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Abstract. To understand humans’ requirements for magnesium and the effect
of magnesium on health, it is important to identify sensitive and population-
specific biomarkers of magnesium status. Thus, we assessed the effectiveness

of different magnesium status biomarkers through a systematic review of pub-
lished magnesium supplementation and depletion trials in healthy humans. The
methods used in this study included a structured search on Ovid MEDLINE,
EMBASE (Ovid) and Cochrane databases up to September 2008, followed by the
use of formal inclusion/exclusion criteria, data extraction, validity assessment,
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Magnesium (Mg2+) is the second most abun-
dant cation within the cell. Magnesium plays
an essential role in a wide range of fundamen-
tal biochemical reactions and cellular functions,
including cell cycle, channel regulation, mem-
brane and nucleic acid stability and is a cofactor
for hundreds of enzymes [1]. Therefore, it is
not surprising that many clinical disorders are
associated with magnesium deficiency [2, 3].
Recommendations for magnesium intake are pro-

This manuscript does not necessarily reflect the views
of the Commission of the European Communities and in
no way anticipates their future policy in this area.
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review
ided in the “Dietary Reference Intakes (DRIs)”
4] and in the “Apports nutritionnels conseil-
és pour la population française (ANC)” [5]. The

agnesium content of food in the Western coun-
ries is consistently decreasing; currently, dietary
agnesium in many adults does not meet the

ecommended intake [6-11]. This low magne-
ium intake leads to an increased risk of latent
agnesium deficiency, which is difficult to diag-
ose. It is generally accepted that assessments
f magnesium status are problematic [12, 13].
he assessment difficulty results from the dis-

ribution of magnesium in the body. About half
f the total body magnesium is in the bone and
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the other half is in the soft tissues. Extracellu-
lar magnesium accounts for only about 1 percent
of total body magnesium. Therefore, the measure-
ment of blood plasma/serum magnesium does not
exactly reflect its intracellular level. In healthy
subjects, there is a balance between intesti-
nal magnesium absorption and urinary excretion
with the latter being of greater importance. Uri-
nary excretion increases when magnesium intake
is in excess, whereas the increased kidney re-
absorption conserves magnesium in the case of
magnesium deprivation. Therefore, urine magne-
sium reflects magnesium intake and can provide
information on an individual’s magnesium status.
However, factors affecting kidney filtration, such
as diabetes, diuretics, and renal dialysis, strongly
influence urinary magnesium, limiting its value
in several pathophysiological conditions. Home-
ostasis of magnesium is mainly maintained via
bone stores. Approximately one third of magne-
sium in bone is freely exchangeable and acts as
a reserve for maintaining extracellular magne-
sium concentrations [13]. For these magnesium
metabolism-related evidences, extensive research
has been conducted on the evaluation of magne-
sium in a variety of blood cells and on techniques
measuring magnesium concentrations in tissues.
Recently published reviews [12, 13] provide an
extensive update on the assessment of magnesium
status.

The aim of this systematic review is to assess
the usefulness of magnesium status biomarkers in
healthy humans to determine which biomarkers
appropriately reflect changes in magnesium
status in response to supplementation or deple-
tion. The methodology of this review is based on
the standard methodology developed for the set

of reviews within the Eurreca project (EURopean
micronutrient RECommendations Aligned) (14)
and also related to other minerals [15-18].

Methods

An abbreviated version of the methodology used
in this review is provided below with differences
from the main methodology noted [14].

Study selection

To be included, a study needed to meet all of
the following criteria: 1) an intervention study in
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umans (including supplementation and/or deple-
ion studies) with no restrictions in study design,
ncluding randomised controlled trials (RCTs),
ontrolled clinical trials (CCTs), and before-and-
fter studies (B/A); 2) report the magnesium
tatus in humans at baseline and after sup-
lementation or depletion; 3) report the daily
ose of the supplement and involve magnesium
upplementation with magnesium salts that are
onsidered bioavailable; and 4) involve healthy
articipants who had not recently used mineral
r vitamin supplements.
Study inclusion was not limited by the age of

he participants and included studies of infants
hrough the elderly. Studies were excluded if they
ncluded subjects receiving concomitant therapy
or chronic illnesses, nutritional deficiencies other
han magnesium, or if the studies’ subjects had a
ondition known to affect magnesium metabolism,
uch as diabetes, severe kidney diseases, renal
ialysis, or alcoholism. Studies were excluded if
uitable baseline data were unavailable, if infor-
ation on the statistical variance of the data
as not accessible, and if methods for the status
ssessment were not found.

ata collection

e searched Ovid MEDLINE (www.ovid.com),
MBASE (Ovid; www.ovid.com), and the
ochrane Library CENTRAL (www.thecochra-
elibrary.com) databases from inception to
eptember 2008 for magnesium intervention
tudies using text terms with appropriate trun-
ation and relevant indexing terms. The general
tructure of the search was “magnesium” and

intervention OR supplementation OR depletion”
nd “humans.”
Titles and abstracts were screened for inclu-

ion by a single reviewer. The full text of all
rticles collected was screened for inclusion by
sing an inclusion and exclusion form by two

ndependent reviewers. Data for each included
tudy were extracted into an Access (Microsoft
orp, Redmond, WA) database file by a single

eviewer. In unclear cases, studies were discussed
ith the review team before beginning full data
xtraction, and, in some cases, study authors
ere contacted for clarification. When necessary,
nits of measurement were converted to a stan-
ard form to facilitate comparison across studies.
ata extraction and synthesis for primary and
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secondary measures of interest were undertaken
as discussed in the methodology article [14]. To
claim whether a biomarker was useful, the fol-
lowing terms indicate the conditions needed to be
met: “yes”, forest plot showed a significant effect
(p<0.05) based on ≥3 studies and ≥50 partici-
pants between the intervention and control arms;
“unclear but likely to be useful” forest plot showed
a significant effect (p<0.05), but the result was
based on two studies; “unclear”, insufficient data
were available.

Results

The flow diagram for this review is shown in
figure 1. Of the 1,298 titles and abstracts screened
after electronic and bibliographic searches, 66
appeared potentially relevant and were collected
as full-text articles to be assessed for inclusion. At
this stage, studies were excluded for a variety of
reasons, including unsuitable study designs, such
as nonhuman studies, single-case studies, studies
not involving magnesium supplementation or
depletion, studies without magnesium status
measurements, studies on patients with patholo-
gies known to affect magnesium status, and/or
studies on patients receiving medication likely to
affect magnesium status.

After analysis of the 66 potentially relevant
full-text articles, twenty-seven studies (reported
in 21 publications) fulfilled all of the inclusion
criteria, and details of the included study charac-
teristics are shown in table 1. Studies were
excluded if the type of magnesium supplement
was not stated, the study design involved multi-

nutrient supplementation, thestudydidnot report
baseline and/or subsequent magnesium status,
no minimal dose was provided, no control group
was studied, a short-term study was performed
(e.g., only 24 h supplementation), or different pop-
ulation groups were used as supplemented and
controls. Studies with altered data also resulted
in exclusion. However, the majority of exclusion
was due to imprecise data (results presentation
or no methodology of status assessment) and for
lack of magnesium status assessment (figure 1).
A total of 20 potential biomarkers of magnesium
status were assessed within the 27 included
studies from 21 articles. The characteristics of the
studies included in the analysis are presented in
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Mg status assessment

able 1. The quality of the included studies varied;
2 RCTs were included in the review, but the
ethod of randomisation was only stated in three

tudies. The remaining studies included CCT and
/A studies. Methods for checking compliance
ere reported in only 11 studies. The num-
ers and reasons for dropouts were reported in
ight studies. Full information pertaining to the
uality assessment of each study is shown in
able 2.

Among the identified biomarkers, only serum
agnesium, plasma magnesium, RBC magne-

ium, and urinary magnesium excretion/24 h were
eported in more than three studies with a total
f more than 50 studied subjects; therefore, it
as reliable to evaluate the effectiveness of these
iomarkers. Ionised magnesium in serum, plasma
r blood was reported in two, one and two studies,
espectively. When combined, there were five
tudies on plasma/serum/blood ionised magne-
ium with 51 subjects (figure 1, table 3). Saliva
agnesium was evaluated in a three-arm supple-
entation study with 36 included subjects from

ne publication (table 3). Studies of other markers
ere limited to one or two studies and, therefore,
ere not eligible to allow us to decide whether

hey were effective markers of magnesium status
table 3).

erum and plasma total magnesium
oncentration

large proportion of the studies included in this
eview measured serum (15 studies) or plasma
7 studies) magnesium concentration. All of the
upplementation and depletion studies measuring

erum and plasma magnesium were combined for
tatistical analyses. Serum/plasma magnesium
oncentration was investigated as a marker of
agnesium status in 18 supplementation studies

nvolving 275 participants and four depletion
tudies involving 47 participants. Combining data
rom the depletion and supplementation studies
322 subjects), primary analysis revealed an over-
ll significant (p<0.02) response of serum/plasma
agnesium concentration to magnesium intake

weighted mean difference (WMD): 0.03 mmol/L;
5% CI: 0.01, 0.06; I2 96%]. However, the depletion
tudies did not detect changes in this parameter
table 3). This biomarker was affected by magne-
ium supplementation (figure 2).
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Titles and abstracts retrieved from
electronic, bibliographic and expert
searches (1298) 

Titles and abstracts very unlikely to be
relevant (1232) 

Titles and abstracts that appeared
potentially relevant, ordered as full text
papers (66) 

Titles and abstracts not located (0)

Full papers assessed for inclusion (66)

Papers excluded on grounds of :

Not minimal dose (1)
Baseline or later status or change not
reported (9)
No control group (2)
Not in healthy subjects / treated subjects (2)
Different population group (1)
Not Mg supplement or type of Mg supplement not
stated (1)
Multi-nutrient intervention studies (3)
Not only Mg supplementation (1)
Imprecise data (9)
Short term study (3)
No Mg status (12)
Mg saturation study (1) 

Full papers included (21)

Studies included (publications of the same
studies pooled and some appears extracted
as multiple studies) (27)

Studies included for each biomarkers:

Serum Mg (15)
Plasma Mg (7)
Serum ionized Mg (1)
Plasma ionized Mg (2)
Blood ionized Mg (2)
Albumin-bound Mg (1)
Macroglobulin-bound Mg (1)
Ultrafiltrable Mg (1)
Saliva Mg (3)
RBC Mg (9)
RBC cell Mg (1)
RBC ionised Mg (1)
RBC membrane protein (µmol/g) Mg (2)
RBC Mg (µmol/g Hb) (2)
RBC packed Mg (1)
Urine Mg 24h (18)
Urinary Mg [Mg/Cr] (1)
Mg urine retention (1)
Muscle Mg (1)
Exchangeable Mg pool masses (1)  

Figure 1. Flow diagram for systematic review of biomarkers of magnesium status. Numbers are in
parentheses.
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Table 3. Primary outcome data for all biomarkers.

Analysis (study type) and
included studies

No. of studies
(no. of included
participants)

Pooled effect size,
WMD (95% CI)

I2 Appears
effective as
a biomarker?

Plasma/serum Mg (mmol/L) 22 (322) 0.03 [0.01, 0.06] 96 Yes
Plasma/serum/blood ionised Mg
(mmol/L)

5 (51) 0.02 [-0.02, 0.06] 95 No

RBC Mg (mmol/L) 9 (130) 0.16 [0.09, 0.2] 85 Yes
Urinary Mg (mmol/24h) 18 (363) 1.82 [1.29, 2.36] 93 Yes
Saliva Mg (mmol/L) 3 (34) -0.03 [-0.09, 0.03] 0 Unclear
Albumin bound Mg (mmol/L) 1 (13) -0.02 [-0.04, 0.00] - Unclear

O

O
j
s
t
a
(
t
o

FEMg (%) 1 (23)
Macroglobulin-bound Mg
(mmol/L)

1 (13)

Mg urine retention (%) 1 (16)
Muscle Mg (mmol/100 g dw) 1 (10)
RBC cell (�mol/106) 1 (9)
RBC ionised Mg (mmol/L) 1 (20)
RBC Mg (�mol/g Hb) 2 (19)
RBC packed Mg (mmol/L) 1 (9)
RBC membrane protein
(�mol/g)

2 (20)

Ultrafiltrable Mg (mmol/L) 1 (13)
Urinary Mg (mmol/g creatinine) 1(13)

A summary of the population subgroup analy-
sis of the effect of magnesium supplementation
and depletion on serum/plasma magnesium
concentration is given in the table 4. Because of
the publications available, the data included in
this analysis were mostly collected from studies
in adults.

Serum, plasma and blood ionised

magnesium concentration

Two studies included in this review measured
plasma, one measured serum and two measured
plasma ionised magnesium concentrations. These
five studies were combined for statistical analy-
ses and included 3 RCT, 1 CCT, and 1B/A, with
four studies involving supplementation and one
involving depletion. The retained studies involved
51 subjects. Neither primary analysis nor any
individual study suggested a response of this
biomarker to changes in magnesium intake. The
primary analysis did not reveal a significant
response to changes in dietary magnesium intake
(WMD: 0.02 mmol/L; 95% CI: -0.02, 0.06; I2 95%)
(table 3).

R

C
p
a
r
t
C

s
a
c
m
i
a

172
0.50 [-1.55, 2.55] - Unclear
-0.03 [-0.05, -0.01] - Unclear

51 [48.23, 53.77] - Unclear
5.50 [2.70,8.30] - Unclear
0.01 [0.00, 0.02] - Unclear
0.05 [-0.22, 0.32] - Unclear
0.50 [0.14, 0.86] 80 Unclear
0.11 [0.10, 0.12] - Unclear
0.16 [0.14, 0.18] 0 Unclear

0.00 [-0.02, 0.02] - Unclear
0.17 [0.15, 0.19] - Unclear

ther serum and plasma biomarkers

nly one study on a limited number of sub-
ects was available for each of the other
erum and plasma biomarkers: serum ultrafil-
rable magnesium, albumin-bound magnesium,
nd macroglobulin-bound magnesium [31, 32]
figure 1, table 3). Consequently, it was not possible
o draw any conclusions regarding the usefulness
f these biomarkers.
BC magnesium concentration

ombining data from three depletion and six sup-
lementation studies (on 130 subjects), primary
nalysis revealed a significant overall (p<0.0001)
esponse of erythrocyte magnesium concentration
o magnesium intake (WMD: 0.16 mmol/L; 95%
I: 0.09, 0.22; I2 85%) (figure 3).
In some of the selected studies, RBC magne-

ium was expressed by cell or haemoglobin, and
lso RBC membrane magnesium or free intra-
ellular ionised magnesium concentrations were
easured [28, 30, 32]. The results from these

solated studies were not combined for further
nalyses with the majority of available studies
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Mg status assessment

Intervention Control Mean Difference
IV, Random, 95% CI  [mmol/L]

Mean Difference
IV, Random, 95% CI  [mmol/L]Study or subgroup Mean [mmol/L] Mean [mmol/L]SD [mmol/L] SD [mmol/L] Total  Total Weight

1.1.1 Supplementation
Carpenter (19)
Dahle (20)
Dimai (21)
Feillet-Coudray (23)
GoIf (24)
Itoh (25) 
Kisters (26)
Mooren (28)
Nielsen (30)
Paolisso (33)
Walker - Mg-AAC (37)
Walker - Mg-Citrate (37)
Walker - Mg-Oxide (37)
Zavaczki (38)
Zorbas control (39)
Zorbas hypokinesia (39)
Subtotal (95 % CI)
Heterogeneity : Tau2 = 0.00 ; Chi2 = 119.2, df = 15 (P < 0.00001) ; I2 = 87%
Test for overall effect : Z = 2.24 (P = 0.02)

1.1.2 Depletion/Repletion

0.88
0.68
0.84
0.75
0.87

0.9
0.95
0.85
0.88
0.88
0.65
0.72
0.69
0.88
1.05

1.3

0.86
0.65
0.83
0.76
0.94
0.84
0.88
0.89
0.83
0.79
0.64
0.64
0.64
0.84

1
1.2

0.08
0.06
0.02
0.07
0.03
0.08
0.14
0.09
0.03
0.01
0.03
0.13
0.03
0.07

0.2
0.3

0.06
0.06
0.01
0.06
0.11
0.06
0.14
0.09
0.03
0.02
0.06
0.06
0.06
0.05
0.25
0.2

0.0
0.0
0.0
0.0

0.0
0.0

23
18
12
10
14
23
32
20

9
14
12
10
12
10
10
10

239

27
15
12
10
14
10
32
20

9
14

9
9
9

10
10
10

220

5.0%
5.0%
5.5%
4.5%
4.5%
4.8%
4.2%
4.6%
5.3%
5.5%
4.9%
3.5%
4.9%
4.6%
1.5%
1.2%

69.7%

0.02 [-0.02, 0.06]
0.03 [-0.01, 0.07]
0.01 [-0.00, 0.02]
-0.01 [-0.07,0.05]

-0.07 [-0.13, -0.01]
0.06 [0.01, 0.11]
0.07 [0.00, 0.14]

-0.04 [-0.10, 0.02]
0.05 [0.02, 0.08]
0.09 [0.08, 0.10]

0.01 [-0.03, 0.05]
0.08 [-0.01, 0.17]
0.05 [0.01, 0.09]

0.04 [-0.01, 0.09]
0.05 [-0.15, 0.25]
0.10 [-0.12, 0.32]
0.03 [0.00, 0.06]

spo

i
a
t
t
s

Total (95 % CI)
Heterogeneity : Tau2 = 0.00 ; Chi2 = 515.95, df = 21 (P < 0.00001) ; I2 = 96%
Test for overall effect : Z = 2.32 (P = 0.02)
Test for subgroup diffrerences : Chi2 = 2.50, df = 2 (P = 0.29). I2 = 20.0%

Lukaski (27)
Nielsen (29)
Nielsen (31)
Nielsen (32)
Subtotal (95 % CI)
Heterogeneity : Tau2 = 0.00 ; Chi2 = 92.28, df = 3 (P < 0.00001) ; I2 = 97%
Test for overall effect : Z = 0.14 (P = 0.89)

1.1.3 Depletion
Fatemi (22)
Lukaski (27)
Subtotal (95 % CI)
Heterogeneity : Tau2 = 0.01 ; Chi2 = 16.30, df = 1 (P < 0.0001) ; I2 = 94%
Test for overall effect : Z = 1.55 (P = 0.12)

0.81
0.82
0.86
0.79

-0.8
-0.85

0.86
0.83
0.88
0.74

-0.61
-0.81

322

0.09
0.02
0.02
0.01

0.1
0.03

10
13
11
13
47

26
10
36

Figure 2. Serum/plasma magnesium (mmol/L) re

that reported RBC magnesium concentrations
expressed by RBC volume.

Urinary magnesium
Combining data from 14 RCT and 5 B/A studies
(table 3), which included four depletion and
15 supplementation studies, primary analysis
revealed an overall significant (p<0.00001)
response of urinary magnesium excretion to
dietary magnesium intake (WMD: 1.82 mmol/24h;
95% CI: 1.29, 2.36; I2 93%) (figure 4).

Data from one CCT study expressed urinary
magnesium as magnesium/creatinine [21] and
from one study calculating urine fractional excre-
tion of magnesium (FEMg) (a parallel RCT with
magnesium supplemented girls) [19] have not
been incorporated into the statistical analysis
because of the difference in the calculation method
used and expression of the results; the majority
of studies evaluating 24-h Mg excretion. However,

o
t
i
t
i
t

S

O
t
1
s
b
f

-0.5 0.5

323 100.0%

5
2
2
1

5
9

10
13
11
13
47

26
10
36

4.3%
5.5%
5.5%
5.6%

20.9%

4.9%
4.5%
9.4%

0.05 [-0.01, 0.11]
0.01 [-0.01, 0.03]
0.02 [0.00, 0.04]

-0.05 [-0.06, -0.04]
0.00 [-0.04, 0.05]

0.19 [0.15, 0.23]
0.04 [-0.02, 0.10]
0.12 [-0.03, 0.26]

0.03 [0.01, 0.06]

-0.25 0.250

Intervention higherIntervention lower

nse to magnesium supplementation or depletion.

t was not possible to draw any firm conclusions
bout the effectiveness of these two last parame-
ers, which were considered separately because of
he insufficient number of subjects and available
tudies (table 3).

A summary of the population subgroup analysis

f the response of urine magnesium concentra-
ion to magnesium supplementation and depletion
s provided in the table 4. The data included in
his analysis were mostly collected from studies
n adults. In adults, urinary magnesium appears
o be an effective biomarker.

aliva magnesium

ne RCT parallel supplementation study with
hree different magnesium salts, which included
2 participants per arm, assessed saliva magne-
ium [37]. There were not enough studies of this
iomarker to draw any conclusions about its use-
ulness (table 3).
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Table 4. Secondary outcome data for plasma/serum and urinary biomarkers.

Analysis (study type) and
included studies

No. of studies
(no. of included
participants)

Pooled effect size,
WMD (95% CI)

I2 Appears
effective as
a biomarker?

Plasma/serum Mg – females
(mmol/L)

8 (107) 0.01 [-0.02, 0.05] 95 No
Plasma/serum Mg – mixed
(mmol/L)

7 (129)

Plasma/serum Mg – males
(mmol/L)

6 (76)

Plasma/serum Mg –
postmenopausal women
(mmol/L)

5 (56)

Plasma/serum Mg – adults
(mmol/L)

13 (209)

Urinary Mg – females 14 (310)

(mmol/24h)
Urinary Mg – mixed (mmol/24h) 4 (57)
Urinary Mg – postmenopausal
women (mmol/24h)

4 (43)

Urinary Mg – adults (mmol/24h) 13 (310)

Other biomarkers

Urinary magnesium retention was only studied in
one B/A study [22] of 26 subjects.

Muscle magnesium was only evaluated in
one B/A study on ten magnesium-supplemented
postmenopausal women [27]. Exchangeable mag-
nesium pool masses were only evaluated in one
B/A study on ten magnesium-supplemented young
women [23]. Consequently, it was not possible

t
t

D

A
B
m

Total (95 % CI)
Heterogeneity : Tau2 = 0.01 ; Chi2 = 52.41, df = 8 (P < 0.00001) ; I2 = 85%
Test for overall effect : Z = 4.74 (P = 0.00001)
Test for subgroup diffrerences : Chi2 = 0.00, df = 1 (P = 0.95). I2 = 0%

Intervention Control
Study or subgroup Mean [mmol/L] Mean [mmol/L]SD [mmol/L] SD [mmol/L] Total

1.2.2 Supplementation
Feillet-Coudray (23)
GoIf (24)
Kisters (26)
Mooren (28)
Nielsen (30)
Paolisso (33)
Subtotal (95 % CI)
Heterogeneity : Tau2 = 0.02 ; Chi2 = 47.56, df = 5 (P < 0.00001) ; I2 = 89%
Test for overall effect : Z = 2.31 (P = 0.02)

1.2.1 Depletion/Repletion
Nielsen (29)
Nielsen (31)
Nielsen (32)
Subtotal (95 % CI)
Heterogeneity : Tau2 = 0.00 ; Chi2 = 3.56, df = 2 (P = 0.17) ; I2 = 44%
Test for overall effect : Z = 6.38 (P < 0.00001)

130

2.21
2.67
3.25

1.85
2.29
1.91

1.6
2.21
2.19

2.1
2.51

3

1.78
1.88
1.84
1.67

2.1
1.86

0.08
0.021

0.17

0.17
0.06
0.18
0.27
0.08
0.05

0.08
0.021

0.17

0.17
0.36
0.17
0.27
0.08

0.1

9
11
13
33

10
14
32
20

9
12
97

Figure 3. RBC magnesium (mmol/L) response to m
heads indicate direction of response when unable to

174
0.08 [0.04,0.12] 85 Yes

-0.01 [-0.04, 0.03] 57 No

0.01 [-0.03, 0.05] 97 No

0.04 [0.00, 0.07] 86 No

1.65 [1.18, 2.11] 85 Yes
1.54 [0.98, 2.10] 36 Yes
2.31 [1.76, 2.85] 85 Unclear

1.69 [0.84, 2.54] 94 Yes

o draw any conclusions about the usefulness of
hese biomarkers (table 3).

iscussion

total of 21 publications with RCTs, CCTs and
/A studies were included in this review. The
ajority of studies included were magnesium

Mean Difference
IV, Random, 95% CI  [mmol/L]

Mean Difference
IV, Random, 95% CI  [mmol/L] Total Weight

-0.5 0.5

130 100.0%

9
11
13
33

10
14
32
20

9
12
97

13.0%
15.4%

9.6%
38.0%

8.6%
6.7%

12.3%
7.7%

13.0%
13.6%
62.0%

-0.25 0.250
Intervention higherIntervention lower

0.07 [-0.08, 0.22]
0.41 [0.22, 0.60]

0.07 [-0.02, 0.16]
-0 .07 [-0 .24, 0.10]

0.11 [0 .04, 0.18]
0.33 [0.27, 0.39]
0.15 [0.02, 0.28]

0.11 [0.04, 0.18]
0.16 [0.14, 0.18]
0.25 [0.12, 0.38]
0.16 [0.11, 0.21]

0.16 [0.09, 0.22]

agnesium supplementation or depletion. Arrow-
represent data on most appropriate scale.
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Mg status assessment

Intervention Control Mean Difference
IV, Random, 95% CI  [mmol/L]

Mean Difference
IV, Random, 95% CI  [mmol/L]Study or subgroup Mean [mmol/L] Mean [mmol/L]SD [mmol/L] SD [mmol/L] Total  Total Weight

1.3.1 Supplementation
Dahle (20)
Feillet-Coudray (23)
Itoh (25)
Lukaski (27)
Nielsen (30)
Sacks (35) 
Walker (36)
Walker - 200mg Mg (35)
Walker - 350mg Mg (35)
Walker - 500mg Mg (35)
Walker - Mg-AAC (37)
Walker - Mg-Citrate (37)
Walker - Mg-Oxide (37)
Zorbas control (39)
Zorbas hypokinesia (39)
Subtotal (95 % CI)

2 2 2 

6.3
4.52
4.69
4.4

5.35
6.2

4.15
3.97
3.67
4.13
4.93
5.34
3.63
7.35
12.7

4.2
3.7

2.88
3.17
2.55
3.8

3.05
2.98
2.98
2.98
3.29
3.29
3.29
5.15
8.35

1.8
1.49
1.32

0.7
0.53

2
2.1

1.65
1.65
1.73
2.38

1.3
1.43
0.45
0.35

1.7
1.22
0.99

1
0.53

1.4
1.74
1.69
1.69
1.69
1.44
1.44
1.44

0.6
0.4

18
10
23
10

9
48
37
40
47
33
12
10
12
10
10

329

15
10
10
10
9

102
37
40
40
40
9
9
9

10
10

360

4.9%
4.9%
5.6%
5.7%
6.1%
5.9%
5.5%
5.7%
5.8%
5.6%
4.0%
4.8%
4.8%
6.1%
6.3%
1.2%

0

0

2.10 [0.90, 3.30]
0.82 [-0.37, 2.01]
1.81 [0.99, 2.63]
1.23 [0.47, 1.99]
2.80 [2.31, 3.29]
2.40 [1.77, 3.03]
1.10 [0.22, 1.98]
0.99 [0.26, 1.72]

0.69 [-0.01, 1.39]
1.15 [0.36, 1.94]

1.64 [-0.00, 3.28]
2.05 [0.81, 3.29]

0.34 [-0.90, 1.58]
2.20 [1.74, 2.66]
4.35 [4.02, 4.68]
1.74 [1.01, 2,47]

se

b
m
w
c
a
t
p
m

Total (95 % CI)
Heterogeneity : Tau2 = 1.15 ; Chi2 = 239.45, df = 17 (P < 0.00001) ; I2 = 93%
Test for overall effect : Z = 6.70 (P < 0.00001)
Test for subgroup diffrerences : Chi2 = 0.90, df = 2 (P = 0.64). I2 = 0%

Heterogeneity : Tau = 1.85 ; Chi = 221.74, df = 14 (P < 0.00001) ; I = 94%
Test for overall effect : Z = 4.69 (P < 0.00001)

1.3.2 Depletion/Repletion
Nielsen (31)
Subtotal (95 % CI)
Heterogeneity : Not applicable
Test for overall effect : Z = 10.88 (P < 0.00001)

1.3.3 Depletion
Lukaski (27)
Nielsen (29)
Subtotal (95 % CI)
Heterogeneity : Tau2 = 0.91 ; Chi2 = 13.83, df = 1 (P = 0.0002) ; I2 = 93%
Test for overall effect : Z = 3.00 (P = 0.003)

4.28

-3.17
-3.04

363

0.45

1
0.33

2.14

-4.53
-5.8

11
11

10
13
23

Figure 4. Urinary magnesium (mmol/24h) respon

supplementation studies. Fewer magnesium
depletion studies were identified with lower total
numbers of participants than supplementation
studies. A significant proportion of the analyses
conducted for individual biomarkers did not
meet the minimum criteria for determining their
usefulness, i.e., they had <3 studies or <50 par-
ticipants contributing data to the meta-analysis
according to the methodology used [14]. How-

ever, it should be stressed that several of these
parameters arise from the application of diffe-
rent methodologies for the equivalent param-
eters, thereby leading to different expression
of the results (e.g., analyses on RBC and
urine). With regard to the limited num-
ber of these studies, it was not possible to
conclude on the potential usefulness of several
of these particular assessments. Among the
identified biomarkers, only serum magnesium,
plasma magnesium, RBC magnesium, and uri-
nary magnesium excretion/24 h were reported
in more than three studies with a total of more
than 50 studied subjects and thus were reli-
able for evaluation of biomarker effectiveness.
These data were combined as serum/plasma

a
m
r
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s
b
c
w
p
w
d
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o
t
r
l

-10 10

393 100.0%

81.6%

6.2%
6.2%

5.8%
6.3%

12.1%

-5 50
Intervention higherIntervention lower

.45

0.5
.33

10
10

10
13
23

2.14 [1.75, 2.53]
2.14 [1.75, 2.53]

1.36 [0.67, 2.05]
2.76 [2.51, 3.01]
2.10 [0.73, 3.47]

1.82 [1.29, 2.36]

to magnesium supplementation or depletion.

ecause, frequently, total serum and plasma
agnesium were alternatively measured. Finally,
e concluded that serum/plasma magnesium

oncentration, RBC magnesium concentration,
nd urinary magnesium excretion responded
o dietary manipulation. Consequently, these
arameters appear to be useful biomarkers of
agnesium status in the general population.
For the other potential biomarkers, special
ttention was paid to free extracellular ionised
agnesium. This fraction of magnesium is gene-

ally considered as a more specific marker
f magnesium status than total plasma or
erum magnesium [12]. Only five studies of this
iomarker were eligible according to the review
riteria. However, the analyses in these studies
ere performed on serum, plasma, or blood sam-
les. Also, various equipment (AVL or NOVA8+)
ere used in the retained studies. As previously
iscussed, significant differences among the
onised magnesium concentration have been
btained with various analysers [40]. Despite
hese limitations, we aggregated all the available
esults on plasma, serum and blood because of the
ow number of relevant studies. Finally, because
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of the available data, it was not possible to con-
clude if ionised magnesium concentration is likely
to be effective or ineffective as biomarkers of mag-
nesium status.

Unfortunately, the studies included in this
review on biomarkers of potential interest, i.e.,
exchangeable pools of magnesium and muscle
and saliva magnesium, were only reported by
one study, for each of this parameter, with a low
number of included subjects. These and other
biomarkers of potential interest (bone, platelets,
white blood cell magnesium) could also not be
analysed because the available studies did not
meet sufficient criteria to be included to this
review.

Due to the low number of available studies
and studies with low number of included subjects,
there is not enough information to make a clear
decision about magnesium status biomarkers
in specific subgroups. The majority of studies
have been conducted in adults. After subgrouping,
mainly urine magnesium excretion was shown to
be significantly modulated by magnesium intake
in adults and females (table 4). There was no
capacity within the data to conduct subgroup
analysis for a range of population groups,
especially vulnerable populations, e.g. infants,
adolescents, pregnant women, or elderly subjects.
In fact, we have identified only one publication
for each of following groups: 10-year-old girls
[19], pregnant women [20] and elderly subjects
[33]. Also, few publications provided an extensive
description of the subjects studied. It would be
of interest to evaluate the relationship between
magnesium status markers and body mass index
(BMI). Numerous publications point out the rela-
tionship between low magnesium intake and

metabolic syndrome, obesity and type 2 diabetes
[8, 10, 41-48]. Several studies have reported lower
magnesium status in these conditions, and this
relationship is currently under debate [49-57].
However, available data did not allowed us to iso-
late these specific groups for further analyses.

The major limitation for conducting this sys-
tematic review is the low number of available
studies (preferably RCTs) on healthy subjects.
Papers were carefully selected; however, some of
selected studies have been conducted on subjects
presenting commonly encountered pathophysio-
logical conditions, i.e., pregnancy-induced leg
cramps [20], untreated hyperlipidemia [24], pre-
menstrual symptoms [35, 36], male infertility
problems [38], intense sport activity [28, 39],
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ypokinesia [39]. To our knowledge, all of these
ubjects did not receive medications or sup-
lements other than magnesium. Because only
solated studies are available for these subjects, it
as not possible to relate these conditions to the
agnesium status.
Furthermore, it was not possible to draw conclu-

ions about potential relations between biomarker
esponsiveness and type, dose, or length of sup-
lementation. Various magnesium supplements
ere used in the selected studies: oxide, aspartate,
ydroxide, gluconate, pidolate, citrate, lactate,
arbonate and amino acid chelate. The duration
f supplementation and the dose used varied in
hese studies; however, a majority of the included
tudies used 200 to 400 mg magnesium/day. The
se of organic magnesium salts in several of the

ncluded studies results from the consideration
hat these salts are more bioavailable than are
onorganic ones [58]. Because of the diversity of
upplements, protocols and subjects, we did not
ttempt to compare their efficiency in our analy-
is. It is also noteworthy that we have not included
tudies with magnesium/vitamin B6 supplemen-
ation in our review. Magnesium/vitamin B6 is a
ommon magnesium supplement, but a possible
nteraction exists between these two compounds.
uture analysis of the available data on mag-
esium/vitamin B6 supplementation should be
onducted to evaluate the possible benefits of their
nteraction.

The data included in this review are mainly
rom supplemented subjects and few data are
vailable from depleted individuals. A prolonged
agnesium depletion study with 101 mg of
agnesium/day exhibited adverse heart rhythm

hanges after 78 days of depletion [32]. Conse-

uently, the implementation of depletion studies
hould be carefully considered from an ethical
oint of view.
The present review reveals that even if mag-

esium supplementation is used for a long time,
ell-designed intervention RCTs in healthy indi-
iduals with respect to their physiological and
utritional conditions are scarce. Although this
ystematic review offers primary outcome data
or each biomarker identified, the limited number
f studies included and the limited number of
ubjects in the population subgroups render it
mpossible to draw conclusions about potential
elations between biomarker responsiveness for a
ange of population groups. Subsequently, further
tudies should be conducted on the best way to
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evaluate magnesium status in population groups
susceptible to magnesium deficiency. In particu-
lar, the research should be focused on evaluating
intracellular magnesium and body pools of mag-
nesium. It would be of interest to connect these
studies with a magnesium balance evaluation
[59]. Additionally, it is important to stress that
compared to many other minerals, such as sele-
nium, iodine, zinc and copper [15-18], biomarkers
for magnesium status are limited to the magne-
sium measurements in biological fluids, cells and
tissues. At present, no indirect biomarkers of mag-
nesium status are identified. The recent progress
in identifying genes modulated by magnesium
concentration opens interesting perspectives for
the research of these biomarkers.

Genetic factors controlling intra- and extracel-
lular Mg levels should be considered in the future
research of biomarkers; however, these genetic
factors are weakly known. Serum magnesium con-
centrations have been shown to have a heritable
component with heritability estimates of ∼30%
[60]. The pioneer study by Henrotte et al. in
1990 [61] pointed out the importance of genetics
for plasma and RBC magnesium levels. This
finding was confirmed in a mouse animal model
selected for low and high RBC magnesium [62].
Recent advances in the fields of genetics and
genomics have allowed for substantial progress
in this area by identifying new players of mag-
nesium homeostasis regulation [63-65]. Recently
published genome-wide meta-analysis of cohorts
identified six genomic regions that contained com-
mon variants associated with serum magnesium
levels [66]. All of the variants were nominally
associated with clinically defined hypomagne-
saemia. These data from human genetics will

initiate a new era in understanding the relation-
ship between genetics, nutrition and diseases in
determining magnesium status.

The selection process of the data included in
the present review highlighted that the quality of
published data are often poor for the purpose of a
systematic review on magnesium status. Several
publications did not provide sufficient or clear
information on the magnesium intake, on the
clinical protocol, and on the assay methodology.
These issues should be considered when planning
projects and publishing results. Well-designed
RCTs of sufficient size with varying doses and
duration of supplementation and with evaluation
of the magnesium intake using a whole-diet pro-
file (e.g., magnesium/calories ratio) are required
Date: January 4, 2012 Time: 10:26 am

Mg status assessment

n various population subgroups. With emerging
nowledge of genetic factors determining magne-
ium status, it will be important in future studies
o take into account the genetic background of
tudied subjects. Ultimately, the results of such
tudies could contribute to the development of
vidence-based dietary recommendations that are
etter targeted to specific populations.
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