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Abstract

Background: Hypomagnesemia reportedly has significant associations with poor clinical outcomes such as
increased mortality and septic shock in patients with sepsis. Although the mechanism underlying these outcomes
mostly remains unclear, some experimental data suggest that magnesium deficiency could potentiate coagulation
activation in sepsis. However, in sepsis, the association between serum magnesium levels and coagulopathy, includ-
ing disseminated intravascular coagulation (DIC), remains unknown. Thus, we aimed to investigate the relationship
between serum magnesium levels and coagulation status and the association between hypomagnesemia and DIC in
patients with sepsis.

Methods: This retrospective observational study was conducted at the intensive care unit (ICU) of a university hospi-
tal from June 2011 to December 2017. Patients older than 19 years who met the Sepsis-3 definition were included. We
categorized patients into three groups according to their serum magnesium levels: hypomagnesemia (< 1.6 mg/dL),
normal serum magnesium level (1.6-2.4 mg/dL), and hypermagnesemia (> 2.4 mg/dL). We investigated the associa-
tion between serum magnesium levels and overt DIC at the time of ICU admission according to the criteria of the
International Society on Thrombosis and Haemostasis.

Results: Among 753 patients included in this study, 181 had DIC, 105 had hypomagnesemia, 552 had normal serum
magnesium levels, and 96 had hypermagnesemia. Patients with hypomagnesemia had a more activated coagulation
status indicated by lower platelet counts, lower fibrinogen levels, higher prothrombin time-international normalized
ratios, higher thrombin-antithrombin complex, and more frequent DIC than those with normal serum magnesium
levels and hypermagnesemia (DIC: 41.9% vs. 20.6% vs. 24.0%, P < 0.001). The coagulation status in patients with
hypomagnesemia was more augmented toward suppressed fibrinolysis than that in patients with normal serum mag-
nesium levels and hypermagnesemia. Multivariate logistic regression revealed that hypomagnesemia was indepen-
dently associated with DIC (odds ratio, 1.69; 95% confidence interval, 1.00-2.84; P = 0.048) after adjusting for several
confounding variables.

Conclusions: Patients with hypomagnesemia had a significantly activated coagulation status and suppressed

fibrinolysis. Hypomagnesemia was independently associated with DIC in patients with sepsis. Therefore, the treatment
of hypomagnesemia may be a potential therapeutic strategy for the treatment of coagulopathy in sepsis.
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Background

Magnesium is an abundant intracellular cation that plays
a role as a cofactor in many enzymatic reactions and is
involved in several crucial biochemical processes such
as oxidative metabolism, protein and nucleic acid syn-
thesis, and immune responses [1]. Hypomagnesemia has
frequently been identified in critically ill patients [2], and
magnesium deficiency has been implicated in the patho-
physiology of cardiovascular dysfunction, neuromuscular
diseases, central nervous system dysfunction, and elec-
trolyte disturbances [1, 3]. Meta-analysis has also shown
a significant association between hypomagnesemia in
critically ill patients and increased mortality, the need
for mechanical ventilation, occurrence of sepsis, and pro-
longed stays in the intensive care unit (ICU) [4].

Sepsis is defined as life-threatening organ dysfunction
caused by a dysregulated host response to infection [5].
Magnesium reportedly has immunomodulatory effects
and is associated with dysregulated host response to
infection and the pathophysiology of sepsis [6, 7]. Previ-
ous studies reported that hypomagnesemia was associ-
ated with lactic acidosis in sepsis [8], increased incidence
of sepsis or septic shock in critically ill patients [9, 10],
and increased mortality in sepsis [11]. However, the asso-
ciation between serum magnesium and the pathophysiol-
ogy of sepsis mostly remains unclear.

We focused the association between serum magne-
sium levels and the pathophysiology of disseminated
intravascular coagulation (DIC) in sepsis because the
latter is one of the crucial complications of sepsis that
causes microvascular thrombosis leading to organ fail-
ure and increased mortality [12]. Magnesium deficiency
in an experimental sepsis model promotes the secretion
of inflammatory cytokines [13] and lethal mediators of
sepsis [14]. These cytokines and mediators dysregulate
the immune responses, promote tissue damage, and acti-
vate coagulation via crosstalk between inflammation and
coagulation [15]. Furthermore, treatment of DIC may be
a potential therapeutic strategy for the treatment of sep-
sis because anticoagulant therapy in sepsis reduced mor-
tality in patients with DIC, but not in those without DIC
[16]. Therefore, if magnesium metabolism is associated
with DIC, then the treatment of magnesium metabolism
abnormalities in sepsis may be a potential therapeutic
strategy for the treatment of DIC. However, no study has
reported an association between magnesium levels and
DIC at the time of ICU admission in patients with sepsis.

We hypothesized that hypomagnesemia is associ-
ated with DIC in patients with sepsis. Thus, we aimed

to investigate the relationship between different serum
magnesium levels and coagulation status, and the asso-
ciation between hypomagnesemia and DIC upon ICU
admission in patients with sepsis.

Methods

Study design

This was a single-center observational retrospective study
in the 16-bed ICU of Jichi Medical University Hospital,
Tochigi, Japan. Data were extracted from electronic medi-
cal records. Patients admitted with sepsis between June
2011 and December 2017 were included in the study if
they were older than 19 years and met the Sepsis-3 defini-
tion [5]. Patients readmitted to the ICU, or those who had
no data on the parameters included in the multivariate
logistic regressions, such as serum magnesium concentra-
tion and overt DIC (according to the International Soci-
ety on Thrombosis and Haemostasis [ISTH]) [17], were
excluded from this study. This study was approved by the
ethics committee of Jichi Medical University Hospital (21-
034). All patients included in this study were provided
with the details of this study and the opportunity to opt
out on the website of Jichi Medical University Hospi-
tal. This method was approved by Jichi Medical Univer-
sity Hospital Bioethics Committee for Clinical Research
and did not require that informed consent be provided
because of the retrospective observational nature.

Data collection

At our institute, we routinely measure global biomark-
ers that are associated with organ failure and coagulation
biomarkers in patients with sepsis at the time of admis-
sion to the ICU. We retrospectively collected the follow-
ing variables: age, sex, body mass index, origin of sepsis,
medical history (anticoagulation therapy, chronic kidney
disease with dialysis, diabetes mellitus, chronic liver dis-
ease, and hypertension), blood cell count, serum biomark-
ers (albumin, bilirubin, creatinine, C-reactive protein
[CRP], ionized calcium, lactate, and magnesium), plasma
biomarkers (prothrombin time, prothrombin time-inter-
national normalized ratio [PT-INR], fibrinogen, fibrin deg-
radation products [FDP], antithrombin [AT] III activity,
protein C [PC] activity, thrombin-antithrombin complex
[TAT], plasmin-a2 plasmin inhibitor [PIC], and plasmi-
nogen activator inhibitor-1 [PAI-1]), Acute Physiology and
Chronic Health Evaluation (APACHE) II score, Sequential
Organ Failure Assessment score, PaO,/FIO, ratio, pres-
ence of septic shock, mechanical ventilation support, renal
replacement therapy, DIC, and in-hospital death.
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Definitions of serum magnesium level and DIC

Serum magnesium concentration was categorized into
three groups according to the definition from previous
studies [18—20]: hypomagnesemia (< 1.6 mg/dL), normal
magnesium level (1.6-2.4 mg/dL), and hypermagnesemia
(> 2.4 mg/dL). DIC was diagnosed based on the overt
DIC criteria of the ISTH [17]. The ISTH overt DIC score
was calculated using platelet count (1 point: > 50,000 to
< 100,000/pL; 2 points: < 50,000/pL), FDP level (2 points:
moderate increase [> 10 to < 25 pg/mL]; 3 points: strong
increase [> 25 pg/mlL]), prolongation of prothrombin
time (1 point: > 3 to < 6 seconds; 2 points: > 6 seconds),
and fibrinogen level (1 point: < 100 mg/dL). If the sum
of points was more than 4, the patient was diagnosed as
having overt DIC.

Biomarker measurement

Global markers (platelet count, fibrinogen, PT-INR, and
FDP) were assayed using an XE-5000 hematology ana-
lyzer (Sysmex, Kobe, Japan) and a CS-2100i automatic
coagulation analyzer (Sysmex, Kobe, Japan). AT III and
PC activity (Berichrom assays [Siemens Healthcare
Diagnostics, Tokyo, Japan]), TAT and PIC (TAT/PIC
test F enzyme immunoassay [Sysmex, Kobe, Japan]),
and PAI-1 (tPAI test [Mitsubishi Chemical Medience,
Tokyo, Japan]) were measured with commercially avail-
able assay kits.

Statistical analyses

Continuous variables are presented as means and stand-
ard deviations, or median values and interquartile ranges
depending on the type of distribution. Categorical vari-
ables are presented as frequencies and percentages.
Comparisons between the groups for continuous vari-
ables were made using the Mann—Whitney U test and
Kruskal-Wallis test. Categorical variables were compared
using the chi-square test between the DIC and non-
DIC groups, as well as between the two or three groups
according to serum magnesium levels. The Steel-Dwass
test and chi-square test with Bonferroni correction were
applied to determine significance in the setting of multi-
ple comparisons between the three groups according to
serum magnesium levels or the quantile of serum ionized
calcium. Univariate and multivariate logistic regression
analyses were performed to determine the independent
associations for DIC in complete-case analyses. Tak-
ing into consideration collinearity and the number of
patients who experienced the outcome of interest, varia-
bles that were considered to affect DIC or sepsis-induced
coagulopathy in previous studies such as sex, APACHE
I score, and laboratory data on admission (magnesium
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levels, bilirubin, creatinine, CRP, ionized calcium, and
lactate) [21-24], were included in the multivariate logis-
tic regression model. We constructed receiver operat-
ing characteristic (ROC) curves and measured the areas
under the curves (AUC) with 95% confidence intervals
(CI) to evaluate the predictive validity of the serum mag-
nesium concentration for DIC. Sensitivity analyses were
conducted in subgroup divided by the site of origin of
sepsis (abdomen or non-abdomen) to assess the consist-
ency of the association between serum magnesium levels
and DIC. All analyses were performed using the JMP® 13
software program (SAS Institute Inc., Cary, NC, USA)
and R package (version 4.0.4). Statistical significance was
set at P < 0.05.

Results

Patient characteristics

From June 2011 to December 2017, a total of 830 patients
with sepsis were admitted to the ICU of Jichi Medical
University Hospital. Eleven patients who were readmit-
ted to the ICU were excluded from the study. Sixty-six
patients with missing data at the time of ICU admission
included in multivariate logistic regressions were also
excluded. A total of 753 patients were included in the
data analysis. Based on the serum magnesium concen-
tration at the time of ICU admission, 105, 552, and 96
patients were diagnosed as having hypomagnesemia (Mg
< 1.6 mg/dL), normal magnesium level (Mg 1.6-2.4 mg/
dL), and hypermagnesemia (Mg > 2.4 mg/dL), respec-
tively (Fig. 1). Table 1 shows the baseline characteristics
and comparisons between hypomagnesemia, normal
magnesium level, and hypermagnesemia groups. Patients
with hypomagnesemia had higher severity (SOFA score
and APACHE II score), more frequent septic shock and
DIC (41.9% vs. 20.7%; P < 0.05), and higher hospital mor-
tality (25.7% vs. 14.1%; P < 0.05) than those with normal
magnesium level. In contrast, patients with hypomagne-
semia had more frequent septic shock and DIC (41.9%
vs. 24.0%; P < 0.05) than those with hypermagnesemia
although there were no differences in severity and hospi-
tal mortality between two groups.

According to the ISTH criteria, 181 patients had overt
DIC. Patients with DIC had higher levels of bilirubin,
creatinine, and lactate than those without DIC. Com-
pared to the group without DIC, the DIC group had
a higher severity of disease: higher APACHE II score
(median: 29 vs 23; P < 0.001) and higher hospital mor-
tality (33.7% vs. 11.9%; P < 0.001) (Additional file 1). The
median serum magnesium concentration at the time of
ICU admission was 1.9 mg/dL and 2.0 mg/dL in those
with DIC and without DIC, respectively (P = 0.007).
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Inclusion criteria
ICU admission
Age > 19 years old
Sepsis-3

Sepsis
N =830

Exclusion criteria
1 Missing data (N =66)
ICU readmission (N =11)

Sepsis
N =753

I |
Hypomagnesemia Normal Mg level Hypermagnesemia
(< 1.6 mg/dL) (1.6-2.4 mg/dL) (> 2.4 mg/dL)

N =105 N =552 N =96

Fig. 1 Flowchart describing the study population

However, the histogram of serum magnesium concen-
tration showed a horizontal distribution of patients with
DIC towards low values compared with those without
DIC (Additional file 2). The frequency of DIC according
to decile (sorted into ten equal parts) of serum magne-
sium concentration on ICU admission demonstrated a
J-shaped curve (Additional file 2).

Comparison of coagulation parameters according to serum
magnesium levels on ICU admission

Compared to patients with normal magnesium levels
and hypermagnesemia, those with hypomagnesemia
had more activated coagulation status as follows: lower
platelet count (median [10%*/uL]: 11.2 vs. 14.9, P < 0.05;
11.2 vs. 15.1, P < 0.05, respectively), lower fibrinogen
level (median [mg/dL]: 268 vs. 356, P < 0.05; 268 vs.
371, P < 0.05, respectively), higher PT-INR (median:
1.52 vs. 1.37, P < 0.05; 1.52 vs. 1.36, P < 0.05, respec-
tively), and higher TAT (median [ng/mL]: 16.1 vs. 10.0,
P <0.05;16.1 vs. 11.1, P < 0.05, respectively) in multiple
comparisons. There were no differences in the marker
of fibrinolysis: PIC and FDP between magnesium lev-
els despite more activated coagulation markers in
hypomagnesemia. Patients with hypomagnesemia also
had a coagulation status of suppressed fibrinolysis. The
marker of thrombin generation: TAT (median: 16.1 ng/
mL) was markedly increased, the markers of anticoag-
ulant activity: AT III activity (median: 46.2%) and PC
activity (median: 42.6%) were moderately decreased,
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while the marker of fibrinolysis: PIC (median: 1.4 pg/
mL) was mildly increased and the marker of suppressed
fibrinolysis: PAI-1 (median: 242 ng/mL) was mark-
edly increased. The statuses of activated coagulation
and suppressed fibrinolysis were more deteriorated in
patients with hypomagnesemia than in those with nor-
mal magnesium levels and hypermagnesemia (Fig. 2
and Additional file 3).

Comparison of coagulation parameters according to serum
magnesium levels on days 3 and 5

Based on the serum magnesium concentration on days
3 and 5; 62, 558, and 55 patients on day 3; and 30, 471,
41 patients on day 5 were categorized into hypomagne-
semia (Mg < 1.6 mg/dL), normal magnesium level (Mg
1.6-2.4 mg/dL), and hypermagnesemia (Mg > 2.4 mg/
dL), respectively. Patients with hypomagnesemia on
day 3 had the statuses of activated coagulation and sup-
pressed fibrinolysis as follows: lower platelet count,
lower fibrinogen level, higher PT-INR, higher TAT, and
lower PIC than those with normal magnesium levels and
hypermagnesemia (Additional file 4). Although patients
with hypomagnesemia on day 5 had lower platelet count
and lower fibrinogen level, there were no significant dif-
ferences in PT-INR, TAT, and PIC (Additional file 5).
Patients with hypomagnesemia on day 3 had more fre-
quent DIC from admission to day 3 (met the overt
DIC criteria of the ISTH for more than a day by day 3)
(35.5% vs. 26.7% vs. 20.8%; P = 0.013), and patients with
hypomagnesemia on day 5 had no difference in the fre-
quency of DIC from admission to day 5 (met the overt
DIC criteria of the ISTH for more than a day by day 5)
(60.0% vs. 42.0% vs. 46.3%; P = 0.14).

Time course of coagulation parameters in persistent
hypomagnesemia and resolved hypomagnesemia on day 3
Among 105 patients with hypomagnesemia (Mg < 1.6
mg/dL) on admission day, 99 patients were categorized
into persistent hypomagnesemia group (Mg < 1.6 mg/
dL on day 3) (N = 35) and resolved hypomagnesemia
group (Mg 2 1.6 mg/dL on day 3) (N = 64) according to
the serum magnesium concentration on day 3. There was
no difference in the frequency of DIC from admission to
day 3 (51.4% vs. 62.5%, P = 0.29), and coagulation param-
eters except for PAI-1 on days 3 and 5 between persistent
hypomagnesemia and resolved hypomagnesemia (Addi-
tional file 6).

Time course of coagulation parameters in developed
hypomagnesemia and non-hypomagnesemia on day 3
Among 648 patients with non-hypomagnesemia (Mg
2 1.6 mg/dL) on ICU admission day, 576 patients were
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Table 1 Patient characteristics and laboratory parameters of the study population
Hypomagnesemia Normal Mg level Hypermagnesemia P-value
(< 1.6 mg/dL) (1.6-2.4 mg/dL) (> 2.4 mg/dL)
N=105 N =552 N=96
Age, years, median (IQR) 65 (53-74) 68 (59-78) * 70 (63-78) * 0.024
Male sex, n (%) 53 (50.5) 312 (56.5) 51 (53.1) 047
BMI 23.0(20.2-254) 22.0(19.4-25.3) 233(19.5-25.6) 0.20
Medical history, n (%)
Anticoagulation therapy 7.6) 34 (6.2) 14 (14.6) T 0.015
CKD with dialysis 1.9 43 (7.8) 11(11.5)* 0.030
Diabetes mellitus 21 (20.0) 157 (28.4) 32(33.3) 0.093
Chronic liver disease 15(14.3) 47 (8.5) 8(83) 0.16
Hypertension 41 (39.1 281 (50.9) 57 (59.4) * 0.014
Origin of sepsis, n (%) 0.12
Abdomen 46 (43.8) 308 (55.8) 41(42.7)
Thorax 24 (22.9) 112 (20.3) 25 (26.0)
Urinary tract 6 (5.7) 23(4.2) 4(42)
Other 29 (27.6) 109 (19.8) 26 (27.1)
Laboratory values, median (IQR)
Magnesium, mg/dL 14(13-1.5) 20(1.8-2.2)* 2.7 (25-29)*1 < 0.001
Albumin, mg/dL 24(1.9-2.9) 24 (2.0-2.8) 23(2.1-2.8) 0.84
Bilirubin, mg/dL 092 (0.64-1.57) 0.85 (0.59-1.40) 0.72(0.50-1.29) * 0.049
Creatinine, mg/dL 1.51(0.83-2.20) 1.00 (0.67-1 96) * 2(0.93-3.82) t < 0.001
CRP, mg/dL 9.5 (5.0-16.0) 137(59 235) % 134(77 21.1) % 0019
lonized calcium, mmol/L 0.99 (0.92-1.07) 1.06 (1.0-1.11)* 06 (0.98-1.16) * < 0.001
Lactate, mmol/L 39 (2.2-6.1) 2.1 (1 .3—3.3) 2.1 (1 A4—3A6) <0.001
Organ support, n (%)
Mechanical ventilation 91 (86.7) 453 (82.1) 81 (84.4) 048
Renal replacement therapy 34 (324) 112 (20.3) * 35(36.5) T <0.001
Severity of disease
SOFA score on ICU admission, median 9(6-11) 7 (4-9)* 9(6-11) 1 <0.001
(IQR)
APACHE Il score, median (IQR) 25 (20-33) 23 (17-29) * 27 (20-33) T < 0.001
Septic shock, n (%) 74(70.1) 233 (423)* 44 (45.8) * <0.001
PaO,/F 0, ratio, median (IQR) 259 (155-340) 268 (173-363) 237 (155-360) 029
ISTH score, median (IQR) 4 (3-5) 3(2-4)* 3(2-4)* < 0.001
DIC, n (%) 44 (41.9) 114 (20.7) * 23 (24.0) * < 0.001
Hospital mortality, n (%) 27 (25.7) 78 (14.1)* 24 (25.0) t 0.002

Continuous variables are presented as medians with interquartile ranges (first to third quartiles). Categorical variables are presented as counts and percentiles

Abbreviations: Mg magnesium, /QR interquartile range (first quartile to third quartile), BMI body mass index, CKD chronic kidney disease, CRP C-reactive protein, SOFA
Sequential Organ Failure Assessment, APACHE Acute Physiology and Chronic Health Evaluation, PaO2 partial pressure of oxygen, FIO2 fraction of inspired oxygen, ISTH

International Society on Thrombosis and Hemostasis, DIC disseminated intravascular coagulation.

*P-value < 0.05, comparison versus hypomagnesemia (Steel-Dwass test or the chi-square test with Bonferroni correction)

tP-value < 0.05, comparison versus normal level (Steel-Dwass test or the chi-square test with Bonferroni correction)

categorized into developed hypomagnesemia group (Mg <
1.6 mg/dL on day 3) (N = 27) and non-hypomagnesemia
group (Mg 2 1.6 mg/dL on day 3) (N = 549) according
to the serum magnesium concentration on day 3. Devel-
oped hypomagnesemia group had more frequent DIC

from admission to day 3 (59.3% vs. 40.0%, P = 0.005), and
had the statuses of activated coagulation and suppressed
fibrinolysis on day 3 as follows: lower platelet count, lower
fibrinogen level, higher PT-INR, higher TAT, and lower
PIC than non-hypomagnesemia group (Additional file 7).
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Fig. 2 Coagulation parameters between different serum magnesium levels (hypomagnesemia, normal magnesium level, and hypermagnesemia)
in sepsis. Box-and-whisker plot depicting a difference in coagulation parameters between different serum magnesium levels (hypomagnesemia
[Hypo] vs. normal magnesium level [Normal] vs. hypermagnesemia [Hyper]) in patients with sepsis admitted to the ICU. Admission serum levels of
(a) platelet count (10%/pL); (b) fibrinogen (mg/dL); (c) PT-INR; (d) FDP (ug/mL); (e) AT Il activity (%); (f) PC activity (%); (g) TAT (ng/mL); (h) PIC (ug/
mL); (i) PAI-1 (ng/mL). Boxplots display median with first and third quartile, and whiskers indicate smallest and largest nonoutlier observations.
*P-value < 0.05, comparison versus hypomagnesemia (Steel-Dwass test). Abbreviations: AT Ill, antithrombin IIl; FDP, fibrin degradation products;
ICU, intensive care unit; PC, protein C; PIC, plasmin-a2 plasmin inhibitor complex; PT-INR, prothrombin time-international normalized ratio; TAT,
thrombin-antithrombin complex; PAI-1, plasminogen activator inhibitor-1

Association between magnesium levels and DIC
Univariate logistic regression indicated that DIC was
associated with hypomagnesemia (odds ratio [OR], 2.77;
95% CI, 1.79-4.30; P < 0.001) and the following factors:
APACHE score (OR, 1.10 per score; 95% CI, 1.08-1.13;
P < 0.001), bilirubin (OR, 1.12 per mg/dL; 95% CI, 1.05—
1.20; P = 0.001), creatinine (OR, 1.14 per mg/dL; 95%
CI, 1.06-1.22; P < 0.001), ionized calcium (OR, 0.008
per mmol/L; 95% CI, 0.001-0.046; P < 0.001), and lac-
tate (OR, 1.38 per mmol/L; 95% CI, 1.28-1.48; P < 0.001).
Multivariate logistic regression revealed an independ-
ent association between hypomagnesemia and DIC (OR,
1.69; 95% CI, 1.00-2.84; P = 0.048) (Table 2).

The predictive validity of serum magnesium concentra-
tion for DIC

The ROC analysis showed AUC of serum magnesium
concentration was 0.57 (95% CI 0.51-0.62, sensitivity
30.4% and specificity 84.6% with a cut-off of 1.6mg/dL)
(Additional file 8).

The sensitivity analysis

Multivariate logistic regression revealed no independ-
ent association between hypomagnesemia and DIC
among patients with abdominal sepsis (OR, 0.88; 95% CI,
0.39-2.02; P = 0.77), while an independent association
was demonstrated between hypomagnesemia and DIC
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Table 2 Logistic regression analyses of the disseminated intravascular coagulation

Univariate logistic regression Multivariate logistic regression

N=1753 N=753

OR 95% Cl P-value OR 95% ClI P-value
Magnesium
Normal Mg level Reference Reference
Hypomagnesemia 2.77 1.79-4.30 < 0.001 1.69 1.00-2.84 0.048
Hypermagnesemia 1.21 0.73-2.02 046 0.82 0.44-1.50 0.51
Male 1.06 0.76-1.49 0.73 1.06 0.72-1.55 0.77
APACHE Il score, per score 1.10 1.08-1.13 <0.001 1.06 1.04-1.09 <0.001
Bilirubin, per mg/dL 112 1.05-1.20 0.001 1.09 1.01-1.17 0.024
Creatinine, per mg/dL 1.14 1.06-1.22 < 0.001 1.05 0.95-1.15 0.37
CRP, per mg/dL 1.01 0.99-1.02 0.41 1.01 0.99-1.03 0.16
lonized calcium, per mmol/L 0.008 0.001-0.046 <0.001 0.094 0.013-0.75 0.020
Lactate, per mmol/L 1.38 1.28-1.48 < 0.001 1.26 1.17-136 < 0.001

Logistic regression analyses for disseminated intravascular coagulation.

Data are expressed as odds ratios (95% Cl). Logistic regression analyses were performed for the complete-case analysis. A total of 753 participants were included
in the multivariate logistic regression analyses. Abbreviations: OR odds ratio, C/ confidence interval, Mg magnesium, APACHE Acute Physiology and Chronic Health

Evaluation, CRP C-reactive protein

among patients with non-abdominal sepsis (OR, 3.04;
95% CI, 1.46-6.32; P = 0.003) (Additional file 9 and 10).

Discussion

In this study, a comparison of serum magnesium levels
revealed that hypomagnesemia was significantly asso-
ciated with an activated coagulation and suppressed
fibrinolysis status, as reflected by lower platelet counts
and plasma fibrinogen levels, and higher PT-INR, TAT,
and PAI-1 levels. We showed that hypomagnesemia was
independently associated with coagulopathy defined as
overt DIC after adjusting for several confounders. We
also found that patients with hypomagnesemia had
higher severity and in-hospital mortality than those
with normal magnesium levels in sepsis as shown in a
previous study [11].

We assessed which types of variables in serum mag-
nesium were desirable to evaluate the association
between serum magnesium and DIC. The histogram of
DIC showed a horizontal distribution towards low val-
ues compared with the histogram of non-DIC despite
relatively large amount of overlap including the peak
between the two histograms. The frequency of DIC
according to decile of serum magnesium concentra-
tion demonstrated a J-shaped curve (Additional file 2).
Thus, we decided that it would be preferable to evalu-
ate the association by serum magnesium concentration
as a categorical variable rather than a continuous vari-
able because of its non-linear relation with DIC. Serum
magnesium concentration as a continuous variable has

low predictive power as a biomarker for DIC, whereas
we showed that hypomagnesemia as the categorical
variable was associated with DIC.

In this study, we focused on whether hypomagnesemia
could potentiate coagulopathy in sepsis. However, it
remains unknown whether hypomagnesemia is associ-
ated with sepsis-induced coagulopathy. We investigated
the coagulation profile in patients with hypomagnesemia
from the perspective of DIC to clarify the type of coagu-
lopathy associated with hypomagnesemia. Our data dem-
onstrated that the coagulation profile in patients with
DIC was suppressed-fibrinolytic-type DIC (Fig. 1 and
Additional file 1), which was typical in sepsis-induced
DIC as reflected by markedly increased TAT, mildly
increased PIC, mildly increased FDP, and markedly
increased total PAI-1 [25, 26]. Patients with hypomagne-
semia had more activated coagulation status than those
with normal magnesium level or hypermagnesemia and
it was significantly associated with DIC after adjust-
ing for several confounders, including APACHE II score
(effect of severity), serum lactate levels (effect of micro-
circulation) [27], and bilirubin levels (effect of hepatic
inflammatory and coagulation processes) [28]. Therefore,
hypomagnesemia was associated with the type of DIC
that was typical of sepsis, and might have deteriorated
coagulopathy caused by sepsis.

Although there have been no previous studies on the
association between serum magnesium concentration
and coagulopathy, our hypothesis that hypomagne-
semia is associated with coagulopathy in sepsis might
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be biologically plausible based on the association of
hypomagnesemia with high-mobility group box 1
(HMGB1), a damage-associated molecular pattern and a
lethal mediator of sepsis [29] and inflammatory cytokines
[13]. Experimental studies have also shown that magne-
sium deficiency promotes the secretion of HMGB1 pro-
teins from lipopolysaccharide-activated macrophages
in vitro [14], magnesium sulfate reduces serum HMGB1
levels in cecal ligation and puncture rat models [30], and
HMGBI in the systemic circulation promotes the devel-
opment of DIC in rats [31]. Magnesium deficiency in a rat
model of endotoxin shock also promoted the secretion
of proinflammatory cytokines, including interleukin-6,
tumor necrosis factor-alpha, and interleukin-1-beta [5],
which intensify the failure of various organs [9, 11]. These
cytokines activate coagulation via crosstalk between
inflammation and coagulation [15].

We also investigated whether hypomagnesemia on day
3 or day 5 was associated with coagulation parameters.
Hypomagnesemia on ICU admission and day 3 was
associated with activated coagulation and suppressed
fibrinolysis status. Time course of coagulation param-
eters from admission to day 3 according to serum mag-
nesium status showed there was no relation between
serum magnesium levels and coagulation parameters
among patients with hypomagnesemia on ICU admis-
sion, whether hypomagnesemia had resolved or per-
sisted. However, newly developed hypomagnesemia
on day 3 was associated with activated coagulation and
suppressed fibrinolysis status. Thus, magnesium supple-
mentation for hypomagnesemia or for hypomagnesemia
prophylaxis, especially from ICU admission to day 3,
might be a potential therapeutic strategy for the treat-
ment of DIC in sepsis though we did not investigate the
influence of magnesium administration and anticoagula-
tion therapy for DIC on the results.

Interestingly, hypomagnesemia on ICU admission in
patients with abdominal sepsis was not associated with
DIC. Patients with abdominal sepsis had lower sever-
ity (APACHE II score (median: 22 vs 26; P < 0.001),
lower hospital mortality (11.9% vs. 22.9%; P < 0.001), and
more frequent emergency surgery to control the source
of infection (74.9% vs. 22.6%; P < 0.001) than those with
non-abdominal sepsis. Severity and source control man-
agement might be involved in difference of the association
with DIC between abdominal sepsis and non-abdominal
sepsis. We are considering a future prospective study
to investigate the association between magnesium and
coagulation, including the measurement of cytokines and
mediators, to further confirm our hypothesis.

Magnesium deficiency has been implicated in elec-
trolyte disturbances such as hypocalcemia [1, 3]. Ion-
ized calcium (factor IV) anchors the side chains of
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coagulation factors to the phospholipids of the platelet
membrane and plays an important role in the conversion
of fibrinogen to fibrin [32]. Decreased ionized calcium
is common in sepsis [33]. It is hypothesized that sepsis
causes the impaired secretion of parathyroid hormone,
increases the organ resistance to parathyroid hormone
or promotes influx from the blood to tissues [33-35].
However, it is not known whether hypocalcemia impairs
coagulation function or sepsis-induced coagulopathy
causes hypocalcemia as the result of serum calcium con-
sumption [32]. Although the exact mechanism of magne-
sium-calcium interaction is unknown, hypomagnesemia
generally impairs the secretion of parathyroid hormone
or increases resistance to parathyroid hormone, leading
to hypocalcemia [36]. Additionally, we investigated the
association between serum ionized calcium and coagula-
tion. Our study showed that patients with hypomagne-
semia had low ionized calcium concentrations (Table 1)
and 574 patients (76.2%) had hypocalcemia (normal
range: 1.12 to 1.32 mmol/L) and low ionized calcium
concentrations that tended to be associated with abnor-
mal coagulation function (Additional file 11). Thus, the
effects of magnesium on coagulopathy may be mediated
partly through calcium, as well as through inflammation.
Additionally, a previous study reported that serum zinc
level was associated with sepsis-induced coagulopathy
[37]. Magnesium and zinc might have deep crosstalk.
Further research is required to clarify the mechanism
of magnesium on coagulation function with a particular
focus on the interaction between magnesium, calcium,
and between magnesium and trace element.

Our study had several limitations. First, this was a sin-
gle-center, observational, retrospective study; thus, there
is a possibility of selection bias or unmeasured confound-
ing factors due to missing data. Second, we did not have
information about the magnesium administration dur-
ing ICU stay, and the baseline magnesium profile before
ICU admission, such as magnesium deficiency or over-
load, or other factors affecting magnesium status, such as
drugs (diuretics, antibiotics, chemotherapy, proton-pump
inhibitors, laxatives, etc.), comorbidities (gastrointesti-
nal disorder, nutritional disorder), and magnesium sup-
plementation [3]. Third, we did not find an association
between magnesium deficiency and coagulopathy, but
only an association between hypomagnesemia and coagu-
lopathy. Hypomagnesemia, defined by low levels of serum
ionized magnesium (a physiologically active form of mag-
nesium in the plasma), is not necessarily equal to magne-
sium deficiency because intracellular magnesium primarily
functions as a cofactor for biochemical and physiological
processes [38, 39]. Finally, we did not demonstrate activate
coagulation via crosstalk between inflammation and coag-
ulation on which our hypothesis was based.
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Conclusion

To our knowledge, this is the first study to describe the
association between serum magnesium concentration
and coagulopathy in sepsis. In this study, we showed
that patients with hypomagnesemia had a significantly
activated coagulation status, such as suppressed-
fibrinolytic DIC due to sepsis. Hypomagnesemia may
promote inflammation and intensify coagulopathy due
to the crosstalk between inflammation and coagula-
tion. Therefore, the treatment of hypomagnesemia may
be a potential therapeutic strategy for the treatment
of coagulopathy in sepsis. Further studies are required
to clarify the mechanism of the relationship between
serum magnesium and coagulation and whether treat-
ment of hypomagnesemia improves coagulopathy.
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