
REGULAR ARTICLE

Impact of rising body weight and cereal grain food
processing on human magnesium nutrition

Andrea Rosanoff & Diriba B Kumssa

Received: 14 October 2019 /Accepted: 3 March 2020 /Published online: 14 March 2020
# The Author(s) 2020

Abstract
Aim The World Health Organisation (WHO) magne-
sium (Mg) estimated average requirement (EAR) is
not adjusted for rise in human body weight (BW) and
neglects body Mg stores depletion. Cereal grain food
processing results in Mg loss and reduces dietary Mg
intake which mainly originates from cereals. Here we
reassess human dietary Mg deficiency risk considering
actual human BWs and modern levels of cereal grain
food processing.
Methods Human Mg requirement was adjusted for ris-
ing BWplus low and high estimates to prevent bodyMg
store depletion. Magnesium supply was recalculated for
cereal grain (maize, millet, rice, oats, sorghum, and
wheat) food processing of none, 25%, 50%, 75% and
100%. Resulting Mg deficiency risks in 1992 and

2011 were calculated at national, regional, continental
and global scales using the EAR cut-point method.
Results Globally, human Mg requirement increased by
4–118% under the threeMg requirement scenarios com-
pared to the WHO EARs set in 1998. However, dietary
Mg supply declined with increased cereal grain food
processing. At 100% cereal grain processing, dietary
Mg supply was reduced by 56% in 1992 and 51% in
2011. Global humanMg deficiency risk reached 62% in
2011 with 100% cereal grain processing and largest
EAR set to prevent depletion of body Mg stores and
corrected for BW rises.
Conclusion Global dietary Mg Supply adequately
meets human Mg requirement given the global obesity
epidemic. But, Mg intakes preventing body Mg store
depletion plus high Mg losses due to cereal grain food
processing start to show noteworthy risks of potential
Mg deficit in populations consuming diets with >50%
cereal grain food processing. These findings have ram-
ifications for the global spread of the major chronic,
non-communicable diseases associated with nutritional
Mg deficiencies such as cardiovascular diseases and
type 2 diabetes.
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Introduction

Magnesium (Mg) is an essential nutrient for plants
as well as animals. In humans, a low dietary Mg
intake is associated with cardiovascular disease and
its risk factors including hypertension as well as
metabolic syndrome and type 2 diabetes among oth-
er chronic diseases (Ma et al. 1995; Volpe 2012;
Zhang et al. 2012; Del Gobbo et al. 2013; Kass
and Sullivan 2016; Zhang et al. 2016; Verma and
Garg 2017; Rosique-Esteban et al. 2018). Plant
source foods are the source of most human Mg
intake, especially cereal grains, green vegetables,
nuts and pulses (Nielsen 2015), with grains supply-
ing the vast majority of dietary Mg to humans
(EFSA Panel on Dietetic Products Nutrition and
Allergies 2015; Kumssa et al. 2015).

In 2015, Kumssa et al. (2015) published an assess-
mentofglobalhumandietaryMgsupply,findingitample
comparedwithhumanMgrequirementasdefinedbythe
WorldHealthOrganisation (WHO)andFoodandAgri-
cultureOrganisation of theUnitedNations (FAO) Esti-
matedAverageRequirement (EAR) forMg (WHOand
FAO 2004).When first published in 1998, these EARs
were set to estimate the daily Mg intake level that can
prevent Mg deficit in 50% of healthy individuals of a
givengender/agegroup.

These EARs are set to a standard reference body
weight for each gender/age group, but recent anal-
ysis of human Mg balance study data (Nielsen
2019) has shown that Mg requirement increases
with body weight. Thus, the existing WHO and
FAO Mg EARs, set for standard reference body
weights, are low considering the rise in obesity
and overweight status in both children and adults

that has been globally measured during the past
35 years (Finucane et al. 2011; Bixby et al. 2019;
FAO 2019).

In addition, these EARs were not designed to
prevent the depletion of human Mg body stores.
Rather, they are based on populations’ usual Mg
intake and human Mg balance study data, i.e.
measures of total Mg intake minus excretion.
Since Kumssa et al. (2015) publication, research
has found that homeostasis of Mg in human phys-
iology not only includes control of absorption in
the gastrointestinal tract and excretion via kidney
but also translocation of Mg from bone and other
storage areas to maintain blood levels during times
of low Mg intakes, with replacement of those
storage sites when Mg intakes again become high
(de Baaij et al. 2015; Costello and Nielsen 2017).
Thus, chronically suboptimal Mg intakes can result
in a growing depletion of body Mg stores termed
Chronic Latent Magnesium Deficit (CLMD) (Elin
2010; Rosanoff et al. 2012; Blaine et al. 2015)
which can manifest in spite of measures of normal
serum Mg and neutral Mg balance.

Furthermore, food processing losses of Mg can be
great (Seeling and Rosanoff 2003), especially in
staple cereal grains which are the main source of
dietary Mg in human nutrition (EFSA Panel on
Dietetic Products Nutrition and Allergies 2015;
Kumssa et al. 2015). As the modern processed food
diet expands globally, these Mg processing losses
can lower human Mg intakes, often impacting health
especial ly with regard to the chronic non-
communicable diseases such as heart disease and
diabetes and their risk factors (Abu-Saad et al.
2009; Rosanoff 2013; Barbagallo and Dominguez
2015; de Baaij et al. 2015; Grober et al. 2015; Fang
et al. 2016; Zhang et al. 2016; Razzaque 2018; Azab
et al. 2019), diseases which are rising globally
(Lozano et al. 2012).

This study attempts to more realistically assess
current human Mg requirement at a global level by
correcting WHO EAR Mg requirements (WHO and
FAO 2004) for actual body weights in 1992 and 2011
(Scenario 1) and adjusting these with estimates of Mg
intakes required to prevent depletion of body Mg
stores (Scenarios 2 and 3). These realistic estimates
of Mg requirements were then compared with dietary
Mg supply at various levels of Mg loss due to cereal
grain food processing to assess the risk of human Mg
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deficiency at various geographical scales in 1992 and
2011.

Materials and methods

Human dietary Mg requirement and supply for 1992
and 2011 were quantified, and dietary Mg deficiency
risks were then reassessed at three scenarios of human
Mg EAR (Table 1) and five scenarios of cereal grain
food processing (Table 2). Human Mg EARs for each
age/gender group were corrected for body weight (BW)
using calculated mean global human body weights for
1992 and 2011 (Scenario 1) plus estimates to ensure
prevention of body Mg store depletion based on pub-
lished human Mg balance data (Scenarios 2 and 3).
Food crops considered for cereal grain food processing
scenarios were maize, millet, rice, oats, sorghum, and
wheat.

Human magnesium requirement

Human population Mg requirement can be repre-
sented either by the Reference Nutrient Intake
(RNI) or the Estimated Average Requirement
(EAR) as reference values. The RNI is a daily Mg
intake which meets the requirements of almost all
healthy individuals in a population. The EAR is a
daily Mg intake level that meets the Mg require-
ments of 50% of the healthy individuals in a popu-
lation. In this study, the EAR was used as it is
appropriate to estimate the proportion of individuals
in a population with Mg intakes below the median
Mg requirement (i.e., EAR) using the EAR cut-point
method (Institute of Medicine 2000). The proportion
of the population with Mg intake below the EAR are

at risk of Mg deficiency. Three corrected estimates
of human Mg EARs (mg capita−1 d−1) for the 56
gender and age group (see Online Resource
Supplementary Table 1) were used to calculate the
global, continental, regional and national Mg
Weighted Est imated Average Requirements
(WtdEARs) in 1992 and 2011. The EARs for the
three scenarios (Table 1) were derived from WHO/
FAO RNIs (WHO and FAO 2004) for each gender/
age group corrected for actual mean global BWs for
1992 and 2011 (scenario 1) then further corrected
for low (scenario 2) and high (scenario 3) estimates
of dietary Mg required to prevent depletion of body
stores (see Online Resource Supplementary
Table 2). The EAR for each gender/age group was
calculated from the corresponding RNI using the
WHO/FAO assumed coefficient of variation of
10%, i.e. EAR = RNI/1.2. Standard body reference
weights (kg) and RNI factors (mg Mg kg−1) for each
gender/age group from the FAO WHO Expert Con-
sultation on Human Vitamin and Mineral Require-
ments (WHO and FAO 2004) are reproduced in the
Online Resource Supplementary Table 2.

Derivation of reference nutrient intake (RNI) estimates
for three estimated average requirement (EAR)
scenarios

RNIs for each gender/age group were calculated using
Eq. 1 using the RNI factors given in the Online Re-
source Supplementary Table 2 and actual mean BWs.

Equation 1 Correcting the Reference Nutrient Intake
(RNI) for rise in body weight (BW) and the depletion of
body Mg stores

Table 1 Human Mg Estimated Average Requirement (EAR)
scenarios

EAR scenario § Description

i Body weight (BW) corrected

ii BW corrected plus Low estimate body
Mg store maintenance

iii BW corrected plus High estimate body
Mg store maintenance

§ Based onWHO/FAOReference Nutrient Intake (RNI) converted
to EAR using a coefficient of variation of 10%, see Online Re-
source Supplementary Table 1 and 2

Table 2 Cereal (maize, millet, oats, rice, sorghum, and wheat)
grain food processing scenarios. Grain Mg concentration data
were downloaded from the United States Department of Agricul-
ture Nutrient Data Laboratory (https://fdc.nal.usda.gov/)

Cereal grain food processing scenario Description

a No processing
(whole grain)

b 25% processing

c 50% processing

d 75% processing

e 100% processing
(refined grain)
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RNI ¼ Mean BW � RNI factor ð1Þ

Where,Mean BW is the mean global body weight of
a given gender/age group in 1992 or 2011, and RNI
factor is the factor (mgMg kg−1 d−1 per person required
to either provide simple Mg balance (as per the WHO/
FAO RNI, i.e. Scenario 1) or to provide enough Mg to
prevent the depletion of body Mg stores (as per Scenar-
ios 2 and 3).

RNI factors (mg Mg kg−1 d−1) for Scenario 1 were
calculated for all gender/age groups using original as-
sumed BWs and RNIs of the WHO/FAO (See Online
Resource Supplementary Table 2), e.g. 4.0 mg Mg kg−1

d−1 for adults aged 19–65 yrs. Estimated adult RNI
factors 6.5 and 8.0 mg Mg kg−1 d−1, derived from adult
human Mg balance studies (Seeling 1964; Hunt and
Johnson 2006), were used for the “low” (Scenario 2)
and “high” (Scenario 3) estimates, respectively, of the
Mg factor needed for healthy adults to prevent depletion
of body Mg stores. Scenario 2 and 3 factors for non-
adult gender/age groups were calculated in proportion,
multiplying Scenario 1 factors for each gender/age
group by the fractions 6.5/4 for scenario 2 and 8/4 for
scenario 3 (see Online Resource Supplementary
Table 2).

WHO RNI factor for adults aged >65 yrs. is 3.5
rather than 4.0 mg Mg kg−1d−1. This smaller factor
was used to calculate Scenario 1 but not Scenarios 2
and 3 for these older adults since recent analysis of Mg
balance vs human age in subjects aged 19–81 yrs.
showed no decrease in balance above 65 yrs., (Hunt
and Johnson 2006). That means the same RNI factors
were used for all adults in Scenarios 2 and 3. WHO RNI
adds 50 mg Mg d−1 for lactation. We added 50 mg Mg
d−1 for lactation for Scenarios 1 and 2 and 100 mg Mg
d−1 for lactation for Scenario 3.

Calculation of actual mean global human body weights
in 1992 and 2011

Global BWs for child (5–19 yrs) and adult (>19 yrs)
gender/age groups were calculated with body mass in-
dex (BMI) and height data using Eq. 2:

Equation 2 Actual body weight (BW) calculation

BW ¼ BMI � heightð Þ2 ð2Þ

Where,BW is the mean body weight (kg),BMI is the
mean body mass index (kg m−2), and height (m) is the
mean height of an age group.

Children (5–19 yrs) Non-communicable Disease risk
factor Collaboration (NCD-RisC) provided data of
mean body mass index (BMI) by age (5–19 years) and
gender for years 1992 and 2011 for 200 countries
(NCD-RisC 2016). These were used to calculate mean
global BMI for each age/gender group, ages 5–19 yrs.
These arithmetic means for global BMI and WHO re-
port of global mean heights by gender and age for
children aged 5–19 yrs. (WHO 2019a) were used to
calculate actual mean global BWs for children (5–
19 yrs) using Eq. 2. The WHO global mean heights
for children were collected between 1997 and 2003; we
assumed no height change between 1992 and 2011 for
this group of calculations.

Adults (>19 yrs) NCD-RisC (NCD-RisC 2016) provid-
ed age-standardized global mean BMI for both men and
women (age > 19 yrs) for years 1992 and 2011. NCD-
RisC also provided average height at age 18 for birth
years 1896–1996 for 200 countries. We calculated actu-
al mean global bodyweight for adults for 1992 and 2011
using:

a) global BMI for men and women for years 1992 and
2011 using data from NCD-RisC,

b) average mean global height data for men and wom-
en at the age of 18 yrs for 200 countries for birth
years 1974 and 1993 (1974 + 18 = 1992; 1993 +
18 = 2011), using the formula in Eq. 2.

Infants and young children (0–5 yrs) Using mean BW
for children ages 0–5 yrs from data provided by WHO
child growth standards, data accumulated between
1997 and 2003 for girls (WHO 2019c) and boys
(WHO 2019b) resulted in Mg requirements that
were 7 to 26% below the RNI for 0–4 yrs which
is based on adequate and usual intakes rather than
based upon BW considerations. Thus, we used the
60 mg Mg d−1 for the average RNI for
children aged 0–4 yrs for both boys and girls.
We assumed no increase in BW between 1992
and 2011 due to the obesity epidemic for infants
and young children.
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Pregnancy and lactation WHO RNI does not add
extra Mg requirements for pregnancy. In this anal-
ysis we assumed increases of BW during pregnancy
as follows: trimester 1 (+6 kg), trimester 2
(+12 kg), trimester 3 (+18 kg), and added an as-
sumed average of 12 kg to adult women BWs to
calculate RNIs for all pregnancy groups. For lactat-
ing women groups, we used the same mean BW for
adult women in the corresponding age group and
added 50 mg Mg d−1 for lactation for EAR Scenar-
ios 1 and 2 and 100 mg Mg d−1 for lactation for
Scenario 3.

Dietary magnesium supply

The daily per capita food supply, food composition
and national level demographic data were obtained
from Food and Agriculture Organization of the Unit-
ed Nations (FAO), United States Department of Ag-
riculture National Nutrient Data Laboratory (USDA-
NDL) and the United Nations Department of Eco-
nomic and Social Affairs Population Division, re-
spectively, as described in (Kumssa et al. 2015).
Determination of the national, regional, continental
and global level estimates of human dietary Mg
supply was carried out using the method of Kumssa
et al. (2015).

The FAO food balance sheet (FBS) provides per
capita supply of rice in either paddy or milled equiv-
alent. We assumed that the most commonly used
form of whole rice for human consumption excludes
the hull which constitutes about 20%, but may in-
clude the bran 8–12% (IRRI 2019). Hence, we used
the milled equivalent rice data from the FAO FBS
but accounted for the 8–12% bran lost during mill-
ing. We assumed, on average, 10% of the milled rice
has been lost. Hence, we divided the per capita
milled rice supply data by 0.9 to calculate a new
per capita whole rice supply data prior to calculating
the amount of dietary Mg from rice at various pro-
cessing scenarios.

Food supply data for the Democratic Republic of
the Congo (COD) was not available in the FAO FBS
database. Due to this, the values displayed on the
dietary Mg supply and deficiency risk maps for
COD were the median values of the countries bor-
dering it (i.e., AGO, CAF, COG, RWA, UGA, ZMB,
SSD). Maps were produced using ESRI ArcGIS
10.6.

Cereal grain food processing

Firstly, cereal grainMg concentration data for whole (no
processing) and refined (100% processed) for maize,
millet, oats, rice, sorghum and wheat were downloaded
from the USDA-NDL. Whenever there were more than
one Mg concentration value in either the whole or
refined category for a given cereal grain, an average
Mg concentration was calculated (see Online Resource
Supplementary Table 3). Average Mg concentration
values for whole cereal grains were used for cereal grain
food processing scenario 1, i.e. no processing, and av-
erage Mg values for refined cereal grains were used for
cereal grain food processing scenario 5, i.e. 100% proc-
essed (refined). Secondly, the daily per capita food
supply data of the six cereal grains in 1992 and 2011
reference years were queried from Kumssa et al. (2015)
database and split into 25%, 50% and 75%. Thirdly, the
estimates of Mg supply at the five cereal grain food
processing scenarios was calculated using the respective
cereal grain food supply data and the two Mg concen-
tration values for each cereal grain. For example, to
estimate the amount of dietary Mg at 50% cereal grain
food processing scenario, we multiplied 50% of the
cereal grain food supply by the Mg concentration with
no cereal grain food processing (whole) value and the
remaining 50% of the cereal grain food supply by the
100% cereal grain food processing (refined) Mg con-
centration value.

Dietary magnesium deficiency risk

National, regional, continental and global scale human
dietary Mg deficiency risk at the three scenarios of rise
in Mg EAR due to increase in human body weight and
correction for body Mg store depletion, and reduced
dietary Mg supply due to cereal grain food processing
was calculated using the EAR-cut point method as
described by (Kumssa et al. 2015).

Results

Human magnesium requirement

Compared to the World Health Organization (WHO)
EAR for Mg, the global level population-weighted
EAR (WtdEAR) under the three EAR scenarios in-
creased by 4% (scenario 1), 68% (scenario 2) and

Plant Soil (2020) 457:5–23 9



107% (scenario 3) in 1992. In 2011, global WtdEAR
increased by 9% (scenario 1), 77% (scenario 2) and
118% (scenario 3) (Table 3). At continental level
(Fig. 1), the rise in the WtdEAR in 1992 at various
scenarios ranged from 3 to 5% (scenario 1), 65–72%
(scenario 2) and 103–111% (scenario 3). In 2011, the
rise in WtdEAR at continental level ranged from 8 to
10% (scenario 1), 73–82% (scenario 2) and 112–124%
(scenario 3) (see Online Resource Supplementary
Table 4)).

At regional scale, the median WtdEAR (mg capita−1

d−1) in 1992 under the three EAR scenarios were 168
(scenario 1), 271 (scenario 2) and 332 (scenario 3). In
2011, the median WtdEAR were 187 (scenario 1), 302
(scenario 2) and 372 (scenario 3) (Fig. 2). The highest
median WtdEAR was recorded in Western Europe and
the lowest in Middle Africa (Fig. 2). Compared to the
estimates made by Kumssa et al. (2015) based on the
WHOEAR forMgwith standard reference human body
weights, the regional median WtdEAR increased by
2%, 64%, and 100% under scenarios 1–3, respectively,
in 1992 while in 2011, the regional median WtdEAR
increased by 8%, 70%, and 107% for scenarios 1–3,
respectively (see Online Resource Supplementary
Table 4).

At national scale, in 1992, the highest WtdEAR (mg
capita−1 d−1) was 190, 313 and 385 for EAR scenarios
1–3 respectively in Italy. In the same year, the lowest
WtdEAR (mg capita−1 d−1) was 151, 238 and 292 for
EAR scenarios 1–3 respectively in Yemen. In 2011, the
highest WtdEAR (mg capita−1 d−1) was 210, 338 and
416 for EAR scenarios 1–3 respectively in United Arab
Emirates. In the same year, the lowest WtdEAR (mg
capita−1 d−1) was 160, 253 and 310 for EAR scenarios

1–3 respectively in Niger (Fig. 2 and see Online
Resource Supplementary Table 4).

Dietary magnesium supply

The global scale average percentage reductions in the
estimated dietary Mg supply due to cereal grain food
processing compared to whole grain cereal (i.e., no
processing) were 14% in 1992, and 13% in 2011 at
every 25% processing level and increasing linearly. At
100% cereal grain food processing, dietary Mg supply
was reduced by 56% in 1992 and 51% in 2011 (Table 4).

At continental scale, in 1992 with no cereal grain
processing, the median dietary Mg supply (mg capita−1

d−1) in descending order was Asia (724), Europe (678),
Africa (583), Americas (560), and Oceania (558). In
1992, at 100% cereal processing, the reduction in die-
tary Mg supply was Asia (63%), Africa (52%),
Americas (51%), Europe (40%) and Oceania (40%).
With no cereal grain processing in 2011, the median
dietaryMg supply (mg capita−1 d−1) in descending order
was Asia (776), Europe (686), Africa (680), Americas
(618), and Oceania (597). In 2011, at 100% cereal
processing, the reduction in dietary Mg supply was Asia
(57%), Africa (53%), Americas (52%), Europe (44%)
and Oceania (39%) (Fig. 3 and see online Resource
Supplementary Table 4).

At regional scale, at no cereal grain processing the
median Mg supply (mg capita−1 d−1) ranged between
861 (North Africa) and 391 (Middle Africa) in 1992. In
the same year, at 100% cereal grain processing, the
median Mg supply (mg capita−1 d−1) ranged between
404 (Northern America) and 239 (South-eastern Asia).
In 1992, the percentage reduction in the regional median
dietary Mg supply due to 100% cereal grain processing
ranged between 64% (Southern Asia) and 30% (Middle
Africa). In 2011, at no cereal grain processing the me-
dian Mg supply (mg capita−1 d−1) ranged between 960
(North Africa) and 584 (Caribbean). In the same year, at
100% cereal grain processing, the median Mg supply
(mg capita−1 d−1) ranged between 416 (Northern Africa)
and 272 (Southern Africa). In 2011, the percentage
reduction in the regional median dietary Mg supply
due to 100% cereal grain processing ranged between
60% (South-eastern Asia) and 39% (Australia and New
Zealand) (F ig . 4 and see onl ine Resource
Supplementary Table 4).

At national level, in 1992, when there was no cereal
grain processing, the highest dietary Mg supply (mg

Table 3 Global scale estimates of population-weighted estimated
average requirements (WtdEAR) forMg (mg capita−1 d−1) in 1992
and 2011 at three EAR scenarios. See Table 1 for the descriptions
of EAR scenarios. n = number of countries included in the analy-
sis. Numbers in parentheses are the standard deviation of the
WtdEAR

Year n WtdEAR* Scenario 1 Scenario 2 Scenario 3

1992 137 166 (3) 173 (9) 279 (17) 343 (21)

2011 145 173 (3) 189 (10) 307 (19) 377 (24)

*Global scale estimate of WtdEAR based on the World Health
Organization (WHO) EAR for Mg (Kumssa et al. 2015) with
standard reference body weights and no factor to prevent body
Mg store depletion
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capita−1 d−1) was recorded in Turkey (1163) and the
lowest in Angola (322). At 100% cereal grain process-
ing, the highest dietaryMg supply (mg capita−1 d−1) was
recorded in United Arab Emirates (547) and the lowest
in Somalia (180). In 2011, when there was no cereal
grain processing, the highest dietary Mg supply (mg
capita−1 d−1) was recorded in Egypt (1077) and the
lowest in Somalia (397). At 100% cereal grain process-
ing, the highest dietaryMg supply (mg capita−1 d−1) was
recorded in United Arab Emirates (593) and the lowest
in Yemen (198) (Fig. 5 and see Online Resource
Supplementary Table 4)).

Dietary magnesium deficiency risk

At global scale, the median dietary Mg deficiency risk
was below 2% at the EAR scenario 1 and cereal grain
processing of up to 75% in 1992 and 2011 (Fig. 6 (i, a-
d)). At EAR scenario 1 and 100% cereal grain process-
ing scenario, the median Mg deficiency risk rose to 5%
in 1992 and 4% in 2011 (Fig. 6 (i, e)). In 1992, at the
EAR scenario 3 × no cereal grain processing, global
median dietary Mg deficiency risk was 3% and rose to
75% at EAR scenario 3 × 100% cereal grain processing.
Similarly, in 2011, global median dietary Mg deficiency
risk was 3% at the EAR scenario 3 × no cereal grain
processing (Fig. 6 (iii, a)) but increased to 62% at the

EAR scenario 3 × 100% cereal grain processing (Fig. 6
(iii, e) and see Online Resource Supplementary Table 4).

At continental scale, the median dietary Mg deficien-
cy risk was ≤2% for all continents at the EAR scenario 1
and cereal grain processing of up to 50% in 1992 and
2011 (Fig. 7 (a-c, i)). At EAR scenario 1 and 100%
cereal grain processing scenario, the median Mg defi-
ciency risk ranged from 3% (Europe and Oceania) to 7%
(Americas and Asia) in 1992 (Fig. 7, (e, i)). In 2011, at
EAR scenario 1 and 100% cereal grain processing sce-
nario, the median Mg deficiency risk ranged from 3%
(Africa, Europe and Oceania) to 6% (Americas) (Fig. 7,
(i, e)). At the EAR scenario 2 × 100% cereal grain
processing, the highest median Mg deficiency risk
(50%) was recorded in Asia in 1992 (53%) and 2011
(50%) (Fig. 7, (ii, e)). At the EAR scenario 3 × 100%
cereal grain processing, the highest medianMg deficien-
cy risk was recorded in Americas in 1992 (84%) and
2011 (82%) (Fig. 7, (iii, e)).

At regional scale, the median dietary Mg deficiency
risk was below ≤2% in all regions at the EAR scenario 1
and cereal grain processing of up to 50% in 1992 and
2011 (Fig. 8). In 1992, At EAR scenario 1 × 100%
cereal grain processing scenario, the median Mg defi-
ciency risk ranged between 2% (Northern America) and
10% (South-eastern Asia) (Fig. 8). In 2011, At EAR
scenario 1 × 100% cereal grain processing scenario, the
median Mg deficiency risk ranged between 1%

Fig. 1 Continental scale estimates of population-weighted esti-
mated average requirements (WtdEAR) for Mg (mg capita−1 d−1)
in 1992 and 2011 at three EAR scenarios. Scenario 1 (i), scenario 2
(ii), scenario 3 (iii). See Table 1 for the descriptions of EAR
scenarios. Boxes represent the Mg WtdEAR inter quartile range

within a continent. Where the grey shade turns lighter represents
the median Mg WtdEAR for a continent. Orange broken lines are
the overall median Mg WtdEAR at each scenario and respective
reference year
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(Northern Africa) and 10% (Southern Africa). In 1992,
at EAR scenario 3 × 100% cereal grain processing sce-
nario, the median Mg deficiency risk ranged between
38% (Northern America) and 92% (Southern Asia). In
2011, At EAR scenario 3 × 100% cereal grain process-
ing scenario, the median Mg deficiency risk ranged

between 34% (Northern Africa) and 91% (Southern
Africa) (see Figs. 9, and 10 and Online Resource
Supplementary Table 4).

At national level, at EAR scenario 1 × no cereal grain
processing, the dietary Mg deficiency risk ranged be-
tween 0.03% (Turkey) and 2% (Angola) in 1992, and

Fig. 2 Regional scale estimates of population-weighted estimated
average requirements (WtdEAR) forMg (mg capita−1 d−1) in 1992
and 2011 at three EAR scenarios. Scenario 1 (i), scenario 2 (ii),
scenario 3 (iii). See Table 1 for the descriptions of EAR scenarios.
Boxes represent the Mg WtdEAR inter quartile range within a

region. Where the grey shade turns lighter represents the median
Mg WtdEAR for a region. Orange broken lines are the overall
median Mg WtdEAR at each scenario and respective reference
year

Table 4 Global scale estimates of human dietary Mg supply (mg
capita−1 d−1) in 1992 and 2011 at five cereal grain processing
scenarios. See online Resource Supplementary Table 4 for the

descriptions of cereal grain processing scenarios. n = number of
countries included in the analysis. Numbers in parentheses are the
standard deviation of the Mg supply

Year n Cereal grain processing scenarios

Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5

1992 137 698 (100) 600 (82) 502 (68) 404 (61) 306 (61)

2011 145 758 (118) 661 (103) 564 (91) 468 (82) 371 (78)

12 Plant Soil (2020) 457:5–23



Fig. 3 Continental scale estimates of dietary Mg supply (mg
capita−1 d−1) in 1992 and 2011 at five scenarios of cereal grain
processing. No processing (a), 25% processing (b), 50% process-
ing (c), 75% processing (d) and 100% processing (e). Boxes

represent the Mg supply inter quartile range within a continent.
Where the red shade turns lighter represents the median for each
continent. Grey broken lines are the overall median Mg supply at
each scenario and respective year

Fig. 4 Regional scale estimates of dietaryMg supply (mg capita−1

d−1) in 1992 and 2011 at five scenarios of cereal grain processing.
No processing (a), 25% processing (b), 50% processing (c), 75%
processing (d) and 100% processing (e). Boxes represent the Mg

supply inter quartile range within a region. Where the red shade
turns lighter represents the median for a region. Grey broken lines
are the overall median Mg supply at each scenario and respective
year
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0.04% (Niger) and 1% (Somalia) in 2011. At EAR
scenario 1 × 100% cereal grain processing, the dietary
Mg deficiency risk ranged between 0.4% (Lebanon) and
36% (Mongolia) in 1992, and 0.2% (Niger) and 30%
(Yemen) in 2011. At EAR scenario 3 × no cereal grain

processing, the dietary Mg deficiency risk ranged be-
tween 0.2% (Turkey) and 40% (Angola) in 1992, and
0.3% (Niger) and 21% (Somalia) in 2011. At EAR
scenario 3 × 100% cereal grain processing, the dietary
Mg deficiency risk ranged between 8% (Lebanon) and

Fig. 5 Estimates of national level dietary Mg supply (mg capita−1 d−1) at five scenarios of cereal grain processing (no processing, 25%,
50%, 75% and 100% processing, respectively) in 1992 (a-e) and 2011 (f-j)

14 Plant Soil (2020) 457:5–23



Fig. 6 Global scale estimates of dietary Mg deficiency risk (%) in
1992 and 2011. Columns represent five scenarios of cereal grain
processing: no processing (a), 25% processing (b), 50% process-
ing (c), 75% processing (d) and 100% processing (e). Rows
represent the three EAR scenarios: (i), scenario 2 (ii), scenario 3

(iii). See Table 1 for the descriptions of EAR scenarios. Boxes
represent the inter quartile range of the Mg deficiency risk at the
respective scenario combination and year. Where the green shade
turns lighter represents the median

Fig. 7 Continental scale estimates of dietary Mg deficiency risk
(%) in 1992 and 2011. Columns represent five scenarios of cereal
grain processing: no processing (a), 25% processing (b), 50%
processing (c), 75% processing (d) and 100% processing (e).
Rows represent the three EAR scenarios: scenario 1 (i), scenario
2 (ii), scenario 3 (iii). See Table 1 for the descriptions of EAR

scenarios. Boxes represent inter quartile range of the Mg deficien-
cy risk within a continent. Where the green shade turns lighter
represents the median for a continent. Orange broken lines are the
overall median Mg deficiency risk at the intersection of cereal
grain processing and EAR scenario for the respective year
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100% (Mongolia) in 1992, and 4% (Niger) and 99%
(Somalia) in 2011 (see Figs. 11, and 12 and Online
Resource Supplementary Table 4).

Discussion

Global human dietary Mg supply per person grew
9% between 1992 and 2011 as did human Mg re-
quirement, the latter due to increases in average
human body weights and adjustments for body Mg
store depletion. The rise of Mg requirement between
1992 and 2011 reflects changes in human population
sizes, rise in body weights experienced in all coun-
tries, plus changes in age profile of populations
(Lutz et al. 2008) as younger humans have lower
Mg requirement than do adults.

The dietary Mg supply appears adequate for body
weight corrected human nutritional needs at all levels of

grain processing loss, even at 100%, with risks of Mg
deficiency < 10% at global, continental and regional
levels and no more than 30% Mg deficiency risk at the
national level. However, the risk of Mg deficit increases
substantially when estimates of Mg requirement include
factors to prevent depletion of body Mg stores, espe-
cially when grain Mg processing losses begin to exceed
50% (see Fig. 6). From where do these estimates of Mg
requirement for conservation of body Mg stores arise?

Magnesium is primarily an intracellular cation hav-
ing several vital cellular functions. At the sub-cellular
level, Mg influences contractile proteins, modulates ion
channels, acts as an essential cofactor in the activation of
adenosine triphosphatase (ATPase), controls metabolic
regulation of energy-dependent cytoplasmic and mito-
chondrial pathways, regulates glycolysis, influences de-
oxyribonucleic acid synthesis and transcription, induces
protein synthesis and promotes cell growth (Romani
2011).

Fig. 8 Regional scale estimates of dietary Mg deficiency risk (%)
in 1992 and 2011, EAR scenario 1. See Table 1 for the descriptions
of EAR scenarios. Columns represent five scenarios of cereal grain
processing: no processing (a), 25% processing (b), 50% process-
ing (c), 75% processing (d) and 100% processing (e). Boxes
represent the inter quartile range of the Mg deficiency risk within

a region.Where the green shade turns lighter represents themedian
for a region. Orange broken lines are the overall median Mg
deficiency risk at the intersection of cereal grain processing and
EAR scenario for the respective year. See Online Resource Sup-
plementary Table 4 for further information
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As cellular Mg2+ is so vital to intracellular functions,
intracellular Mg2+ concentrations are tightly regulated
by various transporters (Romani and Scarpa 2000;
Romani 2011). When Mg intakes become low, intracel-
lular concentrations of Mg2+ can be maintained by the
release of Mg2+ from phospholipids in the cell mem-
branes (Rubin 2005; de Baaij et al. 2015). Physiologi-
cally, serum Mg levels can be maintained by release of
Mg from bone (Alfrey et al. 1974; de Baaij et al. 2015).
Thus, when dietary intake of Mg remains below ade-
quacy, beyond the physiological homeostatic mecha-
nisms of increased absorption in the intestine and de-
creased excretion via the kidney, vital Mg requirement is
maintained via resorption of bone surfaceMg2+ stores as
well as drawing frommembraneMg. Over a long period
of sub-optimal or deficient Mg intake, depletion of body
Mg stores can result in a chronic latent Mg deficit or
CLMD (Elin 2010; Elin 2012) showing decreased Mg
concentrations in heart, kidney and brain tissues

(Wallach 1988). Mean daily Mg losses ranging between
−150 and + 150 mg d−1 in human adults are often seen
in the types of Mg balance studies chosen to set the
EARs for Mg (Seeling 1964; Hunt and Johnson 2006).
A person in slight but continuous negative Mg balance
as little as −3 to −10 mg d−1 can build cumulative Mg
losses of −1095 to −3650 mg yr−1 and -5475 to
−18,250 mg 5 yrs.−1. Considering the adult human body
contains about 25 g Mg (WHO and FAO 2004; Volpe
2012), these are substantial Mg losses representing de-
pletion of 23% to 73% of whole body Mg in five years
and would be expected to register as substantial loss of
bodyMg stores in a Mg load test (Wallach 1988; Cohen
2000), i.e. as CLMD. Translocation of body Mg stores
has not been a factor in determining Mg requirements.
Data from both older (Seeling 1964) and newer (Hunt
and Johnson 2006) sets of human Mg balance studies
show that an intake of 6–7 mg kg−1 BW is necessary for
all healthy adults studied to be in neutral or positive Mg

Fig. 9 Regional scale estimates of dietary Mg deficiency risk (%)
in 1992 and 2011, EAR scenario 2. See Table 1 for the descriptions
of EAR scenarios. Columns represent five scenarios of cereal grain
processing: no processing (a), 25% processing (b), 50% process-
ing (c), 75% processing (d) and 100% processing (e). Boxes
represent the inter quartile range of the Mg deficiency risk within

a region.Where the green shade turns lighter represents themedian
for a region. Orange broken lines are the overall median Mg
deficiency risk at the intersection of cereal grain processing and
EAR scenario for the respective year. See Online Resource Sup-
plementary Table 4 for further information
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balance (Nielsen and Johnson 2017), the range neces-
sary to prevent depletion of Mg body stores.

We have used the Mg Factor of 6.5 mg kg−1 d−1 for
adults and proportional factors for other ages for our low
estimate of Mg requirement to prevent negative Mg
balance and thus depletion of body Mg stores (Scenario
2). Since Mg requirement rises with stress, we also used
the factor 8 mg kg−1 d−1 for adults and proportionally for
other ages for scenario 3, a high estimate to prevent
depletion of body Mg stores. These factors are conser-
vative considering the only published estimate for adult
Mg requirement factor necessary to prevent negative
Mg balance range from 7 to 10 mg kg−1/d−1 (Seeling
1964). At this time, no national or international publi-
cations setting Mg requirements for humans are quanti-
fied to prevent negativeMg balance (Great Britain Panel
on Dietary Reference Values 1991; Institute ofMedicine
1997; WHO and FAO 2003; EFSA Panel on Dietetic
Products Nutrition and Allergies 2015).

Whole grains with their potentially high phytate and
other fibre components might be expected to lower Mg
absorption as phytate added to refined wheat flour sig-
nificantly lowers fractional Mg absorption (Bohn et al.
2004). However, human studies comparing health ef-
fects of refined and whole grain diets show that whole
grains in diets provide higher Mg and fibre intakes
(Katcher et al. 2008) and lower risks of both diabetes
and heart disease (McCarty 2005; Jensen et al. 2006).
Whole grain diets also appear to be cardioprotective
when compared with refined grain diets (Kristensen
et al. 2012) possibly due to a protection in insulin
sensitivity (McCarty 2005) while providing improved
glycaemic control and lipid profiles (Jensen et al. 2006).

Use ofWHORNIs is a conservative approach as they
present the lowest of all estimates of humanMg require-
ments (EFSA Panel on Dietetic Products Nutrition and
Allergies 2015) none of which have been corrected for
rising human body weights. Nonetheless, even with

Fig. 10 Regional scale estimates of dietary Mg deficiency risk
(%) in 1992 and 2011, EAR scenario 3. See Table 1 for the
descriptions of EAR scenarios. Columns represent five scenarios
of cereal grain processing: no processing (a), 25% processing (b),
50% processing (c), 75% processing (d) and 100% processing (e).
Boxes represent the inter quartile range of the Mg deficiency risk

within a region. Where the green shade turns lighter represents the
median for a region. Orange broken lines are the overall median
Mg deficiency risk at the intersection of cereal grain processing
and EAR scenario for the respective year. See Online Resource
Supplementary Table 4 for further information
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these conservative Mg requirements, this approach still
shows that high levels of grain processing lead to high
levels of Mg deficit and with it the risk of chronic
diseases of Man.

Caveats of the study

For the EAR scenarios, body weight data for chil-
dren (5–19 yrs) was derived from an arithmetic
mean of the BMI for the 200 countries which was
not weighted by country populations. For adult
mean global BW calculations, adult heights were
arithmetic means of the 200 countries, height at
age 18 for men and women. However, the EAR for
each scenario had later been weighted by the popu-
lation sizes of the respective age/gender in each
country included in this study resulting in a popula-
tion weighted Mg EAR. To estimate Mg processing
losses, we considered only grain processing. There

may be other Mg processing losses due to process-
ing of cane and beet to sugar and/or oilseeds to oils.

We studied human Mg balance data and hopefully
made educated estimates of human Mg requirement to
offset depletion of body Mg stores. But, there are no
balance studies that have measured CLMD in more than
a few subjects nor are there measures of the percent of
CLMD in any world populations. We do not know if
these factors will prevent or correct CLMD depleted
body Mg stores as direct research of this question is
currently inadequate to make this determination. Such
work needs to be done in order to accurately adjust the
Mg RNI factors to both prevent and correct depletion of
body Mg stores.

The WHO RNIs assume a coefficient of variation
of 10%. In this study, EAR = RNI/1.2 was used to
estimate Mg requirements of 50% of the healthy
individuals in a population. However, the actual
coefficient of variation of human Mg requirement

Fig. 11 Estimates of national level dietary Mg deficiency risk (%) under three EAR scenarios (scenario 1–3, left to right columns) and five
scenarios of cereal grain food processing (top to bottom rows representing whole, 25%, 50%, 75% and 100%, respectively) in 1992

Plant Soil (2020) 457:5–23 19



has not been measured. Besides, WHO RNIs assume
no extra Mg requirement for pregnancy even though
Mg is associated with pre-mature birth and low birth
weight (Tsang and Oh 1970; Takaya et al. 2006;
Marret et al. 2008). We added no factor for preg-
nancy, but assumed a standard rise in body weight
which resulted in increased RNIs and EARs for
pregnancy in our calculations.

Additional limitation of this study is the use of
food composition data from the United States De-
partment of Agriculture Nutrient Data Laboratory to
determine dietary Mg supply in 145 agronomically
and geologically diverse countries. This may result
in either over or under estimation of the Mg con-
centration in the various food items grown in these
countries and dietary Mg supply to the population of
those countries. Future research works to develop
national and sub-national food composition tables
are recommended.

Conclusions

Global dietary Mg Supply appears to adequately meet
human Mg requirement, even given the global obesity
epidemic and rising human body weights. But high Mg
losses due to grain processing start to show noteworthy
risks of potential Mg deficit due to chronic depletion of
body Mg stores in populations consuming diets with
50% + grain processing. These findings have ramifica-
tions for the global spread and development of the major
chronic, non-communicable diseases which are associ-
ated with low nutritional Mg.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in anymedium or format,
as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party

Fig. 12 Estimates of national level dietary Mg deficiency risk (%) under three EAR scenarios (scenario 1–3, left to right columns) and five
cereal grain food processing scenarios (top to bottom rows representing whole, 25%, 50%, 75% and 100%, respectively) in 2011
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