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ABSTRACT

Concentrations of As, Ca, Cd, Cl, Co, Cr, Cu, F, Fe, Hg, 1 K,
Mg, Mn, Mo, Na, Ni, P, Pb, Sb, Se, Sn, V, and Zn were determined in
human whole milk samples from Guatemala, Hungary, Nigeria, Phil-
ippines, Sweden, and Zaire; in most of these countries, three groups
el subjects representing different socioeconomic el
tudied. Analytical quality control was a primary consideration
mmughmn The amalytioal tiehnioues wsed were mibnie absorpnon
mic emission with an induc-
tively coupled plasma, colorimetry, electrochemistry, using an ion-
selective electrode and eiion sctvution sialyst
The differences between median concentrations of Ca, Cl, M
K. Na, and P (minor clements) were lower than 20% among the six
countries. Among trace elements, concentrations observed in Filipino
milk for As, Cd, Co, Cr, Cu, F, Fe, Mn, Mo, Ni, Pb, Sb, Se, and V.
were higher than for milk samples from other countries. The remain-
ing five countries showed a mixed picture of high and low values. In
the case of at least some elements, such as, F, I, Hg, Mn, Pb, and Se,

as reflected by her socioeconomic status, does not appear to influence
sigeiicantly the breast milk concentraions of mior and trace ele-

S!gmhcnnl differences exst between the actual dally iniakes
rved in this study and current dietary recommendations ma
by, for cxample, WHO and the US National Atademy of iy
These diffrences aze pariculaly Iacge (an order of magritude or
morel) for C, F, Fe, Mn, and Mo for other elements, such as, Ca,
Vig. . and Zn, hey amount to at leasta factor . In he opinvon of the
present authors, these findings point to the need for a possible
reassessment of the dietary requirements of young infants, with
respect to minor and trace elements, particularly for the elements Ca,
Cr, Cu, F, Fe, Mg, Mn, Mo, P, and Zn.

Index Entries: Human milk; elememal composition; trace ele-

enis; geographic comparison; seocheical influence; acation; in-
oot mutition: pediates winersl mlmhon, developing countries;
ban; rural

INTRODUCTION

A multinational study on breast feeding was initiated by the World
Health Organization (WHO) in 1973. Nine countries from different geo-
graphical locations, namely, Chile, Ethiopia, Guatemala, Hungary, In-
dia, Nigeria, Philippines, Sweden, and Zaire, participated in the investi-
gation that was carried out in three phases: contemporary patterns of
breast feeding, measurement of volume and major components, and
determination of minor and trace elements. The first two phases have
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been summarized in 1981 (1) and 1985 @. respecuvely The third phase,
that deals with the determination of minor and trace elements, an
assessment of their daily intake by infants, was coordinated by the
International Atomic Energy Agency (IAEA) in cooperation with the
WHO and six of the countries listed above (all except Chile, Ethiopia, and
India). A detailed account has just been completed (3). The purpose of
the present report is to summarize the essential features of phase three.
The elements selected included all the known essential trace elements
(with the exception of Si), and some important toxic trace elements.
Altogether, 24 elements were included: As, Ca, Cd, Cl, Co, Cr, Cu, F, Fe,
Hg, I, K, Mg, Mn, Mo, Na, Ni, P, Pb, Sb, Se, Sn, V, and Zn. Ca, Cl, Mg,
P,’K, and Na were also included since they, like many of the trace
elements, are also biologically essential, and their analysis could be
camied out by similar means

espite many important advances during the last 20 yr in the meth-
odolcgies available for the determination of trace elements in biological
materials, such analyses are still very commonly subject to significant
errors (4). Consequently, literature data are inconsistent for many trace
elements, and it is not possible to decide whether the differences are real
(representing biological and/or geographical variability) or artifacts aris-
ing from unrecognized analytical errors (5). Elimination of analytical
errors requires the development and use of suitable approaches and
procedures for analytical quality assurance. This was a primary consid-
eration in_planning the studies. A second objective was to find out
whether the nutritional status of the mother affected the breast milk
concentrations of minor and trace elements.

MATERIALS AND METHODS

Sample Collection

Three groups of mothers were studied in each of the countries
participating in this project. Details of the study areas, study groups, and
number of samples collected are shown in Table 1. The communities
from which the mothers were selected and the characteristics of the
study samples have been described in great detail (2). It was decided to
study the composition of human milk at one particular time after the
birth of the baby, namely, at about 3 mo. At this stage of lactation, the
milk is mature and its composition has reached stable levels for many of
its constituents. Moreover, 3 mo is a stage at which many mothers start
to wean their babies. After this age, therefore, the baby’s intake of
nutrients no longer depends exclusively on breast milk. Details of sample
collection procedures are described in ref. 3. Briefly, the collection steps
involved complete emptying of one breast (using breast-pump) around
noontime, approx 4 h after the previous feed. The collection centers were
requested to provide 10 to 20 mL of whole milk for elemental analysis.

Biological Trace Elerent Research Vol. 29 1991



54 Parr et al.

Study Areas, Study cmups, " Number of Human Mik

Samples Collected
Study area Description® No. of samples
Guatemala A 3
B 2
€ 0
Hungary A 2
B )
€ E
Nigeria A 6
B 2
c 10
Philippines A %
B 74
c 6
Sweden Only one group* 6
(urban + rural)
Zaire* A 7
¢ E

“Well-to-do mothers = A, Urban poor mothers
living in a rural environment = C.

“The distinction between urban and rural, as well a rich and poor,
was not e

B, and mothers

between really poor and not-so-poor urban mothers
was hough m be Imprecheatie

The samples were frozen, and shipped to the JAEA's laboratory in
Vienna in low temperature transport containers (Trans Temp, USA)
capable of retaining the samples at —11°C during shipment.

Sample Preparation and Analysis

The workload was shared among a group of experienced analytical
laboratories employing a variety of analytical methods. Table 2 identifies
the laboratories involved and the methods employed (6-13).

‘The IAEA's laboratory in Vienna served as a central coordinating
Iaboratory. Specimens recéived from the collection centers were stored at
low temperature (—20°C) until the analysis could be started. After thaw-
ing, each sample was homogenized, and if sufficient material was avail-
able, six separate aliquots of 5 mL each were placed in precleaned plastic
vials, carrying out the operations on a clean air workbench (laminar flow
hood). Aliquots designated for the determination of Ca, Cr, Mg, K, and
Na, were frozen pending analysis; the remaining aliquots were freeze-
dried and shipped to the reference laboratories.
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Table 2
Reference Analytical Laboratories, Elements Determined,
and Analytical Methods Used

Analytical

Analytical laboratory Elements determined _method _ Key® ref.
TAEA, Vienna Austia  Ca, Cr, K, Mg, Na AAS 6
INAA 6
Cd, Mo RNAA 7
Kemforschungsanlage ~ Co, Fe, Hg, Sb, Se, Zn  INAA 8
(KFA), Juelich, FRG  Cu, Mn RNAA 7
Inst. Science and Tech.,  Ni ICP-ES 6
Manchester, UK 7o AAS 9
Jozef Stefan Inst. V, 5n RNAA 10
Liubljana, Yugoslavia ~ As, 1 RNAA 1
Helsinki Univ. Tech. F ISE 12

Helsinki, Finland

Forschungsinstitut fuer P coL 13

Dortmund, FRG
AAS = Atomic absorption spectrophotometry.

INAA mental neutron activation analysis
ENAR = Raa bl neuton st analysis
ICP-ES = Emission spectro

-ES
ISE = lon seecive heiode (Bectrochemisiy).

coL i (Lght absorption spectrometry).
SEor viditana) Tt e T

Quality Assurance

An important feature o the analytical design used in this project is
that each element was determined by only one reference laboratory, to
eliminate interlaboratory differences. The quality of the data reported by
that laboratory was checked by means of o milk-based analytical quali-
ty control (QC) materials, and by nalysis of reference materials
(D, Fiest of these was & cow milk powder, a certified RM (IAEA A-11)
(14). At the time that this project was started, this was the only milk-
based standard available. As a result of the experience gained during the
course of this project work, it was recognized that A-11 was not the ideal
standard for this project in the sense that cow’s milk and human milk
differ significantly in the concentrations of some analytes. Partly for this
reason, but also because it was considered desirable to have a second
standard for internal QC (to monitor the constancy of performance of the
analytical methods during the full program of analysis), an additional
RM was developed, based on human milk (HM-1). It may be mentioned
that since the completion of this project, several other similar reference
materials have become available (15).
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mary of Analytical R for the Milk Based RM:
used m his Study for QC (concentration expressed in pyg, dry)y

Al HM-1

Element Certified™ This work This work
As 00485 = 4 0.0048= 4 0.0013 = 23

12,900 = 3 13,100 = 10 229 =4
cd 0.0017 = 11 <0.01 <0.006

9,080 + 9.5 9,920 = 2,748 = 4
Co 0.0045 = 18 00051 = 21 0.0015 = 47
cr 0.0177 = 21 0.018= =60
Cu 0378 = 8 039 160 * 85
E — 0176 13 0.054 * 13
Fe 365 = 105 2242 2 195 + 29
Hg 0.0032 = 2 — 0.008 = 43
1 0.087 = 7 009 6 0.32 =8
K 17,200 = 3 17,600 = 3840 = 4
Mg 1100 = 35 1130= 5 257 =3
Mn 0257 = 25 0260= 9 0072 = 10
Mo 0092 = 10 0.085= 11 0.007 = 50
Na 4420 = 4 4100= 10 82 =4
Ni — — 011 =28
P 9,100 = 55 1,.219= 1 1251 =2
P 0054 = 18 - 009 = 32
Sb — — 0011 = 42
Se 0034 = 105 0.031 = 13 0074 =9
v i 0.0009 = 11 0.0006 = 25
Zn 389 =3 378 21 =7

- Uncertanty of thesesulls expreseed in percentage t one sigma level
TabResuis for A5, Ca Cor Cr, o g, 1 M, Mo nd P arefor recent
intercomparison data (Ref 11).
ended concentrations by the IAEA.

Throughout the program, roughly 15% of the total workload was
spent on analyzing a number of aliquots of A-11 and HM-1. Some of the
HM-1 aliquots were included in the sample series designated as real
samples, and their identity was released to the analysts only after the
completion of the laboratory work. In addition to these two RMs, other
certified RMs, such as, NBS Bovine Liver and Bowen’s Kale, were used
by some analysts to evaluate their methodologies. A summary of results
for the two milk-based RMs is presented in Table 3. More details may be
found in ref. 3. Part of the investigations related to this project or related
to the reference materials used'in this project is reported elsewhere
(11,16).
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Table
Concentrations of Minor Biements in Human Milk
from Different Study Areas: Median Values = 15D*

Calcium Chlorine Magnesium
Study area (mg/L) n (mg/L) n (mg/L) n
Guatemala 303 =7 81 326 =14 31 341 =09 8l
Hunga 856 71 41 =24 33 0607 71
igeria 2614 15 3§ x4 16 20=26 15
Phiippines 270 =6 65 329 =2 31 297 07 6
eden 2513 29 401 =35 M2 +23 9
74=8 69 30 =20 24 ¥8 09 &

Phosphorus Potassium Sodium

Study area (mg/L) n (mg/L) n (mg/L) n
Guatemala 154 =4 26 487 =10 81 106 = 4 81
Hungary B6=x3 26 554x9 71 105 =6 7
igeria W62 3 402 15 7 =13 15
Philippines 147 =8 15 469 =11 65 128 =7 6
en 2 =7 4 58 x19 29 ES )
Zaire 1557 33 51 +10 6  120=5 6

*5.D. = Standard deviation of median as given by the quantity: 0.926R/VN where R
s its interquartile range (the difference between the 75th and 25th percentiles) and N is
the number of observations (17).

RESULTS

Data Evaluation and Presentation

Since, for many of the sets of data under consideration, the individu-
al data points do not all conform to simple Gaussian statistics, it was
decided to use a method of data evaluation (17) that is relatively insensi-
tive to the exact form of the statistical distribution, and to the presence of
outliners, namely, one based on the use of the median and its SD, s, as
given by the relation s = 0.926R VN, where R is the interquartile range
(the difference between the 75th and 25th percentiles), and N is the
number of observations.

Dry Matter

Total dry matter was individually determined in all samples from
various study groups and areas. Several significant differences between
study areas were observed, though they were not of very large magni-
tude in strictly numerical terms. A statistical summary of the results for
dry matter can be seen in the full report (3).
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Concentatons of Trace Elements in Huran il rom Diffeent Sudy Aress
edian Values =

Study area

Elem Unit_Guatemala _Hungary _~Nigeria _'Fm\'ppmﬂ Sweden Zaire
WgL 029 = 008 024 = 002 178 = 144 055 = 015 026 = 008
n 2 1 i 8 2

@ ougl ND ND 3672203 2672050  ND o
n 15

13 11 1

Co gl 024200 015001 06t 0n 102012 027200 03600
n a

G pgl 1172014 078020 435= 178 346 =060 148 =057 107 = 055

Cu pgl W1 W10 WB=2  0=18 6= 0 =16

Iougl @1 s=i 155
n 16

Mn pgl 379 =029 3232027 12 = 245
o 5

18210 50 =08
S owgl 10201
n s
Se wgl 19212
n 5
Vo oegl 021 =005

n 3 0
Snowgl 2u =28 — = = = 126 = 024
Zn pgl 2610 =30 1200 = 1

1 & n

BI=09 193 =11

3= 00 027 = 017
5

702100 190 = 120
£ ®

iow Toomowe Tobie 4

Elemental Concentrations

Concentrations of minor and trace elements in milks from various
study areas are presented in Tables 4 and 5, respectively. The errors
stated in these tables are total estimated uncertainties from a given
technique, (Tabe 2). The resuls shown,are average concentratons de-

m all the study groups. Analytical data on individual stud

group are recorded in the report (3). In the present report, differences
between study groups, if any, are indicated by specific comments. Typi-
cal concentrations of minor and trace elements under “normal’” condi
tions (i.e., after exclusing study areas where exceptionally low or high
values were observed) are identified and listed in Table 6.
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Table 6
Range of Median Minor and Trace Element Concentrations
Observed Under Apparently “Normal” Conditions

Element Unit Range
As wglL 0206
Ca mg/L 220-300
cd ngll <1

a mg/L 320-410
Co gl 0.15-0.35
Cr gL 0.8-15
Cu gl 180-310
F gl 7-17
Fe gl 350-720
Hg pg/l 1417
1 gl 5-65
K mg/L 410-550
Mg mglL 2938
Mn wgl 34
Mo ngll 033
Na mglL 90-130
Ni gl 11-16
P mglL 135-155
P ngll -5
Sb ng/l 14
Se g/l 13-24
sn i ~1

v bglL 0103
Zn mglL 07-20

Daily Intake of Elements from Breast Mik

Daily intakes of various elements have been calculated by multiply-
ing the concentration by the median daily intakes of breast milk in each
of the study areas (Table 7). The following median values were used (g/
d): Guatemala 636, Hungary 670, Nigeria 642, Sweden 800, Philippines
639, and Zaire 467. With the exceptions of Zaire, milk vol of this study
compare well with recent mean vol reported for Swedish mothers (740 =
150 g/d, ref. 18) and American mothers (753 = 89 g/d, ref. 19).

DISCUSSION

Differences between Study Areas, Comparison with
Literature Data, and Dietary Recommendations
A comparison of the measured daily intakes with recommended
daily intakes proposed by WHO (20,21) and US National Academy of
Sciences (NAS) (22), or estimated safe and adequate daily intakes (ES-

Biological Trace Element Research Vol. 29 1991
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ADI) (NAS) is also shown in Table 7. The figures quoted are to be
interpreted as recommended dietary allowances (RDA) or intakes, if a
single figure is given, or as ESADI if a range is given. In the same Table,
intakes are also compared with maximum tolerable intakes as they have
been set by various FAO/WHO Expert Committees on Food Additives
(23-28).

Minor Elements

Most median concentration values obtained were in the range of
200-300 mg/L for Ca, 300400 mg/L for CI, 120-180 mg/L for P, and 60 to
170 mg/L for Na. For Ca, Guatemala had significantly higher values than
most other study areas. In Guatemala, also the three study groups
differed significantly from each other: urban elite > rural > urban poor.
For Mg and K, several significant differences were observed (Tables 4
and 7). For example, the Zairian data are relatively high, and the
Nigerian and Philippine data relatively low. In the case of K, the Hun-
garian and Swedish values are relatively high. The Nigerian data cover a
very wide range. In Guatemala, the rural group had significantly lower
values than either of the urban groups.

A comparison of the concentrations of minor elements with data
reported in the earlier scientific literature (5), as well as with some recent
findings (29,30), reveals no serious discrepancies. Results for Na from the
present study show slightly lower values than those found in the litera-

ure. However, the present findings are backed by analysis of reference
materials, and therefore, are believed to be more reliable.

‘The daily intakes of minor elements through mother's milk fall in the
relatively narrow range of 128-193 mg/d for Ca, 18-27 mg/d for Mg, 72
114 mg/d for P, and 56-82 mg/d for Na. For Cland K, the ranges are 163
321 and 239-438 mg/d, respectively. Al these ranges are generally below
(in some cases < 50%) the RDA or the ESDDI prescribed by the NAS
Report (22), indicating that these recommendations may have been set
too high or may include an overgenerous margin of safety. However, the
ratios of Ca:P fall within the desirable range of 1.5 to about 2.0, as
discussed in the NAS report.

Trace Elements

Arsenic (As): Concentrations of As in specimens from the Philip-
pines were rather high (18.9 = 4.0 pg/L) in relation to those from all
other study areas (0.24 to 1.78 g/L). The Nigerian data had a relatively
high median value and a very wide total range (Table 5).

Data reported for As in the literature vary from 3.2 to 36 ug/L (5).
Because of difficulties in determining this element relisbly in bilogical
materials (4), these results should be interpreted with extreme caution.
Recently, concentrations of 0.41  0.12, 0.44 = 0.23, and 3.04 = 0.96 ug/

Biological Trace Element Research Vol 29 1591



Results from a WHO/IAEA Project 63

L (mean = 15D) in mature milk for Indian (31), Yugoslavian (32), and
Chilean subjects, respectively, have been reported. The high values cited
for Chile are linked to high natural As in drinking water in a particular
region. In contrast, in the Santiago region of Chile, the values were less
than 0.1 pg/L (33).

The relatively high daily intake (Table 7) figure of 12 g (range 5-20)
by Filipino babies in relation to about 1 g or less in the remaining five
countries may perhaps be a cause for concern. Arsenic levels in tissues
and body fluids have been linked to differences in dietary intake of this
element. For example, high levels in blood of Japanese and Taiwanese,
and in liver and hair of Japanese and Indians, have been reported (34).
This probably reflects the geochemically high levels of As in those parts

Asia

Cadmium (Cd): Many of the milk samples contained Cd at levels
close to, or below, the limit of detection. For this reason, it was not
always possible to obtain meaningful values for the median and other
statistical parameters. Milk specimens from the Philippines had signifi-
cantly higher levels than those from most other collection centers. Al the
values for specimens from Zaire were below the detection limi

There is very lttle reliable information on Cd in the scientific litera-
ture, and the published data vary widely from 0.1 to 19 ug/L (5). Recent
results obtained for Yugoslavian samples (32) are consistent with the
values reported in Table 5, namely, < 0.3 pg/L.

With the exception of Nigeria, the median intake values reported in
Table 7 are all considerably below the provisional tolerable intakes pro-
posed by FAO/WHO (23). A close examination of the results from each
country suggests that approx 20% of the samples from Nigeria and 10%
of the samples from Guatemala would have been associated with intake
values in excess of the provisional tolerable intakes. Since Fe deficiency,
which is common in many developing countries, is believed to enhance
cadmium absorption (35), this might be considered a possible explana-
tion. Further investigations in these countries is advisable.

Cobalt (Co): Significant differences for this element between differ-
ent study areas were observed. Highest values were measured in sam-
ples from the Philippines, whereas the Hungarian values were the low-
est. In Guatemala, the urban poor had significantly higher values than
the urban elite. In Zaire, the rural group has significantly higher values
than the urban group.

Results reported in the scientific literature vary widely between 1
and 8.6 ug/L (5). Recently, mean concentrations of 0.5 and 0.37 pg/L in
milk from Indian (36) and Chilean subjects (33), respectively, were re-
ported.

The intake values for Co found in this study vary significantly
between study areas. However, the assessment of total Co levels in
human milk has only limited nutritional significance since this element is
required only as vitamin B... The current RDA for infants (0.1 g vitamin

Biological Trace Element Research Vol 29 1991



64 Parr et al.

By/d) corresponds to about 0.004 pg Co/d, a value that s easily exceeded
in all study areas.

Chromium (Cr): Despite the fact that this is a difficult element to
determine reliably in milk and other biological materials (37), and that at
the time these measurements were carried out no appropriate certified
reference materials for it were available, there are reasonable grounds for
confidence in the accuracy of the analytical method used in this study.
However, most of the measured values were close to the detection limit
of the method, thus, leading to relatively large measurement errors
(Table 5).

The specimens from the Philippines and Nigeria (3.50 and 4.35 pg/L,
respectively), were exceptions with relatively high Cr concentrations, as
compared with the other study areas (0.8-1.5

The results obtained for Cr in this study are lower than most litera-
ture data (5). However, our results differ from the findings of < 0.5 pg/L
reported for Finnish (38) and American subjects (39). This raises some
doubts about whether our findings are distorted by a systematic analyti-
cal error, or even by contamination. The analytical quality assurance data
(annex2, ref. 3), argue against the existence of such errors. However, the
analytical precision was poor, and therefore, the data obtained from this
study must be viewed with caution. Nevertheless, it is probably valid to
conclude that chromium concentrations in human milk are equal or less
than the values obtained in this study.

‘The median intake values of Cr vary from 0.5 g/d in Zaire to 2.8 g/
d in Nigeria, and all are considerably below the ESADI proposed by
NAS. In view of the analytical difficulties associated with this element
(37), a reassessment of the recommended intakes, on the basis of reliable
analytical data, appears to be necessary. As discussed previously, if the
results of this study are considered as upper limits, then, there is an even
greater discrepancy with the present NAS recommendation.

Copper (Cu): Several significant differences were observed, though
in numerical terms they were not of large magnitude. In general, the
Philippines, Nigeria, and Guatemala had relatively high values (260 to
3 0 ug/L), and the remaining study areas, relatively low values (190-200

In general, the findings of the present study are in agreement with
the results reported in the literature (5). Also, recent findings by various
investigators (29,31-33) fall in the range of 250 to 340 g/L). Exception to
this on the high side and close to 400 pg/L (range 210 to 630) has been
reported from the northern region of Chile with mining activities (33).
On the other hand, very recently, a concentration of 200 = 22 pg/L has
been reported for Venezuelan (Merida region) mothers at one month
postpartum (40).

Median intakes of Cu in this study (Table 7) varied between 94 pg/d
(Zaire) and 198 pg/d (Philippines), all of which are lower than the 480 g/

Biological Trace Element Research Vol 29 1991
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d recommended by WHO (20), or the 500700 pg/d ESADI range recom-
mended by NAS (22).

Fluorine (F): Fluorine is another that s difficult
reliably at the levels found in human milk. It also suffers from a lack of
appropriate reference materials. Nevertheless, there are reasonable
grounds for confidence in the analytical methods used in this study. The
results indicate that there are great variations between the Philippines
(118 pg/L) and the remaining five countries (7 to 25 ug/L).

The results from Guatemala and Zaire (Table 5) compare well with
the findings, namely 5 and 9 pg/L, reported for Finnish subjects living
respectively, in low and high F areas (41), and in the Netherlands (42).
The geochemical environment strongly influences the fluoride content of
foods grown in any one area, which presumably explains the wide
difference in fluoride concentrations observed in human milk in the
present study.

Median intakes of Fin this study varied between 3.2 ug/d (Zaire) and
75 ug/d (Philippines) (Table 7). Even the relatively high values from the
Philippines is below the ESADI range of 100-500 pg/d recommended by
NAS. However, even for breast-fed infants, drinking water may be
assumed to be an additional source of F, and this may raise total intake to
the recommended levels in many areas of the world.

Iron (Fe): Notable observations were the high levels in the Philip-
pines and the relatively low levels in Guatemala and Hungary (Table 5).
In Guatemala, the rural group had significantly lower values than either
of the urban groups, and vice versa in Zaire.

The range of median concentrations (350 to 720 pg/L) observed for
the present study areas indicates a certain degree of difference between
the areas involved. However, it is similar to the overall tendency report-
ed for Fe in the literature (5), showing a range of 200 to 1300 g of iron/L.
Some differences between rural and urban groups were identified, al-
though no definite trends could be detected. For example, in Zaire, the
rural group, that presented signs of malnutrition in mothers and chil-
dren, had a higher concentration of Fe (850 ug/L) than the urban group
(400 pg/L). In this study, Fe concentration in breast milk appears to be
unrelated to the Fe status of the mother, which is consistent with other
reports in the literature (43,44).

Median intakes for Fe in this study varied between 220 pg/d (Gua-
temala) and 460 .g/d (Philippines), all of which are much lower than the
10,000 pg/d recommended by NAS. Even lower values of 131 = 6 pg/d
and < 100 pg/d has been reported in recent studies from the USA (29)
and Venezuela (40), respectively. However, the NAS (22) recommenda-
tion assumes a 10% bioavailability for Fe, that may be close to reality for
breast-milk substitutes but not for breast milk. It should also be noted
that the FAO/WHO maximum tolerable daily intake, when calculated on
the basis of a 6 kg body wt, is less than the RDA value recommended by
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NAS There appears to be some inconsistency between these recommen-
dati

Mercu (Hg): The median concentration values all fall within a
fairly narrow range, differing only by a factor of just over two between
the lowest and highest (Table 5). The Swedish values stand out by being
significantly higher than those for most other study areas (3.34 = 0.33
pglL), followed by Zaire (2.66 = 0.66 ug/L)

The findings of the present study are in general agreement with the
literature data (5), including recent results published for Yugoslavian
subjects (32).

All the median intake values found in this study (Table 7) are less
than the provisional tolerance limits of 4 pg/d proposed by WHO/FAO
(23). The country with the highest median value of intake is Sweden with
2.7 ug/d. This is probably linked to the relatively high fish consumption
of Swedes. A close examination of the results from each country suggests
that approx 10-15% of the samples in Nigeria and Sweden, and 20-25%
of the samples in Zaire would have been associated with intake values in
excess of the provisional tolerable intakes. Further investigations in these
countries are advisable

Iodine (1): lodine belongs to the group of elements that are difficult
to determine at low concentrations in biological materials, besides lack-
ing appropriate reference materials. However, there are reasonable

rounds for confidence in the analytical method used in this study. No
significant differences in I concentration between study areas were ob-
served (56 to 88 pg/L), except for the Zairian data (15 pg/L) that stand out
because of their low median values and large variability (Table 5). In
Guatemala, the urban poor group had significantly lower values than the
urban elite group.

Concentrations of I in human milk have been scarcely investigated.
The commonly quoted sources (45,46) quote 50 ug/L, which is similar to
the levels found in this study with the exception of Zaire, a region known
for endemic goiter. In a recent study on Yugoslav subjects, a mean value
of 88 = 83 pg/L of I was found in mature milk (32). Much higher values
have been reported in human milk specimens from Japanese subjects (47)
who consume dietary algae, i.e., 150 pg/L (mode), with a range of 80~
7000 pg/L.

Median intakes of I in this study (Table 7) were all, with one excep-
tion (Zaire), within the narrow range of 36-45 ug/d, in remarkable agree-
ment with the RDA of 40 pg/d recommended by NAS (22). In Zaire, the
study was conducted in the Kivu province that is notorious for its
endemic goiter. It thus appears that the low I intake is reflected in the low
I values in breast milk.

Manganese (Mn): Manganese is an element that is very susceptible
to external contamination. The quality assurance data for this study
indicate that the sampling steps were reliable and the analytical method
was working with satisfactory accuracy and precision. Several significant
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differences in Mn concentrations were observed between study areas.
Once again, the Philippine data were by far the highest (39.6 pg/L). In
contrast, Guatemala, s, Hungary, and Sweden all had relatively low values
(3-16 pg/L). The urban poor group in Guatemala, and the rural group in
Zaire had higher values than the remaining groups.

In the literature, concentrations of 4 pg/L in mid-lactation (2-6 mo)
and 6-8 pg/L in late lactation have been reported (5,31,32). These values
compare well with those found in this study in Guatemala, Hungary,
and Sweden. In a study involving Indian subjects, a concentration of 23.0
= 8.3 pg/L (mean value = 1 SD) has been reported (31).

Median intakes of Mn in this study (Table 7) varied considerably
between 2.4 ug/d (Guatemala) and 25 pg/d (Philippines), all of which are
more than an order of magnitude lower than the ESADI range of 500-700
hg/d proposed by NAS (22). Obviously, some reassessment of the latter
estimate is called for.

Molybdenum (Mo): In a number of samples, Mo concentrations
were close to, or below the limit of detection. Therefore, it was not
always possible to obtain meaningful values for the medians and other
statistical parameters (Table 5). A notable exception was the specimens
iwm the Philippines (16. 4+ 39 ug/L), characterized by their much

han those from areas (0.4 10 2.7 ug/L).
® There is very lttle ndormation m the Hierature with Which 4 com
pare these findings. In a study involving Indian subjects, a concentration
0f6.4 = 3.8 ug/L (mean value = 15D) has been reported (31). Two more
studies that appeared very recently reported 1-2 pg/L for American
mothers (48) and 1.2 + 0.5 pg/L in French subjects (49) in mature milks of
2moand 1 mo pp, respectively. Concentrations of Mo in food are known
to vary considerably, depending on the environment in which the food
was grown, and this is probably the origin of the large differences in Mo
concentration in human milk observed in this study.

Median intakes of Mo in this study (Table 7) varied widely between
less than 0.3 pg/d (Hungary) and 10 pg/d (Philippines). With the excep-
tion of the Philippines, these values are all one or more orders of magni-
tude lower than the ESADI (30-60 ug/d) proposed by NAS (22), and the
daily intake recommended by WHO (ref. 20, 12 ug/d), indicating that
these recommendations may be in need of revision.

Nickel (Ni): Several significant differences were observed. The high-
est and the lowest median concentrations of 16.1 and 4.9 pg/L were
measured in samples from the Philippines and Zaire, respectively,
‘whereas in the remaining 4 countries, the results varied between 11 and
14.4 pg/L (Table 5). Between the study groups, subjects from the urban
elite in Guatemala and the urban poor in Nigeria showed high values.

There is so little information on nickel in the literature that a mean-
ingful comparison is not possible. In a very recent study, a concentration
of 1.2 = 0.4 pg/L was reported at 2 mo pp for American subjects (43).

Median intakes of nickel in this study (Table 7) were mostly in the

Biological Trace Element Research Vol. 29 1991



68 Parr et al.

rather narrow range of 8-10 pg/d with the exception of Zaire where the
median intake was only 2.3 pg/d. There are no recommended intakes
from NAS (22) or WHO (20) with which to compare these figures. The
American study (48) reported an average daily intake of 0. i g

Lead (Pb): Although there are no a priori reasons for doubting the

reliability of the analytical data, some quality assurance prcblems were
and efforts were

them. Because of the very nature of the difficulty in detem\mmg Pb in

milk, it was concluded that still more stringent quality assurance steps

are desirable.

The concentration values obtained in the present study, that are in
reasonably good agreement with data reported in the scientific literature
(5), appear to fall into two groups: relatively high values in Hungary, the
Philippines, and Sweden, and low values in others (Table 5).

edian intakes of Pb in this study (Table 7) varied widely between
less than 1.8 pg/d (Guatemala) and 13 pg/d (Sweden). However, even the
higher values observed in Sweden are much less than the provisional
tolerable weekly intake proposed by the 30th Joint FAO/WHO Expert
Committee on Food Additives (2

Antimony (Sb): Several highly significant differences are apparent in
the data (Table 5). The Philippines values are very high; the data for
Guatemala and Hungary, on the other hand, are very low, whereas
concentrations observed for Nigerian samples are highly variable.

ere is almost no reliable information on this element in the litera-
ture (5). In a recent study on Yugoslavian subjects, a mean value of 0.16
+ 0.17 pg/L of Sb was found in mature milk (32). Clearly, further work is
still required to establish well validated values for Sb in human milk.

Median intakes of Sb in this study (Table 7) varied widely between
0.6 pg/d (Guatemala) and 7 pg/d (Philippines). There are no recom-
mended intakes from NAS or WHO with which to compare these fig-

“Setenium (Se): The median concentration values obiained for sam-
ples from the different study areas varied between 13 and 33 pg/L (Table
5). Some of the differences are highly significant, the Philippine values
being very high, and the Hungarian and Swedish values, relatively low.

Selenium is one of the few trace elements that can be determined in
biological materials with reasonably good reliability (6,50). It is therefore
not surprising that the results of this study agree well with the literature
data (5,34), and that they fall within the range of values quoted in a
recent review by Levander (51). This range extends from a low of 2.6 g/
L in a Keshan disease area to a high value of 283 pg/L in an endemic
selenosis area. In other recent studies related to this element, the follow-
ing concentrations have been reported: 20 pg/L in mature milk from
Indian mothers (36), 20 = 4 pg/L in mothers residing in the Santiago area
of Chile (33), and somewhat lower values of 8.5 + 2 pg/L for Yugoslavian
subjects (32). In a very recent study, selenium concentrations of 16.4 to
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20.2 pg/L were found in mature milk (up to 19 mo postpartum) in rural
Gambian women (52). No differences in selenium concentrations were
observed between milk samples from 1-6 mo postpartum and 13-19 mo
postpartum in the Gambian study. The levels of Se in foodstuffs are
known to vary widely according to the geochemical environments in
which the foodstuffs are grown, and this presumably explains the vari-
ability observed in the present study. Such variations have been reported
in clinical specimens, such as, whole blood and its components, liver,
hair, and urine (50).

Median intakes of Se in this study (Table 7) varied between 9 pg/d
(Zaiee) and 21 gid (Philippines). These are t the lower end of the
ESADI suggested by

Tin (Sn): Tin is a dlfﬁcult element to determine in milk. Because of
several analytical constraints (6), only a few samples from two study
areas were analyzed. Samples from Guatemala and Zaire were found to
contain about 1-2 jg/L of this element. It is not possible to make any
statistical comment on the results. In the only other known study where
tin analysis was undertaken, a lower concentration, namely 0.3 ug/L was
reported for Yugoslavian subjects by the same group as did the analysis
in this study (32).

Median intakes available from only two of the countries included in
this study were 0.6 pg/d (Zaire) and 1.5 pg/d (Guatemala). These levels
are several orders of magnitude lower than the maximum tolerable daily
intake (Table 7). Since Sn is almost totally excreted via feces, mothers
exposed to higher levels of Sn through their diets are unlikely to secrete a
significant amount into their milk.

Vanadium (V): Vanadium is another difficult element to determine
in milk. However, because of the suitability of radiochemical neutron
activation analysis for the determination of V even at very low concentra-
tion levels, there are reasonable grounds for confidence in the results
Shiained: Semples from the Phllipines and Nigeria had relatively righ
concentrations of V, as compared with Sweden and Hungary, that
relatively low ones (Table 5).

There is very little information on V in the literature with which to
compare these findings. In a study on Yugoslavian subjects where V
analysis was undertaken, a concentration of 0.15 pg/L, very similar to
that found in Hungary and Sweden of 0.11 and 0.13 pg/L, respectively,
has been reported for mature milk by the same group as did the analysis
in this study (32).

Median intakes of V in this study (Table 7) varied widely between
0.07 pg/d (Hungary) and 0.4 pg/d (Philippines). There are no recom-
mended intakes from NAS or WHO with which to compare these fig-

es.

Zinc (Zn): Several significant differences in Zn concentrations are
apparent in the data (Table 5). The values for Guatemala are relatively
high whereas those for Hungary and, in particular, Sweden, are low. In
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Guatemala, the urban elite group showed the lowest values, with the
urban poor and rural groups having values higher by factors of about 2
and 4, respectively.

Zinc is one of the few trace elements that can be determined in
biological materials with reasonably good reliability (6). It is therefore not
surprising that the results of this study agree well with the literature data
(5). In other recent studies related to this element, the following concen-
trations (mean + 1 SD) have been reported: 2.4 = 1.2 mg/L in mature
milk from Indian Mothers (31), significantly higher values of 3.6 = 1.0
mg/L in mothers residing in the Santiago area of Chile (33), and some-
what lower values of 1.44 = 0.11 mg/L. for Yugoslavian subjects (32).

Median intakes of Zn observed in this study (Table 7) varied by a
factor of 3 between 0.6 mg/d (Sweden) and 1.7 mg/d (Guatemala). All
these values are considerably lower than the dietary allowance recom-
mended by NAS (22) or WHO (20), and the provisional tolerable intakes
proposed by WHO/FAO (Table 7).

Comparisons between Actual Intakes Observed in
this Study and Current Dietary
Recommendations

Significant differences exist (Table 7) between the actual daily in-
takes observed in this study and current dietary recommendations made
by, for example, WHO and the US National Academy of Sciences. These
differences are particularly large (an order of magnitude or more!) for Cr,
F, Fe, Mn, and Mo; for other elements, such as, Ca, Cu, Mg, P, and Zn,
they amount to at least, a factor 2.

ne of the sources of these discrepancies can probably be found in
the fact that, for some elements, existing dietary recommendations are
based, in part, on old analytical data of doubtful reliability. It was for this
reason that analytical quality assurance received such close attention in
the present study.

The authors recognize that in assessing dietary trace element re-
quirements of infants, the situation with formula-fed infants is different
from that of breast-fed babies. For example, the superior bioavailability of

n from human milk, the elevated Zn concentrations in human milk
tsing sacly stages of lactation, as wall 25 reqbsorption by breastfed
babies of endogenous Zn secreted into the gut, can make significant
difference in requirements. Thus, existing dietary recommendations are
justified in including a factor to take account of Iow bioavailability where
applicable, from formula milk products. However, it is difficult to imag-
ine in some cases, e.g., Fe, that this could possibly justify setting the
recommended allowance as high as an order of magnitude greater than
normal intakes by healthy infants from their mother’s milk. A reassess-
ment of some of the existing dietary recommendations for infant feeding
may therefore be desirable
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Sources of Variation in the Elemental Composition
of Human Milk

The composition of human milk is by no means constant, even from
asingle subject, and several factors have been identified that are respon-
sible, either directly or indirectly, for the variations observed. These are
both’ physiological and nonphysiological in origin, and many of them
have been mentioned in previous publications (2,5,53-55).

Longitudinal variations (i.e., as a function of time) during the post-
partum period, are known to occur for some elements, particularly for
copper and zine, both of which decrease in concentration as lactation
continues (56). However, as explained in the “Materials and Methods”
section, this source of variation was outside the scope of the present
study, since all the samples were collected at about 3 mo postpartum.

‘Another potential source of variability is the socioeconomic status of
the mother. Some information on the influence of this factor was avail-
able from the present study since, in most of the study areas, samples
had been collected from three different socioeconomic groups (Table 1).
As already stated in the section describing results for individual ele-
ments, some significant differences were occasionally observed between
urban well-to-do, urban poor, and rural groups; however, no consistent
trends could be identified.

eographical influences are thought to be the main source of vari-
ability observed in this study. For example, the soil status of Cu, Fe, Mn,
Mo, and Zn has been reported to be low in Hungary and high in the
Philippines (57). It is interesting to note that a similar picture is reflected
in the present study for these elements in milk samples from these two
countries. Similarly, the Nigerian soil status has been classified as
normal-to-low (with the exception of Mn which is high), and the milk
composition reflects these findings. Unfortunately, not all elements and
countries included in this investigation are covered in Silanpaa’s report
and therefore, an extended comparison is not possible. The observed
variations are probably a reflection of the varying levels present in foods,
that are generally dependent on the geochemical environment in which
they are grown. For example, the consumption of foods rich in I (e.g.,
certain dietary algae), can rapidly affect the concentration of this element
in breast milk (47). Similarly, high levels of fish consumption has been
linked to high concentrations of Hg in the milk of Eskimo mothers (58).

Environmental contamination can also be a source of trace elements
in human milk. For example, in an investigation involving subjects from
atown with prominent Pb pollution of the atmosphere, highly significant
increases in the Pb content of milk have been reported (59). The same
factor is probably responsible for the high values found in this study in
Hungary, Sweden, and possibly, the Philippines.

me contamination of the samples prior to analysis is a possibility
that cannot absolutely be ruled out, particularly for those elements that
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occur only at levels of the order of pg/L, e.g., Pb. Although quality
assurance was emphasized throughout this program, it was possible to
apply active quality control only in respect of the analyses, but not of the
sampling. Nevertheless, the experimental protocol prescribed rigorous
procedures to ensure the validity of the samples, and there is no a priori
reason to believe that any of the collection centers would have deviated
from those procedures.

‘CONCLUSION

It can be concluded from this study that when minor and trace
elements are determined under similar conditions in the breast milk of
groups of mothers living in different parts of the world, environmental
conditions appear to play a major role in determining the concentrations
of most of them. However, for some of the elements, there appears to be
little difference between groups and countries, and this is the case of Ca,
Cl, K, Mg, Na, and P. The differences between median concentrations
for these elements are lower than 20% between countries (difference
from a median value) and may even be as low as 7% as in the case of
phosphorus. Breast milk concentrations in these elements are probably
controlled by homeostatic mechanisms that account for the small varia-
tions.

There is a second category of elements where differences between
study areas may be very large although similar values may be found in a
‘majority of countries. This is the case, for instance, of I where in five
countries participating in the study concentrations i breast milk varied
very narrowly, and it s in one study area only i.. Zaire, thata low figure
was found. These variations in breast milk concentrations, when they
oceur, are most likely reflecting variations in environmental conditions or
food habits. e nulrmcnal status of the mother as reflected in her

i us does not appear to i the breast
milk concentrations of minor and trace elements. The range of concentra-
tions found under usual conditions, ic., after excluding study areas

low or high values d is given in Table 6.
These ranges may be useful in determining the desirable concentration of
trace elements in breast milk substitutes; this, however, does not apply
to toxic elements, such as, Cd, Pb, and Hg. It may be opportune in this
context to formulate the concern expressed by a WHO expert committee
in 1973 (20) which recommended then, with respect to formula products
for babies, that such formulations should contain all the minor and
essential trace elements at least in those levels that are present in human
milk. Then the emphasis was on the need to meet minimum nutritional
requirements. Nowadays, one might also wish to express concern over
the possibility that such formulations based on existing dietary recom-
mendations, may contain excessive levels of some trace elements, to an
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extent far exceeding the normal nutritional requirements of babies during
the first few months of life.

In the opinion of the present authors, the findings of this study point
to the need for a possible reassessment of the dietary requirements of
young infants, with respect to minor and trace elemems, , pariculady for
the elements Ca, Cr, Cu, F, Fe, Mg, Mn, Mo, P, ai
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EQUIVALENCY LAW IN THE METAL REQUIREMENT
OF THE LIVING ORGANISMS?
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From information referring to metal requirements of the human organism as well as metal
contents of human and cow’s milk and cereal grains it was concluded that an Equivalency Law
exists in the metal balance of the living organisms. According to this law the alkali metal
requirement {mainly potassium and sodium) is chemically equivalent to that of polyvalent metals
(namely calcium, magnesium, zinc, iron, etc.). Theoretical considerations are given for proving
the existence of the Equivalency Law.

Keywords: equivalency law, living organisms, metal requirements

With the development of science, more and more knowledge has been
accumulated on nutrient requirements ensuring optimal function of human, animal (and
plant) organisms. In addition to protein, carbohydrate, vitamin, etc., the requirements
apply to mineral substances, macro-, meso- and microelements, as well. The values
recommended on the basis of the most recent information concerning nutrient
requirements of the human organism, are collected in the Recommended Dietary
Allowances (RDA, 1989) by the Food and Nutrition Board of the National Research
Council, the National Academy of Sciences in the US, and is republished from time to
time. Surveying RDA data, the following regularity can be observed: the daily alkali
metal requirement (EM*, mainly potassium and sodium) of the human organism is
chemically equivalent to the sum of the polyvalent metal requirement (EM#*, namely
calcium, magnesium, zinc, iron, etc.). Taking into account metal contents of samples of
biological origin (milk and cereal grains) as well as simple theoretical considerations, it
can be concluded that this regularity exists in the metal balance of all the living
organisms on the Earth.

0139-3006/98/$ 5.00 © 1998 Akadémiai Kiado, Budapest
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1. Discussion

The regularity mentioned may be termed as Equivalency Law, which can be
described by the following formula: EM*=YXMZ*", Respective RDA data referring to
adult men aged 19-24 years may represent the relevancy of the Equivalency Law (see
Table 1).

The data in Table 1 show there is hardly any difference between alkali metal
requirement, amounting to 92.085 milliequivalent/day (meq day~!), and polyvalent
metal requirement, which is 89.853 meq day~!. According to RDA data, the difference
is greater, for example, in the case of children aged 7-9 years (Ca: 800 mg, Mg:
170 mg, Fe: 10 mg, Zn: 10 mg, Mn: 2-3 mg, Cu: 1-2 mg, Na: 400 mg, K: 1600 mg);
on the basis of which alkali metal requirement is 58.322 meq day~! and the sum of
polyvalent metal requirement is 54.849 meq day~!. This difference, however, can not
question the existence of the Equivalency Law, since RDA tables give data estimated as
optimal values.

1t is advisable to express the deviation from the Equivalency Law by calculating
relative deviations, in percent, for example, by considering half the equivalents of the
total amount of metals as standard. Thus, the relative deviation is 3.07% (A+)
for children. (“A+” denotes alkali metal excess.) [E.g. (58.322+54.849)/2=56.5806,
the deviation from this is 58.322-56.586=1.736, which amounts to
1.736-100/56.586=3.07%]. Relative deviation is 1.23% (A+) for adult men.

Table 1

Metal requirement of adult men aged 19-24 years

Metal mg day™! milliequivalent day™!
Ca 1200 59.883
Mg 350 28.801
*Fe 10 0.448
Zn 15 0.459
*Mn 3.5(2-5) 0.191
Cu 2.25(1.5-3) 0.071
Na 500 21.749
K 2750 (2000--3500) 70.336
Alkali metals M 92.085
Polyvalent metals v 89.853

* The equivalents are calculated for iron with 2.5+ charge, and for manganese with 3+ charge
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The Equivalency Law can also be expressed by the formula: M /EM*"=1. In this way
the deviation from the law (“quotient of equivalency”) can be calculated by:
EQ=YM"/IM#". The value of EQ is greater than one for alkali metal surplus and is
lower for the opposite case.

There are data referring to the Equivalency Law in the vegetable kingdom, as
well. Results of my measurements concerning metal content of natural cereal flakes and
cereal flake flours produced in 1994 in Hungary are given in Table 2. (After digestion
with nitric acid and hydrogen peroxide, the metal contents were measured by a plasma
emission spectrometer, Thermo Jarrell Ash Corp., AtomScan 25 type ICP.)

Table 2

Metal content of cereal flakes and flake flours [mg kg!]

Barley Wheat Rye Oat
Metal
flake f. flour flake f. flour flake f. flour flake f. flour
Ca 256.7 244.8 2972 325.3 3294 420.0 663.1 444.9
Cu 4.179 3.848 3.243 3.697 2472 3.462 4.236 3.431
Fe 30.03 28.93 35.52 40.42 18.22 28.09 36.71 29.90
K 2890 3257 3429 3525 3942 5603 3632 2524
Mg 860.6 875.1 1088 1040 1027 1478 1357 921.0
Mn 10.13 10.06 34.20 3593 18.62 27.96 46.26 39.42
Na 52.85 72.35 13.23 20.40 13.69 12.55 20.01 15.94
Zn 22.69 21.47 19.14 22.49 17.35 26.66 24.19 22.36
Table 3
Cereal flakes and flake flours and the Equivalency Law
M? M (Z+5)/2 A EQ
[meqkg]  [meqkg')  [meqkg’] [%)
Barley flakes 76.216 86.349 81.283 6.23 (A-) 0.8827
Barley flake flour 86.451 86.848 86.650 0.229 (A~) 0.9954
Wheat flakes 88.278 108.50 98.389 10.28 (A-) 0.8136
Wheat flake flour 91.045 105.95 98.499 7.57 (A-) 0.8593
Rye flakes 101.42 103.39 102.41 0.96 (A~) 0.9810
Rye flake flour 143.85 146.29 145.07 0.840 (A-) 0.9833
Oat flakes 93.763 149.80 121.78 23.01 (A-) 0.6259
Oat flake flour 65.249 102.27 83.760 22.10 (A=) 0.6380
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On the basis of data in Table 2, Table 3 shows alkali metal contents (ZM™),
polyvalent metal contents (EM#*), half of the total metal contents ((£+X)/2) and relative
deviations from the Equivalency Law (A[%] and EQ respectively). Iron and manganese
contents are calculated as above, “(A-)” denotes the lack of alkali metal.

Table 4

Metal content of human milk during the first 4 months of lactation [meq kg”{ ]

Lactation {months)

Metal Overall
1 2 3 4
Ca 14,8211 15.0207 14.5716 14.2223 14.6714
Mg 2.2218 2.4686 2.6332 2.7981 2.4686
Fe 0.0108 0.0091 0.0082 0.0072 0.0088
Zn 0.0704 0.0459 0.0336 0.0306 0.0459
Cu 0.0114 0.0100 0.0088 0.0084 0.0097
Na 5.8721 4.6107 4.6542 4.3497 4.8717
K 11.9188 11.5351 11.1770 10.6399 11.3305
Mt 17.7909 16.1458 15.8312 14.9897 16.2022
M 17.1355 17.5543 17.2554 17.0666 17.2044
(Z+E)2 17.4632 16.8501 16.5433 16.0281 16.7033
A %) 1.877 (A+) 4.180 (A-) 4.304 (A-) 6.479 (A-) 3.00 (A~)
EQ 1.0383 0.9198 0.9175 0.8783 0.9418
Table 5

Metal content of human and cow’s milk [meq ']

Metal Human milk Cow’s milk
Ca 17.4659 59.8832
Mg 2.4686 9.8745
Fe 0.0313 0.0224
Zn 0.0092 0.0107
Cu 0.0126 0.0063
Na 6.5246 21.7486
K 15.3461 38.3651
*M* 21.8706 60.1137
M 19.9877 69.7971
(Z+5)/2 20.9292 64.9554
A%} 4.498 (A*) 7.454 (A-)
EQ 1.0942 0.8613
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The data for barley, wheat and rye seem to “conform” to the Equivalency Law
surprisingly well, the highest deviation (for oat) is “only ” 23%. At the same time, e.g.
the ratios of sodium-potassium and calcium-magnesium in each sample considerably
deviate from those considered to be optimal, according to RDA. Quantitative ratios of
the various metals do not necessarily correspond to human requirements however, since
the nutrients are stored in the seeds of cereals in order to satisfy the needs of their
“descendants”, the seedlings in their first phase of life.

The composition of milk also points to a genetically programmed supply of food
requirements for descendants i.e. new-born children. BUTTE and co-workers (1987)
gave data on the composition of human milk (and intake of human milk on 45 healthy
mother-infant pairs) and to its changes during the first four months of lactation. Table 4
shows these data recalculated in accordance with the above.

PORTER (1978) published data of the composition of human and cow’s milk.
Table 5 gives values obtained by recalculating these data.

The data mentioned before unanimously verify the existence of the Equivalency
Law, but are not sufficient to answer all questions. It is not evident from the data of
BUTTE and co-workers (1987), whether there is any significant change in the metal
composition of human milk from the range of alkali excess to the steadily increasing
deficiency. This question could be answered either by re-elaboration of the original,
individual data, taking into account the Equivalency Law or by new measurements. An
answer to this question may be of particular significance for producing baby food of
optimal composition. In 1989 a dairy product for babies (namely Drikkeklar Allomin,
Beauvais Industri A/S, Téstrup, Sweden) contained the following metals [mg 1-!]: Na:
160, K: 585, Ca: 470, Mg: 50, Fe: 7, Zn: 4, Cu: 0.4. Relative deviation from the
Equivalency Law is calculated 12.2% (A-). Investigations related to the Equivalency
Law may lead to significant practical results e.g. in food science, stock-raising, plant
cultivation and in biotechnology as well. It would be feasible to carry out research
related to the Equivalency Law for determining concentration of further metals (e.g. Li,
Co, Cr, etc., and Al, Cd, Pb, etc.), micro or toxic metals, present in low concentration.
The metals mentioned could influence, however, the sum of equivalents only at a small
extent. The equivalents of metals with varying valences, e.g. Fe, Mn, etc., should be
calculated by taking into consideration a uniform degree of oxidation; e.g. the average
of the most common degrees of oxidation in biological systems. Thus, iron and cobalt
could be calculated with 2.5+ and manganese with 3+ charge.
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2. Theoretical conclusions

A long list of literature data could be enumerated here to verify the existence of
the Equivalency Law, but it can be proved theoretically as well. As it is well known, in
the aqueous electrolytes of living organisms metals change ligands as positive jons. As
strict chemical stoichiometrical rule of these cation exchange processes is that they
proceed with the exchange of an equivalent amount of positively charged counter-ions.
The various polyvalent metals can hardly act as counter-ions of each other, since they
are present as free ions in the electrolytes of organisms only in low concentration and
form far more stable compounds (complexes) with various proteins and simple acids.
Apart from a few exceptions, the different polyvalent metals cannot act as counter-ions
of each other because they cannot substitute each other at the specific bonding sites of
the individual protein molecules (enzymes, transport proteins, etc.). Ammonium ions
cannot act as counter-ions of polyvalent metals either, since they are present in the
electrolytes of living organisms only in rather low concentration. Hydrogen ions (or
more precisely, H;O" ions) can also be counter-ions of polyvalent metals only in a very
low ratio, as the pH value in living organisms is nearly neutral, thus, the concentration
of hydrogen ions is very low; it is in the range of 107 mol I-1. Contrarily, the total
concentration of alkali metals (mainly potassium and sodium ions) is of 0.1 mol I"'!
order of magnitude. Thus, in ligand exchange processes of polyvalent metal ions,
primarily alkali metal ions can act as counter-ions. Life on Earth is uniformly based on
proteins. Chemical and physical properties of proteins and other macromolecules allow
vital processes in the clectrolytes of organisms only at a very low concentration range.
Economical utilization of energy and food is a common characteristic of living
creatures. It does not allow any surplus of metal ions. Finally, it is commonplace that
every living organisms are related genetically. Consequently, it may be supposed that
the Equivalency Law, referring to the alkali and polyvalent metals, must exist in the
metal metabolism processes of various living creatures on Earth.

It should be mentioned, that the metal content of oceanic and sea-water is
significantly shifted from the Equivalency Law towards alkali metal excess (A=57%).
During the evolution, after the appearance of living creatures with calcareous skeleton,
limestone layers constituting today the enormous calcareous mountain ranges of
continents have accumulated in the depths of oceans and seas. Thus, it may be assumed
that many million years ago the water of primordial oceans and seas contained more
calcium and more magnesium, iron, zinc, etc. than recently. This greatly depended on
the carbon dioxide content of the primordial atmosphere. In the course of time, the
amount of calcium, magnesium, etc. decreased in water. At the same time, due to the
higher solubility of alkali metal compounds, the amount of these did not change
substantially. Consequently, millions of years ago the metal content of the water of
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primordial oceans and seas must have been closer to the EQ=1 value, as compared to

present-day metal content, which may have played an important role in the course of
biological evolution.
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Abstract

The aim of the study was to determine the concentrations of macronutrients and the mineral and trace element
composition in maternal milk of Japanese women. We collected human milk samples from mothers living throughout
Japan from December 1998 to September 1999, and defined as group A the 1197 samples among them that met the
following conditions: breast milk of mothers who were under 40 years old, not in the habit of smoking and/or using
vitamin supplements, and whose babies showed no symptoms of atopy and whose birth weights were 2.5 kg or more.
We then analyzed their contents individually. We also analyzed the amino acid and free amino acid composition of the
breast milk of pooled samples from various lactation stages.

Large differences were found to exist among the contents of individual human milk samples. The mean contents
of each component were as follows: energy, 66.3+13.3kcal/100mL; solid matter, 12.46+1.56g/100 mL; ash,
0.1940.06 g/100 mL; total nitrogen, 0.19+0.04 g/100 mL; lipids, 3.46+1.49 g/100 mL; carbohydrates, 7.58 +0.77 g/
100mL; lactose, 6.44+0.49g/100mL; pH, 6.5+0.3; osmotic pressure, 299+ 14mOsm/kg-H,0; chloride,
359+16.2mg/100 mL; sodium, 13.5+8.7mg/100 mL; magnesium, 2.7+0.9 mg/100 mL; phosphorus, 15.0 +3.8 mg/
100 mL; potassium, 47.0+12.1 mg/100 mL; calcium, 25.0+7.1 mg/100 mL; chromium, 5.9+4.7 ug/100 mL; manga-
nese, 1.1+2.3pug/100mL; iron, 1194251 pg/100mL; copper, 35+21ug/100mL; zinc, 145+135pug/100mL; and
selenium, 1.740.6 png/100 mL. The content of each component varied greatly as the duration of lactation increased. In
conclusion, it appears to be necessary to evaluate individual differences of human milk in order to perform valid
research regarding infant formula.
© 2005 Elsevier GmbH. All rights reserved.

Keywords: Human milk; Macronutrients; Trace elements; Mineral composition; [CP-AES

Introduction milk-based formulas and/or milk substitutes is generally
recommended in Japan when it is difficult to bring up an

Human milk is considered to be the best source of infant on mother’s milk. Nutrient levels in formulas for
nutrition for the human infant [1,2], but nursing using infants are generally modeled on the composition of

human milk and one goal of the improvement of infant
" Coresoondi thor. Tel: + 81465373681 formulas is to make them even more similar to human
orresponding author. Tel.: ; . . - . .
fax: - 81465362776, milk [3]. However, th1.s goal is far from being att.alned: One
E-mail address: TADASHI_KOJIMA@MEI-MILK.COM of the reasons for this is that not much data is available
(T. Kojima). about “mother’s milk” which can be used for reference.
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Many excellent studies have made measurements of
the components of human milk [4-17], but data that
could be used for comparisons of samples are limited,
since researchers often used pooled milk samples and
did not have a well-defined study population. In
addition, they did not use a uniform sampling procedure
or the same methods of biochemical analysis and/or
instrumental analysis with the same degree of precision
and accuracy, and in some cases did not store samples
properly. Therefore, data that allow reliable compar-
isons from one study to another are not available.

There have been a few comprehensive studies regard-
ing the composition of breast milk of Japanese women,
but all of them were performed before 1990 [18-20].
However, the recent drastic changes in eating habits of
Japanese people, such as the increased consumption of
processed foods, seem likely to have had significant
influence on the composition of breast milk of mothers.

Furthermore, trace elements such as iron (Fe), copper
(Cu), zinc (Zn), and selenium (Se) are known to be
essential for normal growth and development in infants,
but the literature on this subject is very limited [21-24].
Ferris et al. [8] pointed out that data useful for
comparison of samples are limited, because researchers
have often used pooled samples and did not have a well-
defined population. Butte et al. [9] examined the
concentration of macronutrients in the milk from five
mothers, and reported that variation among women was
greater than variation for a given woman over time for
all nutrients. They also pointed out that the reliability
of group estimates could be improved primarily by
increasing the number of subjects.

The present study aimed to clarify the lactational
influences on the concentrations of macronutrients —
nitrogen, carbohydrates, lactose, lipids, total solid
matter, ash, and energy content — and minerals and
trace elements — calcium (Ca), magnesium (Mg), sodium
(Na), potassium (K), phosphorous (P), chloride (Cl),
chromium (Cr), manganese (Mn), Fe, Cu, Zn, and
Se — in the breast milk on days 1-365 postpartum of
approximately 1190 mothers living in various regions in
Japan. The composition of total and free amino acids in
breast milk was also determined.

Materials and methods
Milk collection

The overall methods have been described previously
[25]. Briefly, human milk samples were randomly
collected twice, i.e., in summer (from July to September
1998) and winter (from December 1998 to March 1999),
from approximately 4000 mothers at various stages of
lactation (1-365 days postpartum), living in various

regions throughout Japan. Informed consent was
obtained orally from the subjects prior to enrollment
in this study. Approximately 50 mL of human milk was
obtained at an intermediate time during suckling, placed
in a nylon bag (Kaneson, Osaka, Japan) and stored in a
freezer. At the same time, a personal information sheet
(date and time of milk collection, right and/or left
breast, mother’s age, smoking habits and/or use of
vitamin supplements, birth weight of infant, atopic
symptoms of her baby, and so on) was filled in by the
mother herself. Frozen milk samples and information
sheets were collected periodically by employees of Meiji
Dairies Corporation, and were transported by delivery
service at —20°C to the Nutrition Research Institute,
and stored at —40 °C in a Sanyo Medical Freezer Model
U-442 (Osaka, Japan) until preliminary sample pre-
paration.

Preliminary milk preparation

Frozen human milk was thawed using tap water for
30min and sonicated in ice water with a Branson
ultrasonic cleaner model 5510J-MTH (Branson Ultra-
sonics Co., Dranbury, CT, USA) twice for 15 min. The
milk was divided into aliquots in SmL polypropylene
tubes (Assist Co., Tokyo, Japan), and then stored at
—40 °C until analysis.

Classification of human milk

Human milk samples were classified into four groups
(A, B, C, and D) according to information on the
conditions of the mother (age, smoking habits and use
of vitamin supplements) and/or of the infant (birth
weight, symptoms of atopy).

Group A: Breast milk of mothers who were under
40 years old, not in the habit of smoking and/or using
vitamin supplements, and whose babies showed no
symptoms of atopy and had birth weights of 2.5kg
or more.

Group B: The conditions of the mothers’ age and the
birth weight of the babies were almost the same as those
of group A, but the mothers were habitual smokers, had
a habit of taking vitamin supplements, and/or had a
possibility of having taken some kind of medicine
around the time of the sample collection, according to
the personal information sheet.

Group C: The conditions of the mothers and babies
were almost the same as those of group A, but the age of
the mothers was over 40 years.

Group D: The conditions of the mothers were the
same as those of group A, but the birth weights of the
infants were under 2.5kg.

Of 4056 samples that were collected in this study,
approximately 3170, 630, 30, and 200 samples were
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assigned to groups A, B, C, and D, respectively. Group
B was considered unsuitable for this study because of
the possibility that the mothers had taken some kind
of medicine. Furthermore, not a sufficient number of
samples could be collected from group C for analysis.
For group D, unfortunately no information could be
obtained on the gestational periods of the mothers at
delivery.

The number of specimens that could precisely be
analyzed for macronutrients, mineral and trace element
concentration was approximately 1350, and out of these
1197 belonged to group A.

Human milk samples of group A were further
classified into subgroups according to several character-
istics such as the season (summer or winter) and
lactation stage (1-5, 6-10, 11-20, 21-89, 90-179,
180-365 days), and were also divided into 17 subgroups
according to the regions where the mothers were living
in Japan. All of the mothers in this group were healthy
and the average age was 29.12+3.99 years. They gave
birth to infants whose birth weight was 3135+346¢.

Analytical determinations

Nitrogen and lipid analysis of human milk

Human milk samples were analyzed for their total
nitrogen using the Tecator Kjeltec system (2040 Digester
and 1026 Distilling units, Foss Japan, Tokyo, Japan)
based on the Kjeldahl method. Protein contents were
calculated from total nitrogen x 6.38 [26]. Lipid contents
were analyzed by the Rése-Gottlieb method.

Total solid matter and ash

Total solids in whole milk were measured after drying
1 mL aliquots of thoroughly mixed samples at 100+2 °C
for 3 h in porcelain crucibles until they reached constant
weight. Ash was further incinerated at 450 °C for 12h
for determination of ash content. Results were expressed
in mg/100 mL.

Carbohydrate and lactose content

Carbohydrates were calculated as: Carbohydra-
tes = total solids—proteins—lipids—ash. Lactose content
was analyzed using a Bio-Flow®™-4 (Oji Scientific
Instruments, Hyogo, Japan) based on amperometric-
enzymatic methods.

Energy content

Gross total energy content was calculated as: Energy
= proteins x 4+ fat x 9+ carbohydrates x 4 according
to the Atwater general factor system.

Minerals and trace elements
Inductively coupled plasma atomic emission spectro-
metry (ICP-AES) measurements were done using a

sequential plasma spectrometer ICPS-7500 system
(Shimadzu Corporation, Kyoto, Japan) for simulta-
neous determination of multielements in breast milk,
namely Na, Mg, P, K, Ca, Cr, Mn, Fe, Cu, Zn, and Se.
For preparation for the analysis, except for Se, 10mL
aliquots of the whole milk samples were dried at 450 °C
for 2 h in ceramic evaporating dishes, and then dissolved
in 10 mL of distilled deionized water supplemented with
2mL of 6mol/L HCI (solution A). Samples for Se
analysis were mineralized by heating in a microwave
oven using nitric acid and peroxide. In order to
determine the Fe, Cu, Zn, and Mn contents of the
sample, | mL of solution A was transferred into a 10 mL
volumetric flask and the flask was filled with Milli-Q
water (solution B). To determine the Na, K, Ca, Mg,
and P contents of the sample, 10 mL of solution B were
transferred into a 100 mL volumetric flask and the flask
was filled with Milli-Q water.

The plasma source used for spectrophotometry was
99.998% argon, and the wavelengths used for analysis
of Na, Mg, P, K, Ca, Cr, Mn, Fe, Cu, Zn, and Se were
589.592, 279.553, 178.287, 766.491, 422.673, 267.716,
257.610, 259.940, 324.754, 206.191, and 196.026 nm,
respectively. The calibration was performed using a
blank and two standard concentrations for each element
measured. The optimal operation conditions for ICP-
AES analysis of minerals/trace elements other than Se
were as follows: power, 1.2kW; carrier gas flow rate,
0.7 L/min; plasma gas flow rate, 1.2 L/min; cooling gas
flow rate, 14.0 L/min. On the other hand, the optimal
operation conditions for ICP-AES analysis of Se were as
follows: power, 1.0 kW; carrier gas flow rate, 0.6 L/min;
plasma gas flow rate, 0.6 L/min; cooling gas flow rate,
8.0 L/min.

Cl was measured with a coulorimetric titration
method using a chloride counter (CL-6M, Hiranuma
Sangyo Co., Ltd., Japan).

Total amino acids and free amino acids

For analysis of total and free amino acids, pooled
samples of human milk were used. One milliliter
aliquots of five or 10 human milk samples from a given
lactation stage, region, or season were mixed together
well. For the lactation stages of the 21st-89th and
90th—179th day, one pooled sample was prepared for
every region except the Tokai area, where five pooled
samples were prepared. For each lactation stage of days
0-5, 6-10, 11-20, and 180-365, separate pooled samples
were prepared for the Kanto area (the area surrounding
Tokyo), the Kanagawa prefecture area, the Tokyo
metropolitan area, and the 23 wards of Tokyo because
adequate sample numbers were available. The total
number of pooled samples prepared for the amino acid
analysis was 119.

For the analysis of total amino acids, 1.0mL of
pooled milk and 1.0mL of HCI were mixed well and
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allowed to stand for 22 h at 110 °C under nitrogen. After
evaporation to remove HCI, 1 mL of 0.02mol/L HCI
was added to these samples, which were then filtered
through a 0.45-pm pore size filter. A 0.5mL aliquot was
subjected to automated amino acid analysis using a
JLC-500V amino acid analyzer (JEOL Ltd., Tokyo,
Japan). Tryptophan, however, was assayed separately
by the modified fluorometric method of Nielsen and
Hurrell [27]. For the analysis of free amino acids, after
deproteinization with 2% sulfosalicylic acid and cen-
trifugation, the samples were analyzed using an amino
acid analyzer (L-8500A amino acid analyzer, Hitachi,
Ltd. Tokyo, Japan).

SDS-PAGE

Sodium dodecyl sulphate polyacrylamide gel electro-
phoresis (SDS-PAGE) was performed with a Mini-
PROTEAN® electrophoresis cell and a gradient gel
(Ready Gel J 10-20%) (Bio-Rad Laboratories, USA).
The pooled samples were prepared for the analysis of
total amino acid composition according to the method
of Laemmli. Molecular weight calibration was achieved
with an LMW Marker kit (Amersham Pharmacia
Biotech, Buckinghamshire, UK). The protein concen-
tration of each sample applied to the gel was 1 mg/mL.
The gel was stained with Coomassie blue R-250, and
images of bands on the gel were captured and analyzed
using the KODAK EDAS 120 system (Eastman Kodak,
NY, USA).

Chemicals and reagents
All reagents were of HPLC grade and purchased from
Wako Pure Chemical Co., Ltd. (Osaka, Japan).

Statistical analysis

Values are expressed as means+SD. Effects of the
different stages of lactation, season, and living district
on the concentrations were tested by the Kruskal-Wallis
test followed by the Mann—Whitney two-sample test.

Differences between means were considered signifi-
cant at p<0.05. All statistical analyses were conducted
using a statistical computer program for Windows
(Stat View, Abacus Concepts, Inc., Berkeley, CA,
USA).

Ethical considerations

This study was approved by the Research and Ethics
Committee of the Nutrition Research Institute of Meiji
Dairies Corporation.

Results

The average macronutrient, mineral and trace element
contents of human milk samples are presented in
Table 1.

Although a large number of samples were obtained
for Group A (1197 samples), and the content of each
sample was analyzed individually, the number of
samples analyzed for each component was somewhat
smaller due to some problems in the analytical
procedures, e.g., lack of sample volume.

Because the milk samples were collected in two
different periods, namely in summer and winter, we
compared the data between them. Compared with solid
matter, ash, total nitrogen, and carbohydrates, the lipids
and mineral/trace element contents had large standard
deviations. Neither significant seasonal nor regional
variation was detected in the average level of any
component; thus, we next focused on possible lactation
period-dependent differences.

The concentration of each nutritional ingredient
according to the lactation stage is shown in Table 2.
Although there were large variations in the sample
numbers obtained at different lactation stages, the size
of the standard deviation of the levels of the ingredients
was almost the same at all stages.

The lipid content showed a time-dependent increase,
being higher in the period of days 11-89 than in
colostrum or mature milk. On the other hand, the
protein nitrogen concentration decreased significantly
during the year of lactation at different rates depending
on the stage of lactation.

The concentrations of total and free amino acids in
human breast milk according to the lactation stage are
shown in Tables 3 and 4, respectively. Although almost
all of the individual amino acid constituents of total
amino acids were decreased as the lactation stage
advanced, the constituent amino acids of free amino
acids could be roughly classified into three groups,
namely, (1) amino acids whose level increased as the
lactation stage increased: glutamic acid, glycine, and
alanine, (2) amino acids whose level decreased as the
lactation stage increased: phosphoserine, taurine, pro-
line, isoleucine, leucine, tyrosine, ornithine, lysine, and
arginine, (3) amino acids whose level remained almost
constant as the lactation stage increased: aspartic acid,
threonine, methionine, and histidine.

Fig. 1 shows representative results of the SDS-PAGE
analysis of the pooled samples. Comparison with the
protein bands of molecular weight markers revealed
that five proteins were detected in each pooled sample,
i.e., lactoferrin, albumin, p-casein, k-casein, and
o-lactalbumin. The level of lactoferrin decreased gradu-
ally as the stage of lactation increased, as indicated
by the relative intensity of each protein spot on the gel
(Fig. 2).
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Table 1. Composition of milk samples®
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Average +SD (n)

Time of collection

Summer (n)

Winter (n)

Energy (kcal/100 mL)

Solid matter (g/100mL)

Ash (g/100 mL)

Total N (g/100 mL)

Lipids (g/100 mL)

Carbohydrates (g/100 mL)

Lactose (g/100 mL)

pH

Osmotic pressure (mOsm/kg - H,0)

CI (mg/100 mL)
Na (mg/100 mL)
Mg (mg/100 mL)
P (mg/100 mL)
K (mg/100mL)
Ca (mg/100 mL)
Cr (mg/100 mL)
Mn (ng/100 mL)
Fe (ug/100 mL)
Cu (png/100mL)
Zn (ng/100mL)
Se (nug/100 mL)

66.3413.3 (1180)
12.46+1.56 (1180)
0.1940.06 (1180)
0.1940.04 (1180)
3.46+1.49 (1180)
7.58+0.77 (1180)
6.4440.49 (1172)
6.54+0.3 (1180)
299+ 14 (1179)

35.9416.2 (1180)
13.5+8.7 (1160)
2.740.9 (1170)
15.0+3.8 (1170)
47.0+12.1 (1167)
25.0+7.1 (1170)
5.9+4.7 (1166)
1.1+2.3 (1167)
1194251 (1155)
35421 (1169)
1454135 (1165)
1.740.6 (303)

65.6413.2 (587)
12.41+1.59 (587)
0.1840.05 (587)
0.1940.04 (587)
3.3941.46 (587)
7.6240.80 (587)
6.45+0.49 (579)
6.54+0.2 (587)
301+ 12 (587)

38.7+18.1 (587)
13.8+9.6 (567)
2.640.9 (577)
14.6+3.4 (577)
45.5+11.9 (574)
23.746.6 (577)
6.7+3.9 (579)
0.94 1.6 (580)
108 +252 (579)
36+ 10 (582)
132+ 127 (582)
1.840.6 (169)

66.9+13.3 (593)
12.50+1.53 (593)
0.1940.06 (593)
0.1940.05 (593)
3.53+1.51 (593)
7.55+0.75 (593)
6.4340.48 (593)
6.54+0.3 (593)
298+ 16 (592)

33.1413.5 (593)
13.247.7 (593)
2.740.9 (593)
15.3+4.1 (593)
48.5+12.2 (593)
26.2+7.4 (593)
5.145.2 (587)
1.242.9 (587)
1294249 (576)
34429 (587)
159 4142 (583)
1.740.7 (134)

“Average+SD (n).

On the other hand, the concentration of carbohy-
drates was almost the same throughout lactation except
in the sample from days 1-5, but the lactose content
increased during the course of lactation.

Concerning minerals and trace elements, the Na and
K concentration decreased significantly over time. The
Mg, P, Ca, and Cl concentrations showed significant
lactation-stage-specific differences, but the standard
deviation was large. The Cr concentration was higher
during days 21-89 and days 90-180, but the standard
deviation was also very large. On the other hand, the
concentrations of Mn and Fe remained almost constant
during all lactation stages. The Cu concentration was
also almost the same throughout lactation except in the
samples from days 181-365, whereas the Zn concentra-
tion decreased with increasing time of lactation.

We also determined the Se content of human milk
obtained at different stages of lactation from the
Japanese mothers by ICP-AES analysis. The Se content
of human breast milk from Japanese mothers was
almost constant at a level of about 2.5 ug/100 mL during
days 1-20 and then decreased with increasing time of
lactation. Although the Se concentrations in human
milk were not affected by the region in Japan in which
the mothers lived (p = 0.506), the Se concentration of
mothers who lived in eastern Japan was significantly
higher than that of mothers in western Japan
(p = 0.0213, data not shown).

Discussion

The purpose of the present analysis was to quantify
parameters of human milk energy, nitrogen, lipids,
carbohydrates, lactose, mineral and trace element
concentration among presumably well-nourished Japa-
nese women. Our results were generally in agreement
with the results of investigations of Japanese mother’s
milk reported in the past [18-20]. However, it became
clear that there is a large standard variation in the
composition of Japanese mother’s milk. Yamamoto
et al. [18] reported differences in crude protein, ash, total
solids, fat, lactose and phosphorus contents due to
regional differences, but we could not find such region-
dependent differences because of a wide range of
standard variation.

We also found that the free amino acid composition
of human milk varied according to the stage of
lactation, and the pattern of this variation differed
depending on the amino acid. We did not determine the
physiological meaning of these variations of amino acid
levels, but the SDS-PAGE analysis of human breast
milk showed that protein components such as lactofer-
rin varied according to the lactation stage; thus, we
suppose that this variation of protein composition must
be related to the free amino acid composition.

We used the ICP-AES technique for assessing various
trace elements simultaneously. In agreement with many
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Fig. 1. SDS-PAGE profile of pooled samples of human milk from different lactation stages. Lanes 1 and 2, days 1-5; lanes 3 and 4,
days 6-10, lanes 5 and 6, days 11-20, lanes 7 and 8, days 21-89; lanes 9 and 10, days 90-180; lane 11, days 181-365; lane 12,
molecular weight markers. Experiments were repeated 17 times and this figure is representative of the typical experimental outcome.

Each protein was identified from its molecular weight.

100

N
o

Relative intensity (%)

0 1 1 1 1 1
A B C D E F

Lactation stage

Fig. 2. The values represent the densitometric quantification
of each band expressed as a percentage of total intensity. The
bar graph shows the densitometric analysis of the gels. Bars
represent means+SD (n = 17). Each protein was identified
from its molecular weight: O, lactoferrin; @, albumin; [J,
p-casein; M, w-casein; /\, o-lactalbumin. Lactation stages
were as follows: A, days 1-5; B, days 6-10; C, days 11-20; D,
days 21-89; E, days 90-180; F, days 181-365.

studies that made measurements of mineral and trace
element components in human milk [28-32], our results
indicated that the mean concentrations of various
minerals and trace elements, including Cr, Mn, Fe,
Cu, Zn, and Se, showed a wide range of standard
variation.

Unfortunately, we could not get information about
the trace element concentration in the serum of the
mothers who participated in our study, but it is well
known that the concentration of trace elements in
human serum may vary considerably depending on the
geographical region or the type of consumed food, and
hence it is supposed that the concentration of micro-
nutrients in milk may result from their content in the
local food products consumed by the mothers.

It is well known that trace element concentrations of
breast milk vary considerably among individuals and
decrease as the stage of lactation progresses. Wasowicz
et al. [24] reported that Se and Zn concentrations in
breast milk decreased rapidly as the stage of lactation
progressed. We are convinced from the results of the
present study that the Se and Zn content in the breast
milk of Japanese mothers is relatively high compared
with reported values of milk from other populations,
and that the content decreases with increasing time of
lactation.

There have been a few reports about Se content in
human breast milk [33-36], and at one time Se was
considered to be only of toxicological significance.
However, since the discovery that it is an essential
element for animals, and the discovery that it protects
cells against oxidative damage by peroxides, etc., strong
evidence has been obtained indicating that it is also
essential for humans. Rockens et al. [33] reported almost
the same concentration in the breast milk of Belgian
mothers as that observed in the present study and
pointed out that food consumption habits or other
factors regulate the milk Se content.

The Se content of breast milk is known to be affected
by maternal dietary Se intake, which depends on the
food Se content reflecting geographically different soils
[34]. In some countries, the geographic distribution of Se
has been elaborated into a “Se map” [37]. In Japan,
Mizutani et al. [38] reported a Se map based on analysis
of Se in soil from 150 points. Our results showed that the
Se concentration of the breast milk of mothers who lived
in eastern Japan was significantly higher than that of
mothers who lived in western Japan, but we could not
demonstrate a correlation between the Se concentration
in human milk and the distribution of Se content in
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Japan according to the Se map. No satisfactory
explanation has been proposed about why the higher
concentrations of Se and Zn are observed in particular
regions, but we think that there must be a large regional
difference of Se content in the soil among the various
prefectures in Japan. Furthermore, since the distribution
of agricultural products in Japan covers a large area, the
Se map may not necessarily be correlated with a
mother’s resident environment. We believe the concen-
trations of micronutrients, including Se, in milk depend
on many factors, but the maternal dietary intake is the
crucial one.

Because we could not acquire information about the
milk volume of each sample in our research, the quantity
of nutrients which the infants did take in remains
unknown. Moreover, neither non-protein nitrogen nor
oligosaccharides were examined. We hope to study these
questions in the future.

Changes continue to be made to infant formulas, and
these changes generally result in products with composi-
tions and functions closer to those of human milk. At
present we can only suggest that investigators be aware
that the potential for variation in milk composition
depending on the lactation period exists.

Conclusion

In summary, our results agree on the whole with
previous reports about the composition of human milk,
but it became clear that there is a large standard
variation in the composition regarding free amino acids
and trace elements such as Cr, Mn, Fe, Cu, Zn and Se.
We confirmed that the composition of human milk is
affected by factors such as stage of lactation, and varies
depending on the individual.
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