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Abstract

Background: The extent of contribution of disturbed magnesium balance to mortality remains unclear among hemodialysis
patients.

Methods: This was a cohort study involving 3276 patients on maintenance hemodialysis at 86 facilities in Japan from 2008 to
2010 who had secondary hyperparathyroidism (SHPT). Baseline serum magnesium (sMg) values were categorized into quintiles
(£2.3,>2.3-2.5,>2.5-2.7, >2.7-3.0 and >3.0 mg/dL), and the middle quintile was set as the reference. Outcome was all-cause
death. Independent contribution to all-cause death was assessed via Cox regression to generate population-attributable
fractions (PAFs).

Results: A total of 2165 patients from 68 facilities were analyzed. The lowest quintile of sMg was positively associated with lower
serum potassium and albumin levels, higher C-reactive protein (CRP) levels and prevalence of atrial fibrillation and
cerebrovascular disease than the other quintiles. The highest sMg quintile was positively associated with higher potassium
levels, and negatively associated with lower serum albumin levels and higher intact parathyroid hormone and CRP levels and
prevalence of cerebrovascular disease than the other quintiles. During a median follow-up of 3 years, the lowest and the second
lowest quintiles of sMg were associated with all-cause death [adjusted hazard ratio (HR) 1.737, 95% confidence interval (95% CI)
1.200-2.512 and HR 1.675, 95% CI 1.254-2.238, respectively). Point estimates of adjusted HRs of the highest and the second
highest sMg quintiles were higher than those of the middle quintile for all-cause death. Adjusted PAFs of lower sMg and of
higher and lower sMg for all-cause death were 24.0% (95% CI 13.0-35.0%) and 30.7% (95% CI 14.5-46.8%), respectively.
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Conclusion: In hemodialysis patients with SHPT, dysregulated sMg is an important contributor to all-cause death. Further
studies are warranted to examine whether or not correction of sMg improves survival.

Key words: cohort study, magnesium, mortality, population-attributable fraction

Introduction

Magnesium (Mg) is an essential element in a number of biological
processes [1, 2]; however, in patients with chronic kidney disease
who require dialysis, balance in serum and total body Mg can be
easily disturbed by poor dietary intake [3] or impaired regulation
of Mg in the kidney, leading to a number of adverse conditions.
For example, low levels of serum magnesium (sMg) have been
shown to be associated with inflammation [4], vascular calcifica-
tion [5] and cardiovascular disease [6], whereas high sMg has
been associated with muscle weakness and cardiac rhythm ab-
normalities [7]. While these findings implicate dysregulated
sMgin risk of death from a number of causes, previous studies in-
vestigating the effects of disturbed sMg on mortality among dia-
lysis patients have failed to produce definitive results.

One hospital cohort study suggested that low sMg levels
(<2.77 mg/dL) were associated with non-cardiovascular mortality
but not with cardiovascular mortality [8]. However, as low sMg
levels are associated with poor health conditions, such as inflam-
mation and cardiovascular comorbidities [4, 6], which were not
adjusted for, the association presented in this previous study
might be confounded. A recently published nationwide cohort
study suggested that relatively low (<2.7 mg/dL) and relatively
high (>3.1 mg/dL) sMg levels are associated with all-cause mor-
tality and cardiovascular mortality among hemodialysis patients
[9]. However, as its follow-up period was limited to only 1 year,
that relationship might have been susceptible to reverse causal-
ity; longer follow-up is therefore necessary to confirm the cause-
and-effect relationship between dysregulated sMg levels and
future cardiovascular disease. Of further note, these previous
studies also failed to examine the extent to which disturbed
sMg levels contribute to all-cause mortality and cardiovascular
mortality. Clarification of this potential influence of disturbed
sMg levels on deaths may help health policy makers and physi-
cians decide how much attention to grant sMg levels in efforts
to prevent death among dialysis patients.

Here, we investigated the relationship between dysregula-
ted sMg and all-cause death over a 3-year period using the co-
hort study ‘Mineral and Bone Disorders Outcomes Study for
Japanese CKD Stage 5D Patients’ (MBD-5D). We also assessed
the extent of contribution of dysregulated sMg to deaths in
this population.

Materials and methods

The MBD-5D was a 3-year prospective cohort study. The study was
approved by a central ethics committee (Kobe University’s School
of Medicine), and its design has been reported previously [10].

Study population

The target population was hemodialysis patients with secondary
hyperparathyroidism (SHPT). Eligibility criteria were those re-
ceiving hemodialysis at a participating facility as of 1 January
2008 and who either had intact parathyroid hormone (iPTH) con-
centration >180 pg/mL or were receiving an intravenous vitamin
D receptor activator (VDRA) (calcitriol or maxacalcitol) or oral ac-
tive VDRA (falecalcitriol, the only oral VDRA approved in Japan

for SHPT treatment). Patients on dialysis for <3 months were ex-
cluded. From 86 facilities across Japan, 8229 patients were regis-
tered. The patients were followed up until January 2011. The
MBD-5D study had two cohorts: the ‘whole cohort’ and the ‘sub-
cohort’. The whole cohort comprised all registrants (n=28229),
and the subcohort (n=3276) was chosen from the whole cohort
by random sampling to obtain detailed data. In the present
study, we chose subcohort data with measured sMgand covariate
values to estimate population-attributable fractions (PAFs).

Outcomes, exposures and covariates

The primary outcome in this study was all-cause death, and the
exposure of interest was sMg measured at baseline. To examine
long-term effects of exposure to unbalanced Mg levels on
death, we studied sMg as a fixed risk factor at baseline [11]. In pri-
mary analyses, sMg was categorized into quintiles (<2.3, >2.3-2.5,
>2.5-2.7,>2.7-3.0 and >3.0 mg/dL), with the middle quintiles used
as reference. This categorization was defined a priori, as five
groups is the required minimum to adequately analyze a non-lin-
ear relationship should both lower and higher sMg cause adverse
events from a pathophysiological perspective [12].

Covariates used in the analyses included baseline patient
characteristics [age, gender, vintage, primary renal disease,
body mass index, cardiovascular diseases (coronary artery dis-
ease, atrial fibrillation, other arrhythmia, pacemaker, congestive
heart failure, cerebrovascular disease, peripheral vascular
disease, aortic disease and others), lung disease, liver disease,
malignancy and history of parathyroidectomy] and levels of min-
eral and bone disorders (MBD)-related serum markers (calcium,
phosphorus and iPTH) and other potential confounders [Kt/V,
albumin, hemoglobin, serum potassium, serum iron, serum
ferritin and serum C-reactive protein (CRP)].

Baseline data were collected at the time of enrollment for
the subcohort patients and retrospectively for cases outside the
subcohort. Serum whole parathyroid hormone (PTH) levels mea-
sured using a third-generation PTH assay were converted to
iPTH levels using the following equation [13]:

iPTH = whole PTH x 1.7

Serum calcium levels were corrected for albumin concentration
using the modified Payne method, which is commonly used in Ja-
panese dialysis settings [13].

Statistical analysis

All statistical analyses were conducted using SAS 9.2 (SAS Insti-
tute, Cary, NC, USA) and Stata version 12.1 (Stata Corp., College
Station, TX, USA). Baseline characteristics were described for
subcohort patients and stratified based on sMg quintile. Distribu-
tion of sMg among subcohort patients was displayed using a
histogram (see Figure 1).

Associations between baseline characteristics and categoriza-
tion to the lowest or the highest sMg quintile among subcohort
patients were analyzed using generalized estimating equations
with robust variance to account for facility clustering effects
[14]. Crude mortality rate was estimated using the subcohort
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Fig. 1. Distribution of baseline sMg.

patients, and the crude rates for mortality stratified by sMg
quintiles were calculated.

Associations between sMg and all-cause death were analyzed
using Cox models. To estimate adjusted hazard ratios (HRs), all of
the covariates described above were forced into multivariate ana-
lyses. Facility clustering effects of these analyses were addressed
using a robust variance estimator [15].

To estimate the potential contribution of dysregulated sMg to
all-cause death, we computed PAFs. In general, the PAF is the
fraction of outcomes that would be prevented if a certain expos-
ure were removed. For this study, the outcome used was all-cause
death, and the main exposure was sMg. Of note, one assumption
with this computation is the presence of an unconfounded, cau-
sal relationship between exposure and the outcome [16]. PAFs
were computed using Cox models and the user-written com-
mand ‘punafcc’ in Stata version 12.1 [17, 18].

Data missing at baseline were replaced by their mean or me-
dian values or by predicted values from linear regression mod-
els. We felt comfortable using these simple imputation methods
because very few MBD-related markers of interest had missing
values (<0.2% at baseline, except for 6% of iPTH values). For
serum levels of iron, ferritin and CRP, ~20% of values were miss-
ing. These values were imputed using a multiple imputation
using the aregImpute function from the Hmisc library in R,
using additive regression, bootstrapping and predictive mean
matching [19].

We also conducted several sensitivity analyses. First, to as-
sess the shape of sMg and mortality associations, we evaluated
the association of sMg level with all-cause death using restricted
cubic splines with knots at the 10th, 50th and 90th percentiles of
sMg. We then repeated Cox models with more covariates (VDRA
and phosphate binder use in addition to serum MBD markers, in
accordance with another study [9]; cinacalcet was not marketed
at baseline, and magnesium-containing phosphate binder is un-
available in Japan). We then examined the association between
sMg quintile and death from cardiovascular disease. Finally, we
conducted ad hoc analyses to estimate PAFs of lower sMg levels
for all-cause deaths in two ways: (i) a PAF with assumption that
the lower two sMg quintiles (<2.3 and >2.3-2.5 mg/dL) would
have been corrected to the middle quintile (>2.5-2.7 mg/dL),
and (ii) a PAF with assumption that the combined category of
the lower two sMg quintiles (<2.5 mg/dL) would have been cor-
rected to the combined category of the higher three sMg quintiles
(>2.5 mg/dL). P <0.05 was considered statistically significant.

Results

Of the 3276 patients in the subcohort, 2185 from 68 facilities had
baseline sMg values and were therefore entered into primary
analyses (66.7% of the subcohort). The histogram for sMg showed
a median value of 2.6 mg/dL (1st-99th percentiles, 1.7-4.4 mg/dL,;
Figure 1).

Baseline characteristics of the subcohort patients are pre-
sented in Table 1. Mean patient age was 61.7 years, and median
dialysis vintage was 8.3 years. The lower the sMg quintile, the
older patients tended to be, with shorter duration of dialysis;
higher likelihood of diabetic nephropathy, atrial fibrillation, con-
gestive heart failure and cerebrovascular disease; and greater
likelihood of having low serum phosphorus, potassium and albu-
min levels and high serum ferritin and CRP levels. Baseline char-
acteristics were similar between the subcohort patients with and
without missing sMg values (Supplementary data, Table S1) ex-
cept for other arrhythmia, peripheral vascular disease, and
serum iron and ferritin levels. As a group, age, vintage, body
mass index, sMg levels, and most comorbidities and laboratory
values were similar among subcohort patients with and without
missing sMg values.

Correlations between baseline characteristics and placement
in the lowest or the highest sMg quintiles are presented in Table 2.
Older age, atrial fibrillation, cerebrovascular disease, parathyroi-
dectomy and lower potassium, albumin and phosphorus levels
and higher ferritin and CRP levels were positively associated
with being in the lowest sMg quintile, while longer dialysis
vintage was negatively associated. In contrast, longer dialysis
vintage and higher hemoglobin and potassium levels were posi-
tively associated with being in the highest sMg quintile, while
older age, cerebrovascular disease and lower serum albumin
levels and higher serum iPTH and CRP levels were negatively as-
sociated with being in this sMg quintile.

Over a median 3 years of follow-up, 334 deaths were observed,
giving an incidence rate (IR) of 5.60 per 100 patient-years for all-
cause mortality (Table 3).

Lower sMg quintiles corresponded to higher IRs for all-cause
mortality were higher (Table 3). In covariate-adjusted Cox mod-
els, the lowest and the second lowest sMg quintiles were more
closely associated with all-cause death than the middle quintile
[HR 1.737, 95% confidence interval (95% CI) 1.200-2.512 and HR
1.675, 95% CI 1.254-2.238, respectively]. However, in contrast to
findings for crude IRs, adjusted HRs of the highest and the second
highest sMg quintiles were higher for all-cause death than the
middle quintile, albeit not to a statistically significant degree
(HR 1.330, 95% C1 0.882-2.003 and HR 1.334, 95% CI 0.901-1.974, re-
spectively). Consistent with these findings, restricted cubic spline
analysis showed the shape of the continuous association be-
tween sMg and all-cause death to be U shaped (P for non-linear-
ity: 0.017) (Figure 2).

PAF analyses indicated that if both lower (the first and the se-
cond quintiles) and higher (the fourth and the fifth quintiles) sMg
categories had been corrected to the middle quintile, a sizeable
proportion of all-cause death could potentially have been pre-
vented [30.8% (95% CI 14.8-46.8%)] (Table 4). Ad hoc analyses indi-
cated that the contribution of lower sMg levels to deaths was
modest: if lower sMg categories (the first and the second quin-
tiles) could have been corrected to the middle quintile (with all
other parameters remaining the same), the estimated PAF was
24.2% (95% CI 13.3-35.1%) (Table 4). Additional ad hoc analy-
sis showed that if the combined category of the lower two sMg
quintiles (<2.5 mg/dL) could have been corrected to the combined
category of the higher three sMg quintiles (>2.5 mg/dL), the
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Table 1. Baseline characteristics of subcohort patients by sMg categories and overall®

Baseline serum magnesium, mg/dL

Serum iPTH, pg/mL

VDRA
Intravenous (%)
Oral (%)
None (%)

Phosphate binder
Both (%)
Calcium based (%)
Not calcium based (%)
None (%)

Kt/V

Hemoglobin, g/dL

Serum potassium, mEq/L
<3.5 pg/dL (%)
>3.5-6.0 pg/dL (%)
>6 pg/dL (%)

Serum albumin, g/dL
<3.5 mg/dL (%)
>3.5-3.8 mg/dL (%)
>3.8 mg/dL (%)

Serum iron, pg/dL
<60 pg/dL (%)
>60-100 pg/dL (%)
>100 pg/dL (%)

Serum ferritin, ng/dL
<100 ng/dL (%)
>100-200 ng/dL (%)
>200-500 ng/dL (%)
>500 ng/dL (%)

272 (121, 557)

41
33
26

13

46

11

30
1.39 (0.3)
10.4 (1.2)

91

42
29
29

60
33

39
29
25

263 (139, 585)

45
32
23

20
49
15
16
1.43 (0.3)
105 (1.2)

93

29
33
37

58
35

43
29
23

276 (125, 679)

46
30
23

26
45
16
12
1.41 (0.3)
10.6 (1.1)

87
11

28
33
39

54
37

48
30
19

262 (114, 618)

51
24
24

30
44
19
7
1.42 (0.3)
10.5 (1.1)

90

18
32
50

54
37

50
25
21

263 (114, 652)

54
26
20

32
35
24
9

1.44 (0.2)

10.8 (1.2)

82
17

13
32
54

55
37

53
24
18

<23 >2.3-2.5 >2.5-2.7 >2.7-3.0 >3.0 Total
Characteristics n=502 n=407 n=438 n=450 n=388 n=2185
Demographics
Age, years 65.8 (12.3) 63.8 (12.3) 61.8 (11.8) 58.9 (12.3) 57.3 (11.5) 61.7 (12.5)
Gender
Women (%) 36 38 37 39 39 38
Men (%) 64 62 63 61 61 62
Renal disease
Glomerulonephritis (%) 38 43 43 49 53 45
Diabetic nephropathy (%) 31 26 29 22 19 26
Other diseases (%) 31 31 27 29 28 29
Vintage, years 5.7 (0.9, 23.0) 8.0 (1.7,22.7) 7.7 (1.5, 23.0) 9.2(2.1,21.9) 103 (27,219) 8.3 (1.5,22.3)
Body mass index, kg/m? 21.3(3.7) 21.4 (3.8) 21.4 (3.4) 21.4 (3.5) 21.2 (3.3) 21.3 (3.6)
Comorbidities
Cardiovascular disease
Coronary artery disease (%) 27 26 25 24 25 25
Atrial fibrillation (%) 10 6 5 6 6 7
Other arrhythmia (%) 19 15 13 13 11 15
Pacemaker (%) 2 2 1 1 2 2
Congestive heart failure (%) 11 7 7 7 7 8
Cerebrovascular disease (%) 15 12 13 9 6 11
Peripheral vascular disease (%) 25 26 19 18 18 21
Aortic disease (%) 7 7 6 7 7 7
Others (%) 15 14 12 11 13 13
Lung disease (%) 8 7 8 8 7 7
Liver disease (%) 15 15 12 16 13 14
Malignancy (%) 5 5 5 4 4 5
History of parathyroidectomy (%) 6 8 5 6 7 6
Laboratory measurements and treatment variables
Serum calcium,® mg/dL 9.3(0.9) 9.4 (0.9) 9.4 (0.9) 9.6 (0.8) 9.7 (0.9) 9.5 (0.9)
Serum phosphorus, mg/dL 5.2 (1.4) 5.5(1.4) 5.6 (1.3) 5.8 (1.4) 5.9(1.3) 5.6 (1.4)

268 (123, 607)

47
29
24

24
44
17
15
1.42 (0.3)
10.5 (1.2)

89

27
32
41

56
36

46
27
21

5

Continued
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Table 1. Continued

Baseline serum magnesium, mg/dL

<23 >2.3-2.5 >2.5-2.7 >2.7-3.0 >3.0 Total
Characteristics n=>502 n=407 n=438 n=450 n=388 n=2185
Serum CRP, mg/L
<0.3 mg/dL (%) 64 70 77 76 84 74
>0.3-0.5 mg/dL (%) 9 10 8 11 6 9
>0.5-1.0 mg/dL (%) 10 8 6 6 6 8
>1.0 mg/dL (%) 17 12 8 7 4 10

#Mean (SD) are presented for normally distributed data; otherwise, median (p10, p90) are presented for non-normally distributed data.

PCorrected for albumin concentration using the modified Payne method.

estimated PAF was 17.8% (95% CI 7.0-28.6%) (Supplementary
data, Table S2; adjusted HRs for the recategorized sMg in the
model are shown in Supplementary data, Table S3). Given that
the number of patients with SHPT is ~99 000 [proportion of pa-
tients with SHPT (serum iPTH > 180 pg/mL according to Japanese
guidelines) was ~32%, and the number of prevalent dialysis pa-
tients was 309 946 at the end of 2012 [20]] and crude annual mor-
tality rate in this study is 5.6%, the estimated annual number of
deaths among patients with SHPT is ~5500. If association be-
tween dysregulated sMg and mortality is indeed causal, 990
(PAF 17.8%) to 1700 (PAF 30.8%) annual deaths could have been
prevented among these patients by correcting the underlying
conditions associated with dysregulated sMg.

In sensitivity analyses with more covariates, associations
between sMg quintiles and mortality were similar to those
noted in the primary analysis (Supplementary data, Table S4),
with similar estimated proportions of all-cause death that
could potentially have been prevented (Supplementary data,
Table S5). When cardiovascular deaths were analyzed as out-
come, point estimates of the associations between sMg quintiles
and cardiovascular deaths were similar to those of the associa-
tions between sMg quintiles and all-cause death (Supplementary
data, Table S6).

Discussion

In this prospective study of Japanese hemodialysis patients with
SHPT, relatively low sMg levels were found to be associated with
all-cause death. In addition, PAF estimates suggest that sMg po-
tentially has an unignorable impact on all-cause death. These
findings may encourage health policy makers and physicians to
pay more attention to dysregulated sMg than they do at present
in an effort to reduce the number of preventable deaths among
dialysis patients with SHPT.

Our findings here agree well with those of a previous study
which found that both relatively low and relatively high sMg
levels were associated with all-cause death and cardiovascular
death [9]. However, the present and previous studies differed in
several respects. First, nationwide questionnaire surveillance
hampered determination of detailed biological measures and co-
morbidities assessed in the previous study, such as serum potas-
sium, congestive heart failure and atrial fibrillation, which are
potentially confounding variables that should be considered in
the accurate assessment of the relationship between dysregu-
lated sMg and deaths [21, 22]. Hypomagnesemia is frequently
linked with hypokalemia [22], and indeed, we noted that sMg le-
vels were positively correlated with serum potassium levels
among hemodialysis patients in the present study (Table 2). We

also noted an association between relatively low sMg levels and
the presence of atrial fibrillation, and patients in lower sMg quin-
tiles tended to have congestive heart failure. These findings sug-
gest that the previous studies might have been confounded by
these cardiovascular comorbidities [8, 9, 23]. Second, the previous
study examined the association between sMg levels and 1-year
deaths [9]. A study with such a short follow-up period is more
susceptible to reverse causation; the observed lower sMg levels
may have simply been a consequence of disease along with re-
duced serum albumin and elevated serum CRP levels. The fol-
low-up period in the present study, however, was 3 years—a
more biologically plausible duration than 1 year for examining ef-
fects on future all-cause deaths and cardiovascular deaths after
long-term dysregulated Mg exposure. Third, the previous studies
did not estimate PAFs [8, 9, 23]. Our use of PAFs in the present
study suggested the magnitude of reduction in potential deaths
in a hemodialysis population such as the one examined here.
We feel that the present findings will influence activities
of physicians and medical researchers for several reasons. First,
sMg is a potentially modifiable risk factor for deaths, able to
be managed in part simply by customizing dialysate Mg levels.
In Japan, the typical dialysate Mg concentration is 1 mEq/L
(~1.22 mg/dlL). A previous study showed that lowering dialysate
Mg levels subsequently resulted in decreased sMg levels [24]. In
contrast, increasing dialysate Mg levels resulted in a decrease
in serum iPTH, calcium and phosphorus levels and an increase
in sMg levels [24], an effect that may prove particularly beneficial
in hemodialysis patients suffering from SHPT. Further study is
warranted to determine whether or not correction of sMg does in-
deed improve survival among hemodialysis patients. Second, our
finding of an association between low sMg levels and cardio-
vascular comorbidities (atrial fibrillation and cerebrovascular
disease) may stimulate research on the role of Mg in cardiovascu-
lar health. Our observed association between lower sMg levels
and cerebrovascular diseases supports a previous finding that
showed inverse correlation between sMg levels and carotid in-
tima-media thickness, which is a predictor of cerebrovascular
disease [25]. The relationship between reduced sMg levels and
atrial fibrillation suggests that low sMg status may play a role in
arrhythmogenesis, a notion consistent with previous research
showing an association between hypomagnesemia and develop-
ment of atrial fibrillation in the general population [21]. Third,
other than its potential arrhythmogenic or atherogenic roles,
low sMg status may be a marker for malnutrition, as reduced
sMg levels have been associated with reduced serum albumin
and elevated serum CRP levels. Further study is required to clarify
the mechanism underlying the relatively high rates of death re-
lated to dysregulated sMg. Fourth, given the large PAF values
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Table 2. Baseline characteristics associated with the lowest and the highest sMg categories®
For sMg <2.3 mg/dL For sMg >3.0 mg/dL

Characteristics AOR 95% CI P-value AOR 95% CI P-value
Age

Per 10 years 1.244 1.112 1.393 <0.001 0.795 0.707 0.894 <0.001
Gender

Men

Women 0.734 0.511 1.055 0.095 1.305 0.981 1.737 0.068
Vintage

<2 years Ref. Ref.

>2-5 years 0.493 0.354 0.685 <0.001 1.713 0.977 3.005 0.060

>5-10 years 0.390 0.272 0.559 <0.001 2.786 1.686 4.603 <0.001

>10 years 0.386 0.273 0.545 <0.001 3.354 1.950 5.768 <0.001
Renal disease

Glomerulonephritis Ref. Ref.

Diabetic nephropathy 1.144 0.800 1.636 0.460 0.892 0.635 1.252 0.508

Other diseases 1.065 0.816 1.390 0.642 0.949 0.694 1.298 0.744
Cardiovascular diseases

Coronary artery disease 0.936 0.662 1.325 0.710 1.139 0.827 1.570 0.425

Atrial fibrillation 1711 1.209 2421 0.002 0.934 0.540 1.614 0.806

Other arrhythmia 1.314 1.027 1.681 0.030 0.793 0.559 1.125 0.194

Pacemaker 0.680 0.329 1.405 0.297 2.666 0.816 8.710 0.104

Congestive heart failure 1.385 0.991 1.935 0.056 0.987 0.622 1.565 0.955

Cerebrovascular disease 1.336 1.035 1.725 0.026 0.527 0.351 0.790 0.002

Peripheral vascular disease 1.073 0.816 1.411 0.613 0.913 0.653 1.275 0.592

Aortic disease 0.821 0.470 1.434 0.488 1.442 0.942 2.208 0.092

Others 1.088 0.742 1.593 0.666 1.104 0.773 1.579 0.586
Lung disease 0.804 0.442 1.460 0.473 1.203 0.792 1.826 0.387
Liver disease 1.004 0.704 1.430 0.985 0.897 0.653 1.234 0.505
Malignancy 0.744 0.459 1.206 0.231 1.545 0.813 2.938 0.184
History of parathyroidectomy 1.636 1.063 2.516 0.025 0.781 0.464 1.316 0.353
Body mass index

Per 5 kg/m? 1.113 0.910 1.360 0.297 0.902 0.755 1.077 0.255
Hemoglobin

Per 1 g/dL 0.923 0.832 1.023 0.128 1.149 1.029 1.283 0.014
Kt/V

Per1 1.146 0.575 2.286 0.698 0.709 0.387 1.298 0.265
Serum potassium

<3.5mEq/L 2.070 1.349 3.175 0.001 0.717 0.300 1.716 0.455

>3.5-6.0 mEq/L Ref. Ref.

>6.0 mEqg/L 0.393 0.214 0.722 0.003 2.526 1.907 3.347 <0.001
Serum albumin

<3.5g/dL 2.183 1.494 3.189 <0.001 0.392 0.248 0.619 <0.001

>3.5-3.8 g/dL 1.210 0.941 1.556 0.137 0.823 0.636 1.064 0.137

>3.8 g/dL Ref. Ref.
Serum calcium®

<8.4 mg/dL 1.263 0.883 1.806 0.201 0.685 0.469 1.000 0.050

>8.4-10 mg/dL Ref. Ref.

>10 mg/dL 0.795 0.588 1.075 0.137 1.214 0.921 1.600 0.169
Serum phosphorus

<3.5mg/dL 1.682 1.124 2.516 0.011 0.590 0.302 1.155 0.123

>3.5-6.0 mg/dL Ref. Ref.

>6.0 mg/dL 0.742 0.559 0.985 0.039 1.315 0.992 1.743 0.057
Serum iPTH

<180 pg/mL 1.009 0.759 1.342 0.949 1.012 0.690 1.485 0.950

>180-300 pg/mL Ref. Ref.

>300-500 pg/mL 1.262 1.000 1.593 0.050 0.726 0.552 0.953 0.021

>500 pg/mL 1.401 0.951 2.065 0.088 0.625 0.421 0.929 0.020
Serum iron

<60 pg/dL Ref. Ref.

>60-100 pg/dL 0.986 0.767 1.267 0.912 0.869 0.667 1.130 0.294

>100 pg/dL 0.949 0.614 1.467 0.814 0.699 0.399 1.223 0.209

Continued
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Table 2. Continued

For sMg <2.3 mg/dL For sMg >3.0 mg/dL
Characteristics AOR 95% CI P-value AOR 95% CI P-value
Serum ferritin
<100 ng/dL Ref. Ref.
>100-200 ng/dL 1.142 0.774 1.686 0.502 0.808 0.590 1.108 0.186
>200-500 ng/dL 1.512 1.114 2.052 0.008 0.696 0471 1.029 0.069
>500 ng/dL 2.049 1.119 3.751 0.020 0.769 0.387 1.525 0.452
Serum CRP
<0.3 mg/dL Ref. Ref.
>0.3-0.5 mg/dL 0.953 0.581 1.562 0.848 0.666 0421 1.055 0.083
>0.5-1.0 mg/dL 1.322 0.877 1.993 0.183 0.809 0.454 1.441 0.472
>1.0 mg/dL 1.766 1.201 2.598 0.004 0.459 0.231 0.913 0.027
AOR, adjusted odds ratio.
“Estimated from logistic generalized estimating equations considering cluster effects by facilities with adjustment for all variables listed in the table.
Corrected for albumin concentration using the modified Payne method.
Table 3. Associations between sMg levels and all-cause death
Crude Adjusted?®
Baseline Mg, mg/dL Person-years IR HR 95% CI P-value HR 95% CI P-value
<23 1299 9.32 2.378 1.709-3.309 <0.001 1.734 1.204-2.497 0.003
>2.3-2.5 1099 6.82 1.735 1.285-2.345 <0.001 1.649 1.231-2.209 0.001
>2.5-2.7 1215 3.95 1 (Ref.) 1 (Ref.)
>2.7-3.0 1261 3.96 1.002 0.718-1.399 0.988 1.305 0.869-1.961 0.200
>3.0 1086 3.68 0.932 0.652-1.331 0.698 1.354 0.925-1.983 0.119

IR, incidence rate per 100 person-years.

2Estimated from Cox regression models considering cluster effects by facilities with adjustment for age, sex, vintage, primary renal disease, coronary artery disease, atrial
fibrillation, other arrhythmia, pacemaker, heart failure, cerebrovascular disease, peripheral vascular disease, aortic disease, other cardiovascular disease, lung disease,
liver disease, malignancy, history of parathyroidectomy, serum calcium, serum phosphorus, serum iPTH, Kt/V, serum potassium, serum albumin, body mass index,

hemoglobin, serum iron, serum ferritin and serum CRP.

25

2.0

15

HR for death

1.0

0.5

Serum magnesium, mg/dl

Fig. 2. Continuous associations between sMg levels and all-cause death using
restricted cubic spline analyses. Solid line indicates point estimate. Dashed
lines indicate 95% CI. Estimated from Cox regression models considering cluster
effects by facilities with adjustment for age, sex, vintage, primary renal disease,
coronary artery disease, atrial fibrillation, other arrhythmia, pacemaker, heart
failure, cerebrovascular disease, peripheral vascular disease, aortic disease,
other cardiovascular disease, lung disease, liver disease, malignancy, history of
parathyroidectomy, serum calcium, serum phosphorus, serum iPTH, Kt/V,
serum potassium, serum albumin, body mass index, hemoglobin, serum iron,
serum ferritin and serum CRP.

for dysregulated sMg for deaths in our study, health policy ma-
kers and physicians should consider dysregulated sMg levels to
be not merely an adjunct mineral abnormality but a potentially

Table 4. PAFs for all-cause death among the study population®

Estimates (%) 95% CI (%)

14.8-46.8
13.3-35.1

Higher and lower sMg levels® 30.8
Lower sMg levels© 24.2

2Estimated from Cox regression models considering cluster effects by facilities
with adjustment for age, sex, vintage, primary renal disease, coronary artery
disease, atrial fibrillation, other arrhythmia, pacemaker, heart failure,
cerebrovascular disease, peripheral vascular disease, aortic disease, other
cardiovascular disease, lung disease, liver disease, malignancy, history of
parathyroidectomy, serum calcium, serum phosphorus, serum iPTH, Kt/V,
serum potassium, serum albumin, body mass index, hemoglobin, serum iron,
serum ferritin and serum CRP.

PEstimates if higher (>2.7-3.0 and >3.0 mg/dL) and lower (<2.3 and >2.3-2.5 mg/dL)
categories could have been corrected to the middle sMg quintile (>2.5-2.7 mg/dL).
“Estimates if lower (>2.7-3.0 and >3.0 mg/dL) categories could have been corrected
to the middle sMg quintile (>2.5-2.7 mg/dL).

important contributor to deaths among hemodialysis patients.
As such, assessment and management of dysregulated sMg
levels should be incorporated into future guidelines for mineral
abnormalities among dialysis patients.

The strength of the present study was that we demonstrated
the relationship between dysregulated sMg levels and deaths in a
relatively large hemodialysis population, adjusting for confound-
ing variables such as malnutrition-inflammation markers (albu-
min, body mass index and CRP), serum potassium levels and
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many cardiovascular comorbidities, which are potentially related
to both sMg levels and deaths [22, 26]. However, several limita-
tions to the present study also warrant mention. First, we were
unable to account for Mg-containing medication in our analyses.
Use of Mg-containing laxatives might be associated with elevated
sMg levels, and proton pump inhibitors are associated with re-
duced sMg levels [27]. However, these drugs per se are not predic-
tors for deaths. We, therefore, believe it unlikely that effects of
dysregulated sMg levels on deaths are confounded by these med-
ications. Second, we noted a high rate of missing data for sMg va-
lues in our analyses. However, baseline characteristics among
those with and without sMg values were similar in many aspects,
and we therefore believe it unlikely that findings in a complete
data set would be starkly different from those in the target popu-
lation. Third, our analysis population was restricted to patients
with SHPT. However, with regard to the relative risks between
sMg levels and deaths, our results were similar to those from
the nationwide hemodialysis population [9], suggesting that
our findings may be generalizable to the entire hemodialysis
population.

In conclusion, in Japanese hemodialysis patients with SHPT,
dysregulated sMg was found to be associated with all-cause
death. Furthermore, dysregulated sMg was found to have a po-
tentially substantial contribution to all-cause death according
to PAF estimates. Further study is warranted to clarify whether
or not correction of sMg improves survival.

Supplementary data

Supplementary data are available online at http:/ckj.oxford
journals.org.
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