, Hayashi SY, Riella MC. 2012. Association between
hypokalemia, malnutrition and mortality in peritoneal dialysis patients. Jornal Brasileiro de
Nefrologia 34(4):349–354 DOI 10.5935/0101-2800.20120024.

Vervloet MG, van den Broek JS, Hoekstra T, Drechsler C, Brandenburg VM, Dekker FW. 2013.
Association of magnesium level with reduced cardiovascular mortality in incident dialysis
patients. Nephrology Dialysis Transplantation 28:i11–i12 DOI 10.1093/ndt/gft141.

Volpe SL. 2008. Magnesium, the metabolic syndrome, insulin resistance, and type 2 diabetes
mellitus. Critical Reviews in Food Science and Nutrition 48(3):293–300
DOI 10.1080/10408390701326235.

Wu L, Cai K, Luo Q,Wang L, Hong Y. 2019. Baseline serummagnesium level and its variability in
maintenance hemodialysis patients: associations with mortality. Kidney and Blood Pressure
Research 44(2):222–232 DOI 10.1159/000498957.

Xiong J, He T, Wang M, Nie L, Zhang Y, Wang Y, Huang Y, Feng B, Zhang J, Zhao J. 2019.
Serum magnesium, mortality, and cardiovascular disease in chronic kidney disease and
end-stage renal disease patients: a systematic review and meta-analysis. Journal of Nephrology
32(5):791–802 DOI 10.1007/s40620-019-00601-6.

Yang X, Soohoo M, Streja E, Rivara MB, Obi Y, Adams SV, Kalantar-Zadeh K, Mehrotra R.
2016. Serum magnesium levels and hospitalization and mortality in incident peritoneal dialysis
patients: a cohort study. American Journal of Kidney Diseases 68(4):619–627
DOI 10.1053/j.ajkd.2016.03.428.

Yang W, Wang E, Chen W, Chen C, Chen S. 2021. Continuous observation of serum total
magnesium level in patients undergoing hemodialysis. Blood Purification 50(2):196–204
DOI 10.1159/000509788.

Ye H, Cao P, Zhang X, Lin J, Guo Q, Mao H, Yu X, Yang X. 2018. Serum magnesium and
cardiovascular mortality in peritoneal dialysis patients: a 5-year prospective cohort study. British
Journal of Nutrition 120(4):415–423 DOI 10.1017/S0007114518001599.

Huang et al. (2022), PeerJ, DOI 10.7717/peerj.14203 17/17

http://dx.doi.org/10.1007/BF00401757
http://dx.doi.org/10.1038/sj.ejcn.1601689
http://dx.doi.org/10.1159/000496659
http://dx.doi.org/10.1159/000485212
http://dx.doi.org/10.5935/0101-2800.20120024
http://dx.doi.org/10.1093/ndt/gft141
http://dx.doi.org/10.1080/10408390701326235
http://dx.doi.org/10.1159/000498957
http://dx.doi.org/10.1007/s40620-019-00601-6
http://dx.doi.org/10.1053/j.ajkd.2016.03.428
http://dx.doi.org/10.1159/000509788
http://dx.doi.org/10.1017/S0007114518001599
http://dx.doi.org/10.7717/peerj.14203
https://peerj.com/

	Association between hypomagnesemia and mortality among dialysis patients: a systematic review and meta-analysis
	Introduction
	Materials and Methods
	Results
	Discussion
	Conclusions
	flink6
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


