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Preface

There is a large and rapidly growing body of literature on the importance of mag-
nesium in biochemical and physiological processes. There is also much evidence
that magnesium deficiency, alone and in combination with agents that interfere with
its utilization, is associated with functional and structural abnormalities of mem-
branes, cells, organs, and systems. The manifestations of the changes caused by
magnesium deficiency depend upon its extent and duration and on variable factors.
Among the conditions that increase the risk of magnesium deficiency are (1) meta-
bolic factors that affect the absorption, distribution, and excretion of this mineral;
(2) disease and therapy; (3) physiologic states that increase requirements for
nutrients; and (4) nutritional imbalances. Excesses of nutrients that interfere with
the absorption or increase the excretion of magnesium—such as fat, phosphate,
sugar, and vitamin D—can contribute to long-lasting relative magnesium deficiency.
All have been implicated in several of the diseases considered in this book. Whether
their influence on the need for magnesium is a common denominator remains to be
investigated further.

Unfortunately, means of diagnosing clinical magnesium deficiency of a lesser
degree than that associated with overt signs such as convulsions or cardiac arrhyth-
mias or other electrocardiographic changes are not readily accessible. Plasma mag-
nesium levels are unreliable as an index of its cellular inadequacy. More compli-
cated means of evaluating the magnesium status are considered in the Appendix, as
are their limitations and need for convenient determinants. Until magnesium clinical
methodology is improved and made available, the importance of correcting mag-
nesium deficiency in man’s diet and of preventing intensification of a deficit when
needs are increased by physiologic or pathologic processes and drugs will have to
be inferential—based on experimental and epidemiologic observations. Because
magnesium has pharmacologic activities that have been recognized for many years,
demonstration of the correction of abnormal acute neurologic and cardiac signs
(even though such signs are characteristic of acute magnesium deficiency) are not
readily accepted as evidence that magnesium deficiency can contribute to diseases
in which such magnesium-responsive signs are seen. With notable exceptions, there
has been clinical neglect of magnesium in most medical centers and certainly in
private practice. This is unfortunate because many of the pathologic changes pro-
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duced by experimental magnesium deficiency or loss resemble many of those of
chronic diseases that are responsible for intractable medical problems.

This book develops the premise that magnesium deficiency during gestation is
more common than generally believed and that it may be contributory to some
disorders of pregnancy and infancy. It draws parallels between cardiovascular and
skeletorenal lesions of infancy and childhood and those produced by magnesium
deficiency—especially when intensified by dietary excesses of vitamin D and of
phosphate, which are commonly consumed in the United States and other Occiden-
tal countries. It suggests that the most severe lesions (of magnesium deficiency =
vitamin D = phosphate excess) resemble those of some congenital abnormalities.
Lesions that develop later in infancy might provide the nidus for chronic cardiovas-
cular and renal diseases of later childhood and adult life. Epidemiologic evidence is
considered, having provided inferential evidence that magnesium deficiency (as in
soft-water areas) contributes to the higher rate of sudden cardiac deaths (than in
hard-water areas). Although differences in trace mineral and calcium contents of
hard and soft water are also considered contributory, the most convincing evidence
is that magnesium in hard-water areas is protective. Such a premise is subject to
criticism because there are always concomitant factors that cloud the issue. Other
dietary and environmental, as well as genetic, differences make it unlikely that there
is a single provocative factor.

This book constitutes a plea for the objective examination of the evidence and
for the exploration of the possibility that the prophylactic use of magnesium—espe-
cially in geographic areas where the intake is low, in families whose members have
a high incidence of cardiovascular disease, and in high-risk individuals (e.g., dia-
betics and patients with a personal history of cardiac or vascular disease)}—might
be effective. Reevaluation of the use of vitamin D and of phosphate in foods is
justifiable. The use of magnesium in the treatment of cardiac and renal diseases has
been claimed by some investigators to be an important adjunct to therapy. More
controlled studies should be done to obtain further evidence as to the extent to
which experimental evidence and pilot clinical trials, indicative of benefits produced
by magnesium, are applicable to more extensive treatment and prevention of human
disease.

The substantial data on drugs (such as diuretics, cardiotonics, and antibiotics)
that cause magnesium loss or inactivation are referred to only in the context of the
theme of this volume and are so indexed. Further development will be provided
elsewhere.

Appreciation is expressed to Harriet Nathan, May Becker, Marie Bennett, and
Doris Wallace for typing the manuscript and to Dr. A. R. Berger for approving this
employment of the secretarial staff of the Medical Service of Goldwater Memorial
Hospital.

Mildred S. Seelig
New York
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1
Introduction: Consideration of
Epidemiologic Factors

1.1. Ischemic Heart Disease

The most alarming trend in the past half-century has been the sharp increase in
sudden deaths from ischemic heart disease (IHD), particularly in middle-aged men,
and the increasing number of younger men who suddenly develop myocardial
infarctions, cardiac arrhythmias, or arrests. That men in the prime of life are thus
afflicted is the dramatic and tragic tip of the iceberg. Underlying these catastrophes
is the widespread increase in incidence of atherosclerosis in young age groups, and
in myocardial hyperexcitability and cardiomyopathy without notable coronary ath-
erosclerosis. It is proposed that magnesium deficiency or loss may be a common
etiologic factor in the increased incidence of sudden infant deaths, infantile myocar-
dial infarction and arteriosclerosis, and the disease that becomes manifest later in
life. It is also suggested that magnesium deficiency might also cause or predispose
to some skeletal and renal diseases, all of which can coexist.

The cardiac problem in men has been deemed of sufficient magnitude as to be
termed an epidemic that has been increasing, particularly since the middle 1930s. It
has led to widespread institution of therapeutic and prophylactic regimens on the
basis of suggestive findings. For example, young women have a significantly lower
incidence of ischemic heart disease than do young men (Fig. 1-1). Because their
a/B-lipoprotein ratios differ from those of the more susceptible young men and
especially from those of patients with peripheral or coronary atherosclerosis, there
was a period during which estrogens were widely used in the treatment of patients
with myocardial infarctions and given prophylactically to high-risk (hyperlipidemic)
men and postmenopausal women. This approach has been largely discontinued,
predominantly because of the resultant increase in risk of thrombosis. Another
approach that was given a trial period was administration of excesses of unsaturated
fatty acids; the incidence of atherosclerosis and IHD is lower in countries where
more vegetable oils than saturated animal fats are consumed. A modification of the
fatty-acid-supplement regimens that has been receiving extensive clinical trial is to
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FiGURE 1-1. Ratio of male to female cardiovascular death rates by 5-year age groups based on death
rates for England and Wales. (From TW Anderson: New Scientist 9:374-376, 1978.)

replace saturated with unsaturated fats. This approach has lowered blood lipids, but
not the incidence of IHD. Because altering fat intakes of patients with established
hyperlipidemia and atherosclerosis has not reduced the mortality from IHD, it has
been recommended that the time to institute such a dietary modification might be in
early infancy, a suggestion that has been disputed.

1.2. Concomitant Cardiovascular, Skeletal, and Renal
Diseases

Among women, the incidence of atherosclerosis and IHD increases with age,
especially after the menopause, often in association with osteopenia or with calcific
renal disease. The combined problem of bone wasting and extraskeletal calcifica-
tion (particularly renal and cardiovascular) is also encountered in renal osteodystro-
phy and in other conditions associated with hyperparathyroidism and phosphate
treatment of hypercalcemia.

Rarer forms of osteopenia, usually found in association with cardiac anomalies,
arteriosclerosis, and renal calcinosis, are seen in infants of low birth weight, or who
have osteogenesis imperfecta or hypophosphatasia. The more common, but not
widely known, arteriosclerosis and IHD of early infancy is also usually accompa-
nied by renal calcinosis, as is the later form that is accompanied by hyperlipidemia,
hypertension and atherosclerosis. The latter type—some forms of which are asso-
ciated with aortic and pulmonary stenoses and atresias, and with endocardial fibro-
elastosis—has been attributed to hypervitaminosis D (Seelig, 1969b; Seelig and
Haddy, 1976/1980) which contributes to loss of magnesium. These conditions are
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stressed in this volume because they support the supposition that atherosclerosis
(and some renal and skeletal diseases) have their roots early in infancy and have
put the onus on the absolute or conditioned magnesium deficiency that has become
a problem during this century.

Magnesium plays an important role in maintaining the integrity of the myocar-
dium, kidneys, and bone. Its deficiency has been shown to cause cardiomyopathy
in several animal species, and to intensify myocardial lesions caused by a variety of
modalities. Its deficiency has caused arteriosclerosis and has intensified formation
of atheromata, or arteriosclerosis, thrombosis, and even myocardial infarction,
induced by atherogenic diets, high intakes of vitamin D, calcium, phosphate, and
fat. Its deficiency has caused renal lesions and intensified damage produced by vita-
min D, calcium, and phosphate. And its deficiency has been implicated in some
forms of bone damage. Magnesium supplementation has prevented or reversed
some of the lesions in the experimental models and been used clinically in cardio-
vascular disease and urolithiasis.

1.3. Changing Magnesium, Vitamin D, and Phosphate
Intakes

Examination of the changing nutritional intakes in America, particularly from
the middle 1930s is disconcerting in light of these experimental findings. Although
magnesium intakes have been gradually falling since the beginning of the century,
there were sharply increased intakes of nutrients that increased its requirements
[particularly high vitamin D and phosphorus intakes (Seelig, 1964, 1971) subse-
quently (Fig. 1-2)]. The rise in vitamin D intake began when the addition to each
quart of milk of a sufficient amount (400 IU) to cure, rather than merely to prevent,
rickets became widespread from the mid 1930s and was made mandatory in most
states from the 1940s to 1950, either replacing cod liver oil, or taken in addition to
it (Baldwin, 1953; Seelig, 1969b, 1970b). Fortification of many foods in addition to
milk, including milk flavoring, oleomargarine, breakfast cereals, or ‘‘substitutes,”’
led the Committee on Nutrition of the American Academy of Pediatrics to express
concern about the total daily intake of vitamin D in the United States, which they
calculated might range from 600 to 4000 IU/day from marketed fortified products
(Table 1-1). A survey of 1000 Canadian children from 1 week to 5! years of age
showed that 70% consumed more than 400 IU, and 30% consumed over 1000 IU of
vitamin D daily (Broadfoot et al., 1972). Table 1-2 depicts the sources of vitamin D
among those receiving over 1000 to 1800 IU of vitamin D per day. The major source
of phosphorus derives from soft drinks that contain phosphoric acid, the consump-
tion of which has been rising markedly in the last quarter of a century (Henderson,
1972; Lutwak 1974).

Although it is generally believed that the rise in blood lipids is due to increased
intakes of saturated fats during this century, and that sugar consumption has also
increased substantially, comparison of per capita intakes from 1909 to 1965 shows
relatively minor changes (Fig. 1-3). The average daily fat intake rose from 112 to
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FiGure 1-2. Changes in intakes of magnesium and nutrients that increase magnesium requirements
(calcium, phosphorus, vitamin D).
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TaBLE 1-2. Vitamin D Intake Pattern of All Children Comsuming 1000-1799 IU and 1800
+ IU Daily

Average daily intake of vitamin D (IU) for children receiving

Supplement and

fortified foods
Age Fortified foods only 1000- 1800 + Supplement only
Source (months) (1000-1799 IU) 1799 1IU IU (1000-1799 IU)
Vitamin supplement 0-6 526 (56) 1200 (5) 1000 (9)
7-66 1045 (196) 1426 (17) 1000 (24)
Milk 0-6 663 (56) 800 (5)
7-66 314% (4)° 71 27) 317 (8)
Margarine 0-6
7-66 442 (7) 85 (91) 166 (9)
Cereal 0-6
7-66 478 (6) 173 (149) 182 (10)
Milk flavorings 0-6
7-66 35(4) 21 (81) 15 (6)
Biscuits 0-6 1(2)
7-66 5@® 28 (3)
Fruit drinks 0-6
7-66 4(5)
TOTAL AVERAGE INTAKE 0-6 1190 (56) 2000 (5) 1000 (9)
7-66 1269 (7) 1404 (196) 2134 (17) 1000 (4)

% The number of children receiving vitamin D from the source specified in the left margin is shown in parentheses.
® Average intake of vitamin from this source for all children in the intake group.

FiGure 1-3. Fatty acid and carbohydrate intakes per capita per day from 1909 to 1965 (United States).
(Adapted from Friend, 1967.)



INTRODUCTION: CONSIDERATION OF EPIDEMIOLOGIC FACTORS 7

132, but most of the increase has been in unsaturated fatty acids. The total carbo-
hydrate intake dropped from 492 to 374, so that the greater percentage increase of
sugar in 1965 reflects an increase of about 40 grams daily. Probably the sugar intake
has risen more since the 1965 value (Fig. 1-2) among those who drink larger quan-
tities of sugar-sweetened, phosphorus-containing soft drinks.

Largely disregarded is the possibility that the hyperlipidemia associated with
atherosclerosis might be caused by hypervitaminosis D, which also causes hyper-
tension (Linden, 1977; Seelig and Haddy, 1976/1980), as well as the more widely
recognized complications; cardiovascular and renal damage, and hypercalcemia
(Seelig, 1969b). Much of the clinical data on the cardiovascular, skeletal, and renal
damage caused by vitamin D derives from the use of massive doses of vitamin D a
quarter of a century ago in the treatment of such diseases as rheumatoid arthritis,
and from the lesser overdosage of European children at a time when administration
of up to 4000 IU/day was not uncommon (Table 1-3; Seelig, 1969b). The sharp rise
in vitamin D intake depicted for the 1947-1957 segment of Fig. 1-1 is presumed
because of the probable consumption of large quantities of milk by the college stu-
dents studied—an impression suggested by their high calcium intake (Scoular et
al., 1957), in contrast to the lower intake noted in a general diet survey (Friend,
1967). Since the amount of vitamin D needed by most adults is considered so small
as to be met by exposure to sunlight and by ingestion of natural (unfortified) foods
(Food and Nutrition Board, 1968), such high intakes must be considered well into
the toxic range. As long ago as 1932, L. Harris reported that in the human, the toxic
dose of vitamin D is not far removed from the therapeutic (antiricketic) dose. Stew-
art (1964) reported that there is a narrow toxic—therapeutic ratio. Furthermore,
even most infants are protected against rickets by as little as 100 IU of vitamin D
daily (Fraser, 1967), whereas a survey of young Americans showed that 50%
ingested 400-800 IU daily, 10% usually consumed over 1000 IU daily, and occa-
sionally as much as 2900 I'U were taken (Dale and Lowenberg, 1967). Epidemiologic
data have correlated moderately high vitamin D intake with increased incidence of
myocardial infarction, renal calcinosis, and urolithiasis (Linden, 1974a,b). In

TABLE 1-3 (A). Fortification of National Dried Milk?®

Date IU vitamin D per dry ounce Recommendation by
1945 280 Ministry of Health
1953 500 Ministry of Food
1957 90-100 Ministry of Health

TABLE 1-3 (B). Calculated Daily Intake of Vitamin D (1956)*

1'% pints dried milk (460 U/dry oz.) 1725 1U

1 ounce cereal (1000-1500/dry oz.) 1000-1500 IU

1 tsp. cod liver oil 700-800 IU
ToTAL: 3525-4025 IU

% From Report of Subcomm. of Brit. Ped. Assoc., Lancet, 1956.
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northern Norway, where intake of natural foods rich in vitamin D is common, the
incidence of hypercholesterolemia and susceptibility to sudden death from ischemic
heart disease and to calcific renal diseases, two conditions which are often found in
the same patient (Linden, 1972, 1975/1977;, Westlund, 1973), seems to be related to
the amount of vitamin D ingested and to the individual sensitivity to solar irradia-
tion. Since magnesium deficiency is also associated with abnormal lipid distribu-
tion, and vitamin D excess causes magnesium loss, interrelations of protracted high
intakes of vitamin D with magnesium requirements, and with the cardiovascular
and renal lesions of each imbalance, deserve study (Seelig, 1977).

Like magnesium deficiency and hypervitaminosis D, excess phosphate has also
been implicated in cardiovascular, skeletal, and renal damage. The nature of the
pathologic changes produced by dietary excesses of phosphorus depends upon its
ratios to both calcium and magnesium. Figure 1-2 shows that the phosphorus intake
increased sharply in the college studies during the periods analyzed in 1947-1957
(Scoular et al. 1957), and in the most recent survey of college diets (Walker and
Page, 1977). The lower phosphorus level entered in the 1960-1967 block of columns
derives from an extensive metabolic balance study in several colleges (Leverton et
al., 1962). One can speculate that during these strictly controlled periods there was
likely to have been less consumption of soft drinks containing phosphoric acid than
during the self-selected dietary intakes reflected in the college diet surveys.

The recommended phosphorus/calcium (P/Ca) ratio is 1.5/1 (U.S. Department
of Agriculture Report, 1972). In 1932-1939, the P/Ca ratio was about 1.2/1; it was
estimated to be rising to as much as 4/1 among those who substitute sodas for milk
(Lutwak, 1974). This shift in ratios was stressed as potentially harmful to bones, as
a result of secondary hyperparathyroidism, on the basis of the effect of the osteo-
penia produced by comparable P/Ca dietary ratios in several species of animals, up
to the monkey (Krook and Barrett, 1962; Krook et al., 1963, 1971; Henn :son et
al., 1970; Draper et al., 1972; Krishnarao and Draper, 1972; Krook et al., 1975).

However, the most recent dietary survey of college diets from fifty colleges
(M. Walker and Page, 1977) showed that the mean P/Ca ratio was about 1.5/1, both
phosphorus and calcium intakes having risen to 1200 and 1700 mg/day, respectively.
What had dropped was the magnesium intake—to a mean of 250 mg/day. Such diets
provide dietary ratios of Ca/Mg and P/Mg of almost 5/1 and almost 7/1, respectively.
Since an excess of either phosphorus or calcium has been shown to increase mag-
nesium requirements and to intensify signs of magnesium deficiency (Reviews: See-
lig, 1964, 1971), such a dietary pattern—particularly when accompanied by high
vitamin D and phosphate intakes by many—can be expected to produce either
absolute or relative magnesium deficiency.

1.4. Sex Difference in Magnesium Retention

Analysis of published metabolic balance studies (such as are done to establish
a nutritional requirement, an amount sufficient to maintain equilibrium) has shown
that young men require more magnesium in mg/kg/day than do young women (Fig.
1-4) (Seelig, 1964). The studies analyzed had been obtained from throughout the
world, and showed that young Americans tended to ingest less magnesium on self-
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F1GURE 1-4. Influence of sex on magnesium balance and on percentage of intake excreted at different
intakes of magnesium. *Figures are weighted by multiplying by number of days in each study. Only
balance periods in which mg/kg intake can be calculated are included in analysis. (From MS Seelig: Am
J Clin Nutr 14:342-390, 1964.)

selected diets than did Orientals and, on average, tended to be in negative balance.
This was particularly so for the young men, who on the average excreted more
magnesium than they ingested on the typical American intake of 4-4.9 mg/kg/day.
Young women on that typical intake, on the other hand, tended to remain in equi-
librium. The typical magnesium intake of the Orientals studied was between 7 and
10 mg/kg/day, and positive balance or equilibrium was the rule. In deriving the
recommended magnesium intake from the data analyzed, the intake was selected at
which equilibrium or positive balance was reached in at least three-fourths of the
subjects. On this basis, the minimal daily requirement is 6 mg/kg/day. For a 140-Ib
woman, this comes to 385 mg of magnesium daily; for a 185-1b man, at least 500 mg/
day. Americans, and others in industrialized countries, tend to ingest diets rich in
other nutrients (fat, protein, sugar, phosphorus, and vitamin D), all of which
increase magnesium requirements (Seelig, 1964, 1971; Lindeman, 1976/1980). In
addition, moderate to heavy ingestion of alcohol (even as ‘‘social’’ drinking) is not
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uncommon, and alcohol is magnesuretic (McCollister et al., 1958, 1963; Kalbfleisch
et al., 1963). Thus, a magnesium intake of 7-10 mg/kg/day might be preferable. On
this basis, a 185-lb man might require 580-800 mg/day of magnesium, probably
approximately twice as much as his diet normally delivers. Possibly a woman
(unless she is pregnant or lactating) requires somewhat less. The most recent survey
of college students (from 50 colleges) shows that less than the modest officially
recommended amount {300 mg for women; 350 mg for men (Food and Nutrition
Board, 1974)] is the amount usually ingested (M. Walker and Page, 1977). Actually,
the mean daily magnesium intake of the college students (250 mg) may well be no
more than half the amount required by the young women; it may be as little as one-
half to one-third the amount needed by large, athletic young men. In contrast to
their inadequate magnesium intake, they ingest one and a half times the recom-
mended amount of calcium and twice the phosphorus allowance. Consumption by
young college women of diets that provide suboptimal amounts of magnesium is not
unique to the 50 colleges surveyed. N. Johnson and Philipps (1976/1980) surveyed
the diets of pregnant women from different economic brackets, and found that their
magnesium intakes ranged from 103 to 333 mg/day, with an average of 204 mg daily,
an amount grossly inadequate for pregnant women. Ashe (1979) confirmed the inad-
equacy of prenatal magnesium intakes of 10 healthy white women from private
practices in Tennessee by 7-day metabolic balance studies done at intervals
throughout pregnancy. Their mean daily magnesium intakes were only 60% the
recommended 450 mg/day, and mean balances were —40 mg/day. Only 3 of the 47
periods were positive. The investigators suggested that high calcium, phosphorus,
and protein intakes might have intensified the severity of the negative magnesium
balances. The significance of such low magnesium intakes during gestation, as
regards the cardiovascular, skeletal, and renal status of infants of women with ges-
tational magnesium deficiency, is considered in Part I of this volume.

Now that high fiber- (and phytate-) containing diets are increasingly being rec-
ommended, the effect of such diets on a magnesium intake that is otherwise meager
should be explored. Review of metabolic studies of magnesium utilization by sub-
jects on diets rich in phytates—brown bread, brown rice, oatmeal, or white bread
to which phytate had been added—showed poor percentage absorption of the mag-
nesium, particularly when the diet was first changed (Seelig, 1964). After several
weeks on the phytate-rich diet, the absorption of magnesium tended to improve (A.
Walker et al., 1948; Cullumbine et al., 1950; Hathaway, 1962). McCance and Wid-
dowson (1942a,b) found that addition of phytate to white bread caused greater fecal
magnesium excretion, and removing phytate from brown bread greatly improved
magnesium absorption. Reinhold et al. (1976) have recently confirmed these obser-
vations, not only for magnesium but for trace metals. Thus, the higher magnesium
content of phytate-containing whole grain products may not be a reliable source, in
terms of availability of magnesium. Whether adaptation to the phytate ingested, on
its continued inclusion in the diet, will result in better utilization (as suggested in
the early cited studies) remains to be investigated systematically.

Long-term metabolic studies provide a more valuable index of adequacy of
intake than do short-term studies. Figure 1-5 shows that on very low intakes (< 4
mg/kg/day) the young men remained in negative balance for the average of 52 days
of study, whereas the young women retained sufficient magnesium at the end of
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FIGURE 1-5. Comparison of first and last balance periods on long-term magnesium balance studies of
men and women. *12-126 days. **Horizontal arrows indicate weighted average over entire period.
(From MS Seelig: Am J Clin Nutr 14:342-390, 1964.)

their 30 days to maintain equilibrium, even taking into account probable sweat loss.
On the usual American intake of 4-4.9 mg/kg/day, the young men went into equilib-
rium at the end of the study; the young women were in magnesium balance through-
out. Why there was less magnesium retention by the young men whose intakes
were slightly higher (5-5.9 mg/kg/day) is puzzling. Perhaps that group happened to
have higher intakes of nutrients that interfere with magnesium absorption or
increased renal magnesium excretion. Continuation of strong positive balances after
a month on supplements that raised the magnesium intakes of young men to 9.7—
12.7 mg/kg/day suggests restoration of a deficit. A subsequent study by Irwin and
Feeley (1967) showed sustained strongly negative magnesium balances (—77, —74,
and —38 mg/day) in 15 healthy women evaluated for 3 consecutive 20-day periods
that delivered 230-300 mg of magnesium daily. They concluded that the recom-
mended daily intake of magnesium (300 mg) is insufficient to maintain magnesium
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equilibrium in 140-1b women, and suggested that the proposed intake of 385 mg/day
(Seelig, 1964) might be a preferable amount. In a long-term study (50 and 20 weeks)
of 3 men on magnesium intakes of 1.8 mg/kg/day to S mg/kg/day, Tipton and Stuart
(1970) found that the young man who weighed 100 kg who was on the diet delivering
the least magnesium (180 mg/day) or 1.8 mg/kg/day lost an average of 90 mg of
magnesium daily during the 50-week study. A smaller (71 kg) young man given
twice as much magnesium (that provided 5 mg/kg/day) retained an average of 70
mg/kg/day. An 85-kg middle-aged man who was fed a diet containing 310 mg of
magnesium daily (3.8 mg/kg/day) lost an average of 40 mg daily during the 20 weeks
on study. In a long-term study of men (in a Veterans Administration Hospital Met-
abolic Unit) Spencer et al. (1976/1980) found that increasing the magnesium intake
about fourfold over the amount supplied (about 250 mg) in the basic diet did not
consistently increase the amount of magnesium retained. About two-thirds of the
supplement was excreted in the feces. The amount of calcium and phosphorus in
the diet and the duration of the metabolic periods influenced the results. On low to
high daily calcium intakes, magnesium-supplemented (about 500 mg/day patients
retained about 49 to 58 mg of magnesium daily on low calcium intakes (200 mg
daily). Patients on 1400-mg calcium intakes remained in slightly negative magne-
sium balance (—8 mg/day) when they were supplemented with magnesium; when
they were not given the extra magnesium their daily magnesium loss was 20 mg.
Adding the magnesium supplement to a diet plus calcium supplements providing
2000 mg of calcium raised the magnesium balance from +2 to +85 mg/day. Increas-
ing the phosphorus intake to close to 1500 mg from 975, converted a positive mag-
nesium balance (+29) to a negative one (— 19 mg/day) during a period of low calcium
intake, but not when the calcium intake was also increased. Spencer et al. (1979)
suggested that the different amounts of magnesium retained by the different supple-
mented patients might have reflected their prior magnesium status. This impression
is supported by the high retentions of magnesium by supplemented subjects who
had previously been subjected to magnesium deprivation (Fitzgerald and Fourman,
1956; Shils, 1964, 1969a,b). They (Spencer et al. 1976/1980) also stressed the impor-

tance of the duration of the study, noting that, during the early phase of their stud-
ies, the positive magnesium balances were strong; several weeks later, the patients
were in equilibrium or even in slightly negative balance. Perhaps this reflects reple-
tion of an insufficiency, such as had been postulated might occur with sufficiently
sustained magnesium supplementation (Seelig, 1964).

The cited dietary surveys and metabolic balance studies support the contention
that magnesium supplied by the American diet—and most likely by that of most
industrialized countries, particularly those populated by Europeans or by those
with comparable eating habits—is likely not to be optimal. Such intakes, which are
at best marginal, can be frankly deficient when there are concomitant high intakes
of nutrients that increase magnesium requirements. Manifestly, although the inci-
dence of abnormalities that resemble those produced in experimental or conditioned
magnesium deficiency has increased during the years that the dietary pattern has
changed to one that leads to at least conditioned magnesium deficiency, such abnor-
malities are not found in the entire population. Individual (or familial or group)
differences in dietary habits can be partially responsible. (Table 1-4 gives magne-
sium content of foods.) Also probably contributory are genetic differences in utili-



INTRODUCTION: CONSIDERATION OF EPIDEMIOLOGIC FACTORS 13
TABLE 1-4. Magnesium Content of Foods (mg/100 ml)
Foods rich in magnesium (over 100 mg/100 ml) Vegetables
Collards S5
Cocoa and chocolate , Spinach, boiled 520_59°
Cocoa 420,192 Chard P
Bitter chocolate 292
Sweet chocolate 107-131¢ Foods with moderate content of
(Milk chocolate 59) magnesium (25-50 mg/100 mi)
Nuts Seafood and fish
Cashew 267 .
Boiled lobster 34
Almonds 255
. a » Prawns 42
Brazil nuts 2259-411 »
Oysters 397-42
Barcelona nuts 202 .
» Canned sardines 41
Peanuts 167°-181
Smoked sprats 40
Pecans 151°
Mackerel 33
Hazel nuts 140
Bluefish 31
Walnuts 132
Salmon 29
Seafood Fried whitebait 50
Winkles, boiled in fresh H,O 414 . b
Herring 26-35
Conch 246
. » Haddock 26 -28
Shrimp 79,105
Steamed flounder 25
Whelks 160 . .
Grain and grain products
Vegetables .
Macaroni, raw 57
Soybeans 255¢
b Corn meal 38¢
Butter beans 164 .
B White flour 37
Soya flour 235-286
: a Pearled barley 20°-37¢
Dried beans 159-181 .
. P White rice 28
Dried peas, raw 116-140 .
Beet greens 113 Nuts and fruits
Grain Chestnuts 330-42¢
All bran 4200 ]l;rgsg coco;lut 2‘9‘“
Whole barley 171° D“,e q peaches 44
Whole rye flour 155¢ nied prunes
a Avocado 41
Whole wheat flour 147 B 310 420
Oats, raw 113°-145° ananas .
Maize 1200 Dried currants 30
Brown rice 106° Raisins 27-42°
Blackberries, raw 22029
Vegetables
Foods with 50-100 mg/100 ml magnesium Parsley 41
Sweet corn 38
Seafood Okra 38
Clams 89 Kale 37
Cockles 51 Kohlrabi 37
Crabs, boiled 50 Horseradish 36
Grain and grain products Dandelion 36
Corn meal 86¢ Green cabbage 34
Whole wheat bread 60°-74¢ Fresh peas 33
Rye flour 65¢ Parsnips 29
Nuts and dried fruit (Brussels sprouts 287)
Dried figs, raw 82090 String beans 27
Dried coconut 77°-90% Globe artichokes, boiled 27
Dried apricots, raw 65 Celery 25
Dates 59°-65¢ Fresh peas, raw 30
Cob nuts 56 Dried peas, boiled 30
Fresh coconut 520 Potatoes, baked in skin 29

(continued)
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TABLE 1-4 (Continued)
Dairy products Pineapple, canned 8
Hard cheese 420_47° Grapefruit 10
Meat?® Fresh apricots
Fried liver 24-27 Apples
Roast heart 35 Pears
Bacon, fried 25-32 Cranberries Below 10
Corned beef 29 Grapes
Roast beef, lean only 25 Vegetables
Grilled steak 25 Fresh peas, boiled 21
Veal-fried, roast 28-33 Potatoes, boiled 24
. . . Broccoli, boiled 14
Foods relatively poor in magnesium
(under 25 mg/100 ml) Beet§ . 23
Cauliflower, boiled 7
Meat and fish Cabbage, raw 17
Roast pork lean 24 Turnips and greens 18
Grilled lamb 24 Carrots, raw 12
Veal 23 Mushrooms 16
Boiled beef 200 Onions 72-16°
Boiled tongue 13 Eggplant 15
Boiled ham 17-24 Radishes 15
Roast beef, lean and fat 19 Lettuce, endive 10-12
Kidney 16 Lentils, boiled 21
Brain 13-17 Tomatoes 12
Halibut 24 Asparagus, boiled 5
Steamed cod 20 Cucumber 9
Cooked chicken, duck, & turkey 17-23 Carrots, cooked 6-8
Fried cod 24 Brussels sprouts, boiled 11°
Fruit Cabbage, boiled 7
Raspberries 22 Dairy Products
Blackberries 22 Eggs 13
Fresh figs 21 Milk 13-14
Cantaloupe 172200 Cream 12
Fresh currants 13-17 Butter 1
Cherries 14 Grain
Strawberries 12 Oatmeal porridge 13
Plums, peaches 10-11 White rice, raw 13°
Oranges 112-13° White rice, boiled 40
Pineapple, fresh 11e-17° Macaroni, boiled 17°

@ Values based on data from HC Sherman (1945).
® Values based on data from RA McCance and EM Widdowson (1960).

zation or retention of magnesium and in vitamin D metabolism (Seelig, 1969b,
1970a,b). It is hoped that future investigation will resolve whether the familial
instances of parathyroid dysfunction and of some congenital cardiovascular or renal
diseases are related to basic genetic variants in the handling of magnesium and
vitamin D, and whether those two recognized genetic variants are interrelated.
One wonders whether the demonstrated better retention of magnesium by
women than men on marginal magnesium intakes can contribute to the dramatic
sex difference in incidence of IHD in young adults (Table 1-5; Figure 1-1) and to the
rise of incidence in death rates in Canada from 1926 to 1961 (Fig. 1-6, T. Anderson,
1973). The sharp increase that occurred only in middle-aged men was entirely in the
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TABLE 1-5. Sex and Age Differences in
Mortality Rates from Arteriosclerotic Heart
Disease (per 100,000 White Population)®

Sex difference,

Age Men Women men/women
25-29 43 1.0 4.3:1
30-34 15.8 2.7 59:1
35-39 50.1 6.5 7.7:1
40-44 124.2 19.4 6.4:1
45-49 254.9 40.8 6.2:1
50-54 462.6 85.6 5.4:1
55-59 719.0 183.6 3.9;1
60-64 1,119.1 384.4 2.9:1
65-69 1,622.0 687.5 2.4:1
70-74 2,291.1 1,211.0 1.9:1
75-79 3,243.2 2,053.9 1.5:1
80-84 4,802.5 3,508.1 1.3:1
>84 7,248.7 6,233.7 1.2:1

¢ Adapted from J S Stamler (1963).

IHD category; cardiac death rates from other causes dropped. Among the women,
the cardiac death rate remained the same, but the proportion due to IHD rose.
There was a lesser sex difference in the proportion of deaths that occurred suddenly
in the middle-aged groups in hard- and soft-water cities in Ontario, and still less in
the 65 to 74 year-old groups (T. Anderson et al. 1976/1980). Whether the observa-
tion of this group that myocardial magnesium levels were lower in women who had

FIGURE 1-6. Male and female death rates from heart disease in Canada in 1926 and 1961 in the age group
45 to 64. (From T Anderson, 1973.)
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died suddenly (accident or suicide) than they were in comparable men, both in hard-
and soft-water areas (T. Anderson et al., 1978), bears on this question requires res-
olution. On the surface it would seem to militate against the concept that women’s
better retention of magnesium explains the sex difference in the rise of IHD. Addi-
tional factors must be considered. Among such factors are those diagrammed by
Raab (1972), who had earlier provided experimental evidence that stress causes
decreased myocardial magnesium levels (Raab ef al. 1968). Does this imply that
women are more subject to stress-induced decreased myocardial magnesium? This
seems dubious. More likely, women normally have less myocardial magnesium
than do men. Does the amount of muscular exertion play a role? The higher
myocardial magnesium levels in left than in right ventricles (Holtmeier, 1969a; Sze-
lenyi, 1973) might be germane to this point.

The evidence that dietary magnesium is generally insufficient and that under
those conditions women retain more than do men, is clear, however—wherever the
magnesium goes. It provides some insight into the provocative epidemiologic stud-
ies that demonstrate that the cardiovascular death rates are higher in areas supplied
with soft water than they are in hard water areas. N. Goldsmith (1969) and Hankin
et al. (1970) have calculated that 12% of the daily intake of magnesium can be
derived from water. Among those using only hard water, as much as 18% of the
daily magnesium intake may derive from water. Among those whose magnesium
intakes from food are marginal, these amounts might well be critical.

FIGURE 1-7. Correlation of coronary heart disease death rates (1950) with hardness of water by states in
U.S.A. (white men, aged 45-64). (Adapted from Schroeder, 1966: from MS Seelig and HA Heggtveit:
Am J Clin Nutr 27:59-79, 1974.)
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FIGURE 1-8. Deaths from ischemic heart disease: white men (aged 45-64 years) versus total population
men* by states with hard versus soft water. *Age corrected. (Adapted from Schroeder, 1966: from MS
Seelig and HA Heggtveit: Am J Clin Nutr 27:59-79, 1974.)

1.5. Hard/Soft Water and Cardiovascular Disease

J. Kobayashi (1957) first noted that the nature of drinking water might influence
death rates from cardiovascular disease; the incidence of strokes is high in areas
with acid (soft) water. Schroeder (1960a,b, 1966) surveyed the hardness of drinking
water in each of the United States, and correlated the death rates with state-wide
water hardness or softness (Fig. 1-7). He found that death rates from cardiovascular
diseases (particularly from ‘‘coronary’’ heart attacks in white men 45-64 years old)
were significantly higher in states with soft water than in states with hard water
(Fig. 1-8). The death rate in South Carolina, a state with the softest water, was 983/
100,000; that in Nebraska, a hard-water state, was 712/100,000. Deaths from cere-
brovascular accidents followed a similar pattern. Complicating interpretation of
these findings is the fact that ischemic heart disease death rates are higher in urban
than in rural communities. To eliminate this factor, the coronary death rates from
three cities with hard-, intermediate-, and soft-water supplies are compared (Fig. 1-
9), and reveal a startling contrast between the rates of fatal ischemic heart disease
in cities with hard and soft water. Since this observation, there have been many
confirmatory studies, although there has not been complete accord that it is the
magnesium, rather than the calcium, that is protective, or whether there might be a
toxic element in the soft water that is to blame, e.g., cadmium (Perry, 1973), copper
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FIGURE 1-9. Deaths from ischemic heart disease: white men (aged 45-64 years) in cities with hardest,
average, and softest water, (from MS Seelig and HA Heggtveit: Am J Clin Nutr 27:59-79, 1974.)

(Harman, 1975/1977), or others (Editorial, Lancet, 1969¢).On the other hand, Kle-
vay (1975, 1977, 1978) has presented provocative evidence that a high zinc/copper
dietary ratio might contribute to ischemic heart disease as a result of relative copper
deficiency, which causes a decrease in high-density lipids and an increase in low-
density lipids. He has suggested that hard water might be protective by lowering
the ratio of zinc to copper. Where hard water is artificially softened (i.e., by sodium
chelates), the role of increased sodium should also be considered.

M. Crawford et al. (1968) like others working in areas where calcium is by far
the major water factor (J. Morris et al., 1962; Biorck et al., 1965; J. Robertson,
1968, 1969), favored calcium as the probable protective factor. In England, the
average calcium content of hard water accounts for about 84% of the hardness and
is more than 11 times greater than the magnesium content (M. Crawford ez al.
1968). Nonetheless, it was her impression that the water-protective ‘factor’’ prob-
ably involves interrelationships of the ‘‘bulk’ ions: calcium, magnesium, and
sodium (M. Crawford, 1972). Those who had had favorable experience with the use
of magnesium salts in treating patients with acute or chronic IHD (R. Parsons et
al., 1961; Berberian, 1962; Browne, 1961, 1963, 1964a,b) favored magnesium as the
hard-water protective factor. So also did those who had done or evaluated animal
work that showed magnesium to be protective and excess calcium either not pro-
tective or harmful in experimental cardiomyopathies or soft-tissue calcification
(e.g., cardiovascular and renal) (Neal and Neal, 1962; Marier, 1963; Bajusz, 1967;
Marier et al., 1968; Seelig and Bunce, 1972; Seelig and Heggtveit, 1974). In his



INTRODUCTION: CONSIDERATION OF EPIDEMIOLOGIC FACTORS 19

consideration of the part played by hard water, Bajusz (1967) suggested that the
higher content of magnesium might protect the myocardial cell against damage
caused by ischemia and improve its ability to resist the effects of cardiotoxic agents.
In 1974, Seelig and Heggtveit considered the experimental and clinical evidence
that calcium and magnesium exert reciprocal effects on myocardial irritability. High
calcium levels stimulate and high magnesium levels suppress hyperexcitability.
They then suggested that magnesium might be useful in maintaining normal cardiac
rhythmicity, in the face of ischemia or digitalis-toxicity, or in acute (i.e., alcohol- or
diuretic-induced) hypomagnesemia. [The antiarrhythmic attribute of magnesium is
again being utilized in the United States (Chadda er al., 1973a,b, 1976/1980; Iseri et
al., 1975; Iseri and Bures, 1976/1980) after a hiatus of 30 years (Boyd and Scherf,
1943).]

The dietary surveys presented here show that magnesium, but not calcium,
intakes have been gradually falling. Coinciding in time with the sharp increase, first
of vitamin D and then of phosphorus intakes (Fig. 1-1), there has been a steep
increase in incidence of sudden deaths from IHD (T. Anderson and LeRiche, 1970).
The recognition of this increase in IHD death rates derived from an extensive study
of death certificates of men 45-64 years of age (Ontario, 1901-1961). As many as
5000 certificates a year had to be examined when the incidence was low (in 1901).
Where deaths from ITHD were clearly specified, as compared with all cardiac
deaths, it was the IHD category that had risen, more than doubling from 1931 to
1961 (Anderson and LeRiche, 1970). The death rates from other major forms of
heart disease in that age group had fallen during the same period of time. The minor
changes in cardiac death rates from 1901 to 1931 are not as readily interpreted,
because of changes in terminology and possible incompleteness of reporting. Select-
ing 1931 as the earliest key date (sudden-death coroner reports being available from
about 1931 on Toronto), these investigators found that only about half of the non-
traumatic sudden deaths were attributed to IHD in 1931, whereas 99% were deemed
due to IHD in 1961. Spain et al. (1960), on the basis of an autopsy survey, consid-
ered such events the commonest cause of death of middle-aged men, at about the
same time. T. Anderson et al. (1969) postulated that there might be an environmen-
tal factor that could, by altering myocardioal excitability, cause an increase in the
incidence of sudden death from ventricular fibrillation and other cardiac arrhyth-
mias, and noted that the sudden death rate (but not the nonsudden IHD death rate)
varies inversely with the hardness of the water. T. Crawford and M. D. Crawford
(1967), who had noted that despite a much higher frequency of cardiac death rates
in Glasgow (a soft-water area) than in London (a hard-water area) degrees of coro-
nary atherosclerosis were not dissimilar, had also suggested that the water factor
might affect the way the myocardium reacts to ischemia. They found that the cor-
onary magnesium content was higher in young men (under 40) who had died as a
result of accidents in London than in Glasgow, and that the Scottish young men had
more small myocardial scars than did the Londoners.

From Ontario, where the magnesium content of hard water is much higher than
it is in England, has come much of the definitive data implicating magnesium rather
than calcium as the protective factor in hard water, and ruling out most of the
potentially toxic trace minerals found in soft water as the harmful soft-water factor.
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In their surveys of cardiac death rates, T. Anderson et al. (1969) found that there
were many more (sudden) cardiac deaths reported in soft- than in hard-water areas
(T. Anderson et al., 1978). This supported T. Crawford and M. D. Crawford’s
(1967) and Bajusz’s (1967) suggestion that the hard-water factor was likely to be a
myocardial protective factor. They speculated that it probably affected cardiac
rhythmicity (T. Anderson et al., 1969, 1973, 1976/1979; T. Anderson and LeRiche,
1970, 1971). Comparable findings were reported by Fodor et al. (1973) from New-
foundland, where there is a much higher death rate for IHD in a city with very soft
water than in two communities with hard water, particularly for men, 62% of whom
died before they could be brought to the hospital (considered probable sudden
deaths). They commented that IHD death rate in men in the soft-water city (702/
100,000) is comparable to that in the ‘‘high mortality belt’’ of the southeastern por-
tion of the United States.

At first Anderson et al. (1969) adhered to the English premise that calcium was
likely to be the protective water factor. When they became aware of the evidence
that Western diets provided marginal amounts of magnesium (Seelig, 1964) and that
persons dying of heart attacks have low myocardial magnesium levels, even in non-
infarcted segments (Heggtveit et al., 1969; Seelig, 1972), they had pathologists from
hard- and soft-water areas secure myocardial specimens from routine autopsies,
and had them analyzed for magnesium, calcium, and trace elements (T. Anderson
et al., 1973, 1975, 1976/1980). Magnesium was the only element with a significant
difference in myocardial concentration, which was higher in hearts of accident vic-
tims from hard-water areas (982/918 wg/g dry tissue). IHD disease victims had 22%
lower myocardial magnesium levels in soft- than in hard-water areas (697/744). In
England, there has been an apparently contradictory pattern (Chipperfield et al.,
1976a), with lower levels of myocardial magnesium in hard- than in soft-water cities.
T. Anderson et al. (1978) point out that since in the two English cities that were
compared the magnesium levels are quite low both in the hard and in the soft water
(Chipperfield et al., 1976b), the difference between them represents only 1% or 2%
of the probable total intake, and that another factor might be operative.

In Finland, which has a very high death rate from IHD, there is a clear rela-
tionship with the amount of magnesium in the soil (Karppanen and Neuvonen,
1973). In eastern and in northern Finland, where the soil content is about a third
that found in southwestern Finland (Karppanen et al., 1978) the mortality from
ischemic heart disease is twice as high as is that in the southwest. Holtmeier and
Khun (1976/1980) surveyed factors that might be contributory both to the rising
incidence of cardiovascular disease in Europe, and the falling levels of magnesium
both in the soil and in the food supply. They commented that in Finland, which has
the highest cardiovascular death rate in Europe, the dietary supply of magnesium
had decreased by 1963 to a third of the intake common in 1911 (H. Katz, 1973). In
contrast, in Japan with its low cardiac death rate, the daily magnesium intake was
cited as 560 mg (Holtmeier, 1969a, 1973). Karppanen et al. (1978) have depicted the
steep rise in ischemic heart disease that coincides with increasing dietary calcium/
magnesium ratios (Fig. 1-10).

In view of the possibility that sudden deaths of infants might similarly be
mediated by magnesium deficiency, and be analagous to the adult cardiac
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FIGURE 1-10. Ischemic heart disease rates correlated with dietary calcium/magnesium ratios. [From H
Karppanen et al.: Advances in Cardiology. V Manninen and PI Halonen (Eds), S Karger, Basel, 1978,
pp 9-24.]

arrhythmic sudden deaths that are prevalent in soft-water areas, the preliminary
report by Godwin and Brown (1973) of a somewhat higher incidence of sudden
infant deaths in soft-water counties in California than in hard-water counties is pro-
vocative. It must be noted that the following year a conflicting report was published
(Allwright et al., 1974) that failed to confirm the higher incidence of either IHD of
adults or of infant mortality rates with soft water. However, these investigators
point out that this ‘‘soft’’ water is approximately as hard as is the ‘*hard’’ water in
some of the English studies, where higher infant-death rates were reported in soft-
than in hard-water areas (M. Crawford et al., 1972). These tentative findings call to
mind the instance of sudden infant death that was associated with coronary arterio-
sclerosis (Meurman et al., 1965) from eastern Finland, and the report by Pesonen
et al. (1975) on more severe and more frequent infantile coronary arteriosclerosis
in eastern Finnish children than in those from the southwest (where the magnesium
level is higher).

1.6. Epidemiologic Factors in Calcific Urinary Calculi

There has been an increase, during this century, in the incidence of calcium
oxalate stones in Finland (Sallinen, 1960), central Europe and Sweden (Grossman,
1938; Hedenberg, 1951) and Japan (Inada et al., 1958; Editorial, Brit Med J, 1965)
that coincides with the rising incidence of cardiovascular diseases in those coun-
tries, and with the use of magnesium-poor soil fertilizers in the northern and central
parts of the European continent (Holtmeier and Kuhn, 1976/1980). The geographic
difference in frequency of calcific urolithiasis in the United States (Landes, 1975/
1977, Finlayson, 1974; Landes et al., 1977) coincides with the geographic difference
in incidence of sudden death from ischemic heart disease, and with the degree of
water hardness. A map of the United States, indicating the distribution of water
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FiGURE 1-11. Distribution of water hardness in the United States in 1963. (From Landes et al., 1975/
1977.)

hardness in 1963 (Fig. 1-11) and one showing the incidence of urinary calculi (Fig.
1-12) clearly shows that in most states where the water is softest the frequency of
urolithiasis is highest. Boyce et al. (1956), who pointed out this geographic overlap,
reported that the highest incidences of kidney stones were in South Carolina and
other southeastern states, an area that has been called *‘the kidney stone belt,”” and
the lowest incidences were in midwest and southwestern states, where the water is
hard. Melnick er al. (1971, 1973) and Landes et al. (1977) reaffirmed this observa-
tion, basing their conclusions on hospital diagnoses, obtained from a survey done
in 1972. South Carolina again came in first, with the highest frequency (17/1000
discharges). Nebraska, the state shown earlier to have the lowest incidence of sud-
den death from ischemic heart disease, also had the lowest frequency of urinary
calculi (2.6/1000 hospital discharges). Accepting the limitations of such state-wide
surveys of stone incidence and water quality, the authors nonetheless felt justified
in concluding that the differences were statistically significant, indicating that the
incidence of urinary calculi is inversely related to the hardness of the water (Landes
etal., 1977).

Prien (1971), who had reported that magnesium therapy in conjunction with
pyridoxine (Prien, 1965; Gershoff and Prien, 1967), was useful as prophylactic ther-
apy for recurrent calcium oxalate stone-formers (in northern New England, another
soft-water area), presents ‘‘the riddle of urinary stone disease.”’ He referred to
Grossmann’s (1938) evidence that, starting in 1924, the incidence of small calcific
stones in young adults rose in central and northern Europe, and was puzzled as to
why the incidence should have dropped during World War II, only to rise again
thereafter (Boshamer, 1961). It is possible that the work of Linden (1972, 1974a,
1977) correlating concurrent urolithiasis, hyperlipidemia, and ischemic heart dis-
ease with only moderately high intakes of vitamin D might be germane to the rise in
incidence of kidney stones after 1924. Linden (1977) mentioned that after Mellanby
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(1920) had demonstrated that cod liver oil could prevent rickets, it was soon widely
used for lesser ailments, such as failure to thrive and poor appetite. He referred to
reports, in the late 1920s, of infantile fatalities due to hypervitaminosis D. It is
possible that inappropriate and widespread use of vitamin D, which increases mag-
nesium requirements, might have intensified magnesium deficiency, the predispo-
sition for which might have derived from the decreased magnesium-availability
from the soil, especially in those parts of central Europe where fertilizers high in
potassium and low in magnesium were commonly used after World War I (Aleksan-
drowicz and Stachura, 1976/1980; Holtmeier and Kuhn, 1976/1980). Perhaps, during
World War 11, the vitamin D supplements and soil fertilization were less widely
used, only to be taken up again after the war. In the last year of World War II, and
for more than a decade thereafter, in the British Isles, excessive vitamin D was
provided in infant formulas and other foods, with a resultant epidemic of supraval-
vular aortic stenosis syndrome (SASS) and increased incidences of renal tubular
acidosis, infantile nephrocalcinosis, and osteosclerosis. In Germany, *‘Stossthera-
pie’’ with huge parenteral doses of vitamin D also caused SASS and related ‘‘con-
genital’” abnormalities (Review: Seelig, 1969b). To what extent the long-term use of
therapeutic doses of vitamin D in infants and children with low requirements or
hyperreactivity to vitamin D (Seelig, 1970a,b), and to what extent its continued use
throughout life, and especially during adolescence and early adulthood when milk
consumption tends to be high (in America), might predispose to a high urinary cal-
cium/magnesium ratio and to a conditioned magnesium deficiency should be sys-
tematically investigated. Possibly it might be part of the answer to Prien’s kidney-
stone riddle (1971), as well as to the continued high sudden-cardiac death rate.

The inverse relationship between the tendency toward calcium oxalate urinary
tract stones and the tendency toward osteoporosis (McGeown and Oreopolis, 1969)

FIGURE 1-12. Incidence of urinary calculi requiring hospitalization in 1952. (From Boyce ¢t al., 1956,
and Landes et al., 1977.)
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is provocative. There are fragmentary data indicating that magnesium deficiency
contributes to several pediatric osteopenias and to osteoporosis, all of which are
characterized by loss of matrix. A high Ca/Mg ratio might favor hypermineralization
of bone with defective matrix. High P/Ca and P/Mg ratios might favor osteomalacia.
Correlation of these mineral ratios with hormonal responses might shed some light
on the high rate of osteoporosis in postmenopausal women, who might have a high
parathyroid/estrogen ratio, in addition to loss of the estrogen-induced capacity to
store magnesium in bone. Whether low magnesium and high vitamin D intakes dur-
ing pregnancy contribute to osteogenesis imperfecta, hypophosphatasia, and fragile
bones of low-birth-weight infants should be studied.

1.7. Genetic Factors in Cardiovascular, Skeletal, and
Renal Diseases

Even though the dietary factors (high vitamin D and phosphate intakes and
declining magnesium intakes) have been widespread, and in the case of vitamin D
unavoidable for milk-drinkers, the increased incidence of frequency of some cardio-
vascular, skeletal, and renal diseases has not been distributed equally in the popu-
lation. Except for osteoporosis, which is most prevalent in white postmenopausal
women (McGeown, 1969; Meema et al., 1973, 1975; N. Goldsmith and Johnston,
1978), and hypertension, which is most prevalent in black women (Kuller e? al.,
1973), most of the diseases for which evidence is presented in this volume, of rela-
tionships to low magnesium, to vitamin D, and to phosphate intake, are most prev-
alent in white males. Furthermore, there is evidence of familial predisposition to
what may be risk factors: (1) specific magnesium malabsorption and renal wasting,
and (2) hyperreactivity to vitamin D (Seelig, 1969b, 1970a,b). It is suggested that
the familial instances of calcium oxalate urolithiasis (McGeown, 1960; Resnick et
al., 1968), of pseudohypoparathyroidism with vitamin-D-resistant rickets (DeLuca
et al., 1967; Falls et al., 1968; Reitz and Weinstein, 1973), and possibly of hyper-
parathyroidism (Cutler et al., 1964; Cholod et al., 1970; Marx et al., 1973) might
also be secondary to a primary abnormality in magnesium metabolism, leading to
magnesium deficiency. Several forms of neonatal or infantile cardiovascular dis-
ease, possibly including juvenile hyperlipidemia and hypertension, might also be
related to abnormalities in magnesium or vitamin D metabolism, or both, as might
vitamin-D-resistant rickets. The familial instances of these diseases and of other
osteopenias, which are not infrequently associated with renal disease, might have
an underlying defect: magnesium malabsorption or renal tubular wastage or both.

The renal and skeletal disorders contribute to significant morbidity. The cardio-
vascular complications lead both to morbidity and sudden mortality. An editorial
(JAMA, 1972) entitled ‘‘A Magic Carpet Is Not Enough’’ calls urgent attention to
the fact that as many as over 50% to 73% of sudden deaths from lethal arrhythmias
(Kuller et al., 1967, Armstrong et al., 1972) occur before the patients reach the
hospital. Among almost a thousand cases of medically untreated deaths from IHD
in which autopsies were done, 60% of the men and 47% of the women died within
15 minutes of onset of symptoms (Wikland, 1971). The reference to the inadequacy
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of the ‘‘magic carpet’’ pertained to the finding that even if the patient is resuscitated,
death is usually merely somewhat delayed by a period of invalidism (Geddes et al.,
1967). In a confirmatory study, Kuller ez al. (1973) showed that 75% of those who
died suddenly had had no serious disability; only 12% had been unable to work.
Among those who died in a hospital, only 17% survived more than 24 hours. Of the
almost 500 who died within 24 hours of onset of symptoms who were autopsied,
only 13% had evidence of a recent infarct. The investigators concluded that their
findings indicated that no current community health approach will be effective.

FiGure 1-13. Magnesium intakes during pregnancy: changing average intakes of magnesium, calcium,
vitamin D, and phosphorus during the 20th century. (Derived from Friend, 1967; Seelig, 1969b, 1978,
1976/1980; Johnson and Philipps, 1976/1980; and Ashe et al., 1979.)
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They state that a fundamental change in therapeutic and preventive approach is
needed.

The correlation of data implicating interrelationships between absolute mag-
nesium deficiency and the magnesium-losing excesses of vitamin D and phosphates
in so many of the diseases that have increased in incidence during the time that
these dietary imbalances developed might point toward the new approach that
Kuller et al. (1973) said was required. Such imbalances are a particular risk during
pregnancy (Fig. 1-13). Possibly they might lead to abnormal pregnancy, to congen-
tial abnormalities, and to infantile and later morbidity and mortality.

Now that vitamin D has been proved to have a steroid hormone mode of action
(Norman, 1968; Norman et al., 1975/1977; DeLuca, 1969, 1976), and the active
antirachitic metabolites have been isolated, synthesized, and made available, vita-
min-D-resistant rickets can be treated specifically, in preference to putting an entire
population at risk of hypervitaminosis D by fortifying milk and other foods (Seelig
and Mazlen, 1977). Perhaps the popular soft drinks that provide so much of the
excess phosphate can be reformulated to be bubbly by other means than by use of
phosphate salts. And, finally, physicians should evaluate their patients, particularly
those with the cited familial disorders—for abnormal magnesium metabolism, and
they should prescribe supplements when needed.

This volume places major emphasis on the early establishment of cardiovas-
cular, skeletal, and renal lesions—possibly during gestation, infancy, and early
childhood—that can either cause early manifestations of disease or death, or lay
the groundwork for disease processes that become overt later in life. Thus, the first
part deals with prenatal, perinatal, and infantile disorders, and the subsequent parts
deal more generally with the abnormalities of the three systems to which magne-
sium deficiency might well be contributory.
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2
The Role of Magnesium in
Normal and Abnormal Pregnancy

2.1. Magnesium Balance in Pregnancy

The formation of new tissue (maternal and fetal) during pregnancy requires higher
magnesium intakes than that of the normal nonpregnant woman of comparable age.
The most recent recommended dietary allowances in the United States and Canada
is 450 mg/day (Food and Nutrition Boards, 1968), a figure that is probably based
largely on magnesium balance determinations and calculations done with adult
pregnant women from 1914-1942. The general statement that the dietary magne-
sium during pregnancy should substantially exceed the amount required by other
adults has led to the selection of 450 mg/day as reasonable, exceeding that recom-
mended for adolescent and young adult women in the United States by 100 mg/day
and exceeding the amount recommended in Canada for women over 22 by 150 mg/
day. Since adolescent children require much higher magnesium intakes to meet
their own growth and maturation needs, it is questionable whether the same amount
deemed necessary for the mature pregnant woman is sufficient for a teenaged preg-
nant girl. Even the amount generally considered sufficient, but rarely met by the
American woman, whether or not she is pregnant (Seelig, 1964; N. Johnson and
Phillips 1976/1980; Ashe et al., 1979), should be reevaluated.

Examination of magnesium retention by pregnant women on different dietary
intakes (Table 2-1, Seelig, 1971) shows marked differences in retentions, ranging
from negative to strongly positive. The first detailed metabolic balance studies of
pregnant women (in Germany) that gave magnesium, calcium, and phosphorus
intakes and retentions (Table 2-2, Landsberg, 1914) showed strongly positive bal-
ances of all these elements. The magnesium contents of the self-selected diets of 14
women ranged from 338-512 mg/day, and their calcium and phosphorus intakes
were usually between 2 and close to 3 g a day. Hoffstrom’s long-term study of a
Finnish pregnant woman’s metabolic balances during the last 23 weeks of preg-
nancy (Table 2-3, Hoffstrom, 1916) showed that on her much lower magnesium
intakes, she was in negative magnesium balance during nine of the periods and

29
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CHAPTER 2

TABLE 2-1. Magnesium Intakes and Retentions during Pregnancy
Number of
observations Mg intake Mg retention range
Metabolic range (mean) (mean)
Investigator(s) Women periods (mg/day) (mg/day)

Hoffstrom (Finland) 1 23 177-395 (282) —176 to +188 (+13)
Landsberg (Germany) 14 14 338-512 (457) +2 to +159 (+56)
Toverud (Norway) 16 27 186-688 (341) —47 to +255 (+99)
Toverud (Norway) 23 30 186-688 (368) 0to +322 (+132)
Coons-Blunt

(Chicago, Illinois,

U.S.A) 9 23 236-810 (375) —311to +81 (-85
Coons (Oklahoma, U.S.A)) 6 23 285-471 (394) —3to +154 (+63)
Coons and Coons

(Oklahoma, U.S.A.) 1 18 369-561 (4595) —7to +63 (+18)
Hummel et al.

(Detroit, Michigan,

U.S.A) 1 28 480-760 (600) +30 to +230 (+110)
Hummel et al.

(Detroit, Michigan,

U.S.A) 1 13 350-430 (390) +10 to +160 (+60)

retained less than 50 mg/day in eight more. Despite her adequate calcium and phos-
phorus intakes in all but four periods (never falling below 1 daily) she was in nega-
tive calcium balance during seven periods. She rarely retained as much calcium or
phosphorus as did the women in the German study (Landsberg, 1914).

The emphasis in the United States was largely on the problem of calcium reten-
tion, and Coons and Blunt (1930) at first studied magnesium balances of pregnant

TABLE 2-2.

Average Magnesium, Calcium, and Phosphorus Intakes
and Retention in Pregnant Women on Self-Selected Diets®

Magnesium (mg/ Calcium (mg/day) Phosphorus (mg/
Lunar day) - day)
month Intake Retention Intake Retention Intake Retention
2 489 +3 2913 +16 2624 +97
411 +2 2689 +21 2791 +142
3 338 +5 1821 +26 2186 +285
468 +9 2743 +213 2732 +296
512 +12 2817 +298 2579 +325
4 478 +28 2935 +312 3010 +501
425 +39 2489 +356 2914 +492
463 +35 2763 +348 2581 +535
S 510 +89 2748 +579 2875 +1004
6 472 +102 2915 +742 2469 +1016
7 459 +97 2823 +653 2298 +765
8 423 +107 2474 +781 3102 +1274
9 482 +159 2648 +829 2936 +949
10 475 +101 2597 +748 2847 +893

2 From data in Landsberg (1914).
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TABLE 2-3.  Average Magnesium, Calcium, and Phosphorus Balances
during the Last 23 Weeks of a Pregnancy

Magnesium (mg/ Phosphorus (mg/
Week of day) Calcium (mg/day) day)
gestation Intake Retention Intake Retention Intake Retention
17 361 —-40 1892 -330 2060 +72
18 297 -7 1860 +394 2300 +591
19 383 +188 2385 +951 2862 + 1005
20 307 -9 2201 —234 2471 +177
21 268 +40 2062 —230 2304 +313
22 295 +5 1921 +378 2223 +482
23 389 +144 1899 +181 2231 +383
24 395 +154 1315 +499 1482 +318
25 224 —151 1748 —143 1927 +222
26 254 -176 1581 +107 1835 +398
27 240 +34 1298 +168 1569 +294
28 211 -34 1193 —55 1458 +68
29 316 +50 1597 +191 1998 +439
30 235 =21 1451 —125 1754 +125
31 276 +23 1908 +295 2136 +391
32 238 +21 1698 +290 1892 +377
33 240 +7 1638 +252 1834 +254
34 263 +51 1786 +501 1909 +490
35 295 +72 1862 +614 1994 +573
36 250 —56 1517 +186 1670 +128
37 286 +54 1884 +406 1957 +388
38 298 +25 1777 +411 1972 +401
39 289 +34 1621 +211 1872 +215
40 177 -70 1031 -19 1149 —150

“ From data in Hoffstrom (1916).

women to see whether taking milk of magnesia as a laxative would unfavorably
influence calcium retention. They found no interference with calcium retention,
even on magnesium intakes as high as 810 mg/day. Toward the end of pregnancy,
there was a tendency toward more and larger negative magnesium balances, even
on daily magnesium intakes of 400 mg/day. They subsequently compared their find-
ings with those obtained by other investigators (Fig. 2-1, Coons, 1935). The com-
posite curve, and the scatter diagrams, show weakly positive and even negative
magnesium balances on daily intakes of less than 300 mg/day. In their own study of
eight women in Chicago (Coons and Blunt, 1930), half of the metabolic balance
periods showed net losses of magnesium. There was a preponderance of positive
balances in their Oklahoma studies of six women (Coons et al. 1934, 1935); they
speculated that the greater exposuie to sunlight in Oklahoma might have been
responsible for the better magnesium retention in their 1935 studies. To test the
possibility that vitamin D was responsible, they studied the effect of cod liver oil on
the magnesium retention of a primiparous woman who had also been tested before
pregnancy (Coons and Coons, 1935), and whose intakes of magnesium and phos-
phorus were kept fairly constant. This was a long-term investigation that included
18 metabolic periods of 4 days each on a continuously regulated diet, from the 21st
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FiGURE 2.1. Compilation of published data on the retention of magnesium during human pregnancy:
relation of storage to intake. (From Coons, 1935.)

to 30th weeks of pregnancy. Despite an apparently adequate intake of magnesium
(369-561 mg/day), three negative balances occurred during three of the metabolic
periods, and the woman’s average daily retention of magnesium was only 18 mg.
Exposure to sunshine was avoided and cod liver oil supplements were provided
only during 25th, 26th, 34th, and 35th weeks of study. The investigators concluded,
from the slightly lower calcium and magnesium retentions during the first two weeks
of cod liver oil administration at five months gestation, and the minimal changes in
calcium retention and slight increase in magnesium retention during the second two
weeks of supplementation during the eighth month of gestation, that vitamin D from
cod liver oil was not equivalent (in its effects on calcium and magnesium retention)
to that from reasonable exposure to sunlight (Coons and Coons, 1935). Table 2-4
includes the above data, and the balance data from the study of Toverud and Tov-
erud (1931), from women whose mineral intakes were kept fairly constant before
and while on vitamin D supplementation. The Norwegian study (Toverud and Tov-
erud, 1931) shows that the magnesium balances improved on addition of vitamin D
supplements, even when the magnesium intake was low (case 8). In that instance,
the vitamin D converted a negative calcium balance on an adequate calcium intake
to positive, but did little to correct the negative phosphorus balance, the phospho-
rus intake also being low. The women whose calcium and magnesium intakes were
fairly low, but whose phosphorus intakes were adequate (cases 1,6), responded to
vitamin D with more retention of magnesium, much less negative calcium balance
in one (case 1) but no significant diminution of the strongly negative calcium balance
in the other (case 6), whose phosphorus balances remained strongly positive. Not
included in this table are the data from women given diets with and without added
calcium as salt and milk, which showed that they required at least 1.6 g of calcium
and phosphorus daily to maintain positive balances of those elements. The effects
of the increased intake on magnesium retention cannot be determined from that
study because the magnesium intake was not constant. In a subsequent study, in
which the daily dietary intakes of calcium and phosphorus were kept at 1.5-2 g and
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TABLE 2-5. Magnesium, Calcium, and Phosphorus Retentions during Late Pregnancy”

Month of Magnesium (mg/day) Calcium (mg/day) Phosphorus (mg/day)

Case pregnancy Intake Retention Intake Retention Intake Retention
1 7 313 +152 1540 +35 1493 +328
2 8% 336 0 1509 +303 1765 +290
3 8% 331 +322 1711 +764 1966 +1136
4 8 340 +99 1739 +107 1701 +526
5 8 367 +218 1736 +40 1716 +199
6 T1k? 363 +17 1706 +531 2080 +200
7 8 369 +115 1948 +895 1634 +382
8 8b 386 +173 1562 +492 1735 +300
9 81k 392 +253 1625 +638 1843 +901
10 8 380 +31 2032 +598 2151 +675
11 71k 461 +291 1646 +456 1836 +892
12 8 431 +273 1827 +503 1923 +811
13 8 504 +219 2090 +771 2163 +678

% From data in Toverud and Toverud (1931).
® +10 ml cod liver oil (only in winter months); not all accepted the supplements.

that of magnesium between 313 to 504 mg (Table 2-5), the three women whose
magnesium intakes exceeded 430 mg/day all obtained strongly positive magnesium
balances. The one with the highest intake, whose intakes of calcium and phospho-
rus were over 2 g, retained slightly less magnesium than did those with slightly
lower calcium and phosphorus intakes. Another woman whose magnesium/calcium/
phosphorus intakes were 392/1625/1843 also showed high retentions of all three ele-
ments. One with comparable magnesium intake (380) but calcium and phosphorus
intakes above 2 g retained only 31 mg of magnesium daily. There are exceptions to
these findings; individual differences and variations in intakes of effective elements
no doubt influenced the metabolic balances. These data are suggestive that the
dietary ratios of magnesium, calcium, and phosphorus, and a requisite amount of
vitamin D, all influence the retention of these elements during pregnancy.

The long-term studies of a 37-year-old multiparous woman with a history of
three prior successful pregnancies and healthy babies (Table 2-6, Hummel et al.,
1936), and of an 18-year-old primipara with a suboptimal nutritional background
but on a good diet during pregnancy (Table 2-7, Hummel et a!., 1937), provide some
data that might be germane to the lower magnesium levels of young primiparas and
of their infants at birth. The healthy woman, whose metabolic studies encompassed
28 metabolic balance periods from the 135th to 280th day of pregnancy, was on an
unusually rich diet that included two quarts of milk, each of which contained 400
units of vitamin D, as cod liver oil. This provided an excess of calcium and phos-
phorus over that considered desirable, and exceeded that shown by Toverud and
Toverud (1931) to decrease the retention of magnesium to +31 mg/day in the
woman (case 10, Table 2-5) receiving 380 mg magnesium daily, but not to decrease
its retention in the woman (case 13, Table 2-5) who ingested about 500 mg of mag-
nesium daily. Neither received vitamin D supplements. Similarly, the patient
reported by Hummel er al. (1936, Table 2-6) had high average daily magnesium
intakes of 590-615 mg/day during the last two months of pregnancy, the month in
which Toverud and Toverud did their metabolic studies (Table 2-5, 2-6), and then
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TABLE 2-6. Average Magnesium, Calcium, and Phosphorous Retentions in Pregnancy in a
Healthy Quadripara”

Month of Magnesium (mg/day) Calcium” (mg/day) Phosphorus (mg/day)
pregnancy Intake Retention Intake Retention Intake Retention
4-5°¢ 590 +42 2976 +260 2708 +244
>5-67 590 +104 3022 +238 2600 +356
>6-7 614 +128 3050 +352 2768 +296
>7-8°¢ 590 +85 3132 +346 2700 +238
>8-9¢ 615 +104 3191 +401 2633 +201
TotaL GAIN
(final 165 days): 155g 529¢g 37.1g

% From data in Hummel ez al. (1936).

® Predominantely from 2 quarts of milk/day and 800 IU vitamin Ds/day (cod liver oil in milk).
¢ Average of 5 metabolic balance periods, averaging 5 days each.

9 Average of 8 metabolic balance periods, averaging 5 days each.

TABLE 2-7. Average Magnesium, Calcium, and Phosphorus Retentions during the Last 65
Days of Pregnancy in an 18-Year-Old Primipara with a Poor Nutritional History ¢

Magnesium (mg/day) Calcium (mg/day) Phosphorus (mg/day)

Days antepartum Intake Retention Intake Retention Intake Retention

69-50 (4 metabolic

periods) 403 +58 1938 +620 1920 +127
49-25 (5 metabolic

periods) 392 +102 1956 +842 1922 +344
24-5 (4 metabolic

periods) 375 +25 1950 +648 1965 +283
ToTAL GAIN in 65 days: 4.2¢ 463 g +16.2¢g

¢ From data in Hummel et al. (1937).
® Predominantly from about 1!~ quarts of milk, containing 200 IU vitamin D.

retained an average daily amount of magnesium of 85-104 mg. The poorly nour-
ished primipara whose metabolic balance determinations were performed from 60
to S days antepartum (the length of gestation was not specified) exhibited greater
daily calcium retention and lesser daily magnesium retentions during most of the
metabolic balance periods. Only during two of the periods did she retain more than
100 mg of magnesium daily. Calculations of the retention of the well-nourished
quadripara during the 65 days up to 5 days before delivery, to obtain figures com-
parable to those for the 65-day period during which the young primipara was stud-
ied, show that the total gains during the last two months of pregnancy up to five
days before birth were:

Element (g) Primipara Quadripara
Magnesium 4.2 8.0
Calcium 46.3 25.3

Phosphorus 16.3 12.7
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Provocative is the finding that the primipara retained about half as much magnesium
and almost twice as much calcium as did the healthy thirty-seven-year-old mother
of three healthy children. The greater magnesium retention of the older woman is
readily understandable on the basis of her having regularly ingested almost 200 mg
more magnesium daily than did the young girl. Her lesser retention of calcium is
surprising in view of her having regularly ingested extremely high amounts of cal-
cium (about 3 g daily), in contrast to the acceptable intakes of close to 2 g daily by
the young girl.

The magnesium intake of the woman who had had successful pregnancies and
healthy offspring (Hummel et al., 1936) is reminiscent of the early metabolic studies
by Landsberg (1914). In both, all of the metabolic balance determinations showed
retentions of magnesium, as well as of calcium and phosphorus. Since Landsberg’s
1914 study in Germany, analysis of self-selected diets of pregnant women have
shown that daily intakes of magnesium ranged from 260 mg to below 400 mg in 9
out of the 12 studies evaluated (Coons and Coons, 1935). Two subjects ingested
413-422 mg daily; only one selected a diet that delivered 500 mg/day. The calcium
and phosphorus intakes were usually close to the recommended amounts. A recent
study of 47 pregnant women residing in Wisconsin (N. Johnson and Phillips, 1976/
1980) showed that their daily intake was even less adequate than had been cited in
the 1935 study. Their magnesium intakes ranged from 103-333 mg/day, averaging
204 mg+ 54 S.D. daily. None ingested the recommended 450 mg/day; 98% ingested
less than 70% of the recommended daily allowance; and 79% ingested less than
55%. The lower magnesium intakes were correlated with low birth weights. Ashe
et al. (1979) have recently shown similarly low intakes in middleclass pregnant
women. They had an average daily loss of 40 mg of magnesium.

2.2. Fetal Magnesium Requirements

Coons et al. (1935) tabulated the mineral constituents of fetuses by lunar
month, obtained from the literature. Table 2-8 provides their magnesium, calcium,
and phosphorus data. It should be kept in mind that human fetuses available for
such analyses are usually obtained as a result of abnormalities during pregnancy or
labor. Thus, their constituents cannot be considered indicative of those of normal
fetuses or full-term infants. As an example, among the analyses by Givens and
Macy (1933) were twins born after eight lunar months: one died in three hours and
had a total magnesium content of 670 mg; the other died after four days and had a
total magnesium content of 1443 mg, far more than might be retained in those few
days. Magnesium balance data tabulated for newborn infants (Duckworth and War-
nock, 1942), suggest total daily retentions of magnesium of 10—18 mg). Thus, the
mineral contents of fetuses and neonates have a wide range at any given age, pos-
sibly reflecting maternal stores and intake and placental integrity. Widdowson and
Spray (1951) analyzed the mineral content of fetuses, tabulating the data by body
weight. The data on magnesium, calcium, and phosphorus are given in Table 2-9.
The increments of minerals reflect both the growth and changing chemical compo-
sition of the fetus as it develops. Widdowson and Dickerson (1962) have illustrated
the changes by comparing the composition of a fetus weighing 175 g with its com-
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TABLE 2-8. Magnesium, Calcium, and Phosphorus of Fetuses*

Magnesium (mg) Calcium (mg) Phosphorus (mg)
Average Average Average
Age of fetus Number fetal Daily Number fetal Daily Number fetal Daily
(lunar month) of fetuses content deposit of fetuses  content deposit  of fetuses ~ content deposit
3 7 15 0.5 10 110 2
4 3 58 1.5 18 530 15 2 22 0.5
5 10 48 Not done 12 1,970 51 4 680 23
6 8 100 1.8 9 3,510 55 6 1,630 34
7 6 173 2.6 9 7,240 137 6 2,760 40
8 8 306 4.7 7 8,790 55 6 4,400 58
9 7 512 7.4 1 15,140 225 5 5,550 41
10 1 452 11 23,720 306 1 9,420 138
10 703 9.0 11 14,000 168
MaXIMUM AT
TERM: 886 33,370 18,680

% From data in Coons er al. (1935).

TABLE 2-9. Magnesium, Calcium, and Phosphorus in Human
Fetuses and Full-Term Neonates®

Body weight Magnesium Calcium Phosphorus
® (g/kg free body tissue)
11.1 .08 1.66 1.75
325 12 2.57 2.47
198 0.22 4.57 3.18
225 0.19 4.23 3.12
271 0.15 3.02 2.32
286 0.20 4.72 3.47
314 0.18 4.55 3.22
400 0.15 4.25 3.10
478 0.17 4.38 3.02
673 0.16 5.70 3.55
787 0.21 6.12 3.71
911 0.21 5.68 3.46
1966 0.22 7.90 4.43
2295 0.23 7.75 4.79
2652 0.21 8.08 4.10
3050 0.23 8.75 5.28
3090 0.26 9.70 5.20
3105 0.27 9.35 5.80
3767 0.25 8.80 5.48
3994 0.28 10.30 5.65
4373 0.27 10.30 6.02

¢ From data in Widdowson and Spray (1951) and Widdowson and Dickerson (1962).
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TaBLE 2-10. Changes in Total Amounts of Magnesium, Calcium, and
Phosphorus with Fetal Growth and Maturation”

Stage and weight Magnesium (g) Calcium (g) Phosphorous (g)
175-g fetus .024 0.60 0.42
175-g fetus x 20 .47 12.0 8.4
3.5-kg full-term baby .76 28.2 16.2
1.5-kg premature baby .32 10.2 6.5
2.5-kg premature baby .58 19.0 11.9

* Widdowson and Dickerson (1962).

position at 3.5 kg, were its chemical composition to be increased proportionally
twentyfold, and the actual composition of a 3.5-kg infant (Table 2-10). Infants born
prematurely have considerably less of these minerals than do full-term infants, with
relatively lesser amounts of calcium and phosphorus than of magnesium, indicating
the lesser bone calcification, most of which occurs in the third trimester. The mag-
nesium content of neonates has been as low as 277 mg and as high as 886 mg;
similarly, the calcium content of the newborn has been from 13.08 to 33.27 g, and
that of phosphorus, 8.96-18.68 g (Coons et al., 1935).

2.3. Magnesium Serum Levels in Normal and Abnormal
Pregnancy

2.3.1. Normal Pregnancy: Magnesium Levels

When the dietary intake of magnesium is not sufficient to meet the demands of
gestation, the maternal stores are mobilized and magnesium deficiency can develop.
Although under most circumstances the body maintains plasma magnesium levels
within very narrow limits, the pregnant woman tends to develop lower than normal
magnesium levels, even in the absence of toxemia. Since the homeostasis of cal-
cium and phosphorus is intimately related to that of magnesium, brief note is taken
here of the tendency also toward declining calcium levels during pregnancy (New-
man, 1957; Hardy, 1956; E. Dawson et al., 1969; Watney et al., 1971). It has been
shown that phosphorus levels also fall somewhat during pregnancy, so calcium sup-
plements have often been given in the form of the phosphate, with resultant increase
in leg cramps of pregnancy. Hardy (1956) and Kerr (et al. (1962) demonstrated that
when the phosphate salt is given, with or without vitamin D, (viosterol), the serum
total and ionized calcium levels were actually depressed, as compared with the rises
seen in pregnant women given calcium carbonate or lactate. Even the serum phos-
phate levels increased when the nonphosphate calcium salts were given (Kerr et
al., 1962). Since high phosphate intake interferes with magnesium, as well as cal-
cium absorption, it is possible that calcium phosphate salts also lowered magnesium
levels, and that this might have contributed to the muscle cramps.

The first reports of blood magnesium levels during pregnancy were in 1923.
Krebs and Briggs (1923) reported a range of 1.7-2.2 mEq/liter among 17 women in
their 8th to 40th weeks of pregnancy. Bogert and Plass (1923) compared the serum
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levels of 40 pregnant women at different stages of pregnancy with those of nonpreg-
nant women and found that the average value 2.0 mEq/liter at the outset (which
equalled the control average) fell to an average of 1.7 by the end of pregnancy.
Watchorn and McCance (1932) found that half of the 12 pregnant women in their
series had serum magnesium levels below 1.99 mEq/liter (which was below the
values they found in normal nonpregnant subjects), and that the percentage of the
total magnesium in the ultrafiltrable fraction was increased. They were dubious that
the difference was due to diminished quantities of serum protein, this not being a
constant finding, and speculated that an unidentified change in the physicochemical
equilibria must have taken place that allowed for more ready passage of magnesium
across the placental barrier. Such a change might allow, too, for more ready urinary
excretion and might partially explain the need for high magnesium intake during
pregnancy to maintain the degree of positive balance necessary for successful ges-
tation without prejudicing the health of the mother. Another group of investigators
reported that the blood magnesium of 75 women was higher especially in the sixth
month of gestation (range during pregnancy 1.95-2.78 mEq/liter mean = 2.41) than
it was four nonpregnant women (2.11 mEq/liter) (Zaharescu-Karaman et al.,
1936a). However, they found that the level dropped markedly at the end of labor,
to a range of 0.35-2.35 mEq/liter and a mean of 1.5 (Zaharescu-Karaman et al.,
1936b). Extremely low serum magnesium levels (1.0-1.1 mEq/liter) were reported
in a small series of cases by Wolff and Jorrand Bourquard (1937) in the second
month of pregnancy which increased slightly (to 1.25-1.41 mEgq/liter) at the end of
gestation. Their control (nonpregnant) mean value was 1.7 mEq/liter. Haury and
Cantarow (1942) included four normal pregnant women in their tabulation of 108
subjects, and reported a range of 1.4-2.1 mEq/liter; most of their normal controls
had serum magnesium levels of 1.8-2.4 mEq/liter. Kéberlin and Mischel (1958) also
reported lower Mg levels in the first trimester than later in pregnancy. A more
extensive report by Newman (1957) has shown the range of serum magnesium lev-
els in 27 normal pregnant women to be very wide in each of the tri<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>