Vitamin and mineral
requirements
IN human nutrition

Second edition




WHO Library Cataloguing-in-Publication Data

Joint FAO/WHO Expert Consultation on Human Vitamin and Mineral Requirements
(1998 : Bangkok, Thailand).
Vitamin and mineral requirements in human nutrition : report of a joint FAO/WHO expert
consultation, Bangkok, Thailand, 21-30 September 1998.

1.Vitamins — standards  2.Micronutrients — standards 3.Trace elements — standards
4 .Deficiency diseases — diet therapy 5.Nutritional requirements [.Title.

ISBN 92 4 154612 3 (LC/NLM Classification: QU 145)

© World Health Organization and Food and Agriculture Organization of the United Nations
2004

All rights reserved. Publications of the World Health Organization can be obtained from Market-
ing and Dissemination, World Health Organization, 20 Avenue Appia, 1211 Geneva 27, Switzerland
(tel: +41 22 791 2476; fax: +41 22 791 4857; e-mail: bookorders@who.int). Requests for permis-
sion to reproduce or translate WHO publications — whether for sale or for noncommercial distri-
bution — should be addressed to Publications, at the above address (fax: +41 22 791 4806; e-mail:
permissions@who.int), or to Chief, Publishing and Multimedia Service, Information Division, Food
and Agriculture Organization of the United Nations, 00100 Rome, Italy.

The designations employed and the presentation of the material in this publication do not imply
the expression of any opinion whatsoever on the part of the World Health Organization and the
Food and Agriculture Organization of the United Nations concerning the legal status of any
country, territory, city or area or of its authorities, or concerning the delimitation of its frontiers
or boundaries. Dotted lines on maps represent approximate border lines for which there may not
yet be full agreement.

The mention of specific companies or of certain manufacturers’ products does not imply that they
are endorsed or recommended by the World Health Organization and the Food and Agriculture
Organization of the United Nations in preference to others of a similar nature that are not men-
tioned. Errors and omissions excepted, the names of proprietary products are distinguished by
initial capital letters.

The World Health Organization and the Food and Agriculture Organization of the United Nations
do not warrant that the information contained in this publication is complete and correct and
shall not be liable for any damages incurred as a result of its use.

Designed by minimum graphics
Typeset by SNP Best-set Typesetter Ltd., Hong Kong
Printed in China by Sun Fung



Contents

Foreword

Acknowledgements

1. Concepts, definitions and approaches used to define nutritional

needs and recommendations

1.1

Introduction

1.2 Definition of terms

1.3

1.2.1
1.2.2
1.2.3
1.2.4
1.2.5
1.2.6
1.2.7

Estimated average requirement

Recommended nutrient intake

Apparently healthy

Protective nutrient intake

Upper tolerable nutrient intake level

Noutrient excess

Use of nutrient intake recommendations in population

assessment

Approaches used in estimating nutrient intakes for optimal

health

1.3.1
1.3.2
1.3.3
1.3.4

The clinical approach
Noutrient balance
Functional responses

Optimal intake

1.4 Conclusions

References

2. Vitamin A

21

2.2

Role of vitamin A in human metabolic processes

2.1.1 Overview of vitamin A metabolism

2.1.2  Biochemical mechanisms for vitamin A functions
Populations at risk for, and consequences of, vitamin A
deficiency

2.2.1 Definition of vitamin A deficiency

2.2.2  Geographic distribution and magnitude

223 Age and sex

xiil

XVil

A AW WD ==

w

O o0 o O

10
12
14

17
17
17
19

20
20
20
21



VITAMIN AND MINERAL REQUIREMENTS IN HUMAN NUTRITION

23
2.4

2.5

2.6

2.2.4 Risk factors

2.2.5 Morbidity and mortality

Units of expression

Sources and supply patterns of vitamin A
2.4.1 Dietary sources

2.42 Dietary intake and patterns

2.43 World and regional supply and patterns
Indicators of vitamin A deficiency

2.5.1 Clinical indicators of vitamin A deficiency

2.5.2  Subclinical indicators of vitamin A deficiency

Evidence used for making recommendations
2.6.1 Infants and children

2.6.2 Adults

2.6.3 Pregnant women

2.6.4 Lactating women

2.6.5 Elderly

2.7 Recommendations for vitamin A requirements
2.8 Toxicity
2.9 Recommendations for future research
References

3. Vitamin D
3.1 Role of vitamin D in human metabolic processes

3.2

3.1.1 Overview of vitamin D metabolism
3.1.2  Calcium homeostasis

Populations at risk for vitamin D deficiency
3.2.1 Infants

3.2.2  Adolescents

3.2.3 Elderly

3.2.4 Pregnant and lactating women

22
23
24
27
27
27
27
29
29
30
31
32
33
33
34
35
35
36
37
37

45
45
45
46
48
48
48
48
49
51

3.3 Evidence used for estimating recommended intakes
3.3.1 Lack of accuracy in estimating dietary intake and skin
synthesis
3.3.2 Use of plasma 25-OH-D as a measure of vitamin D

status
3.4 Recommended intakes for vitamin D
3.5 Toxicity
3.6 Recommendations for future research

References

Calcium
4.1 Introduction

4.2  Chemistry and distribution of calcium

51
53
54
55
55

59
59
60



43
4.4

4.5

4.6

4.7
4.8
4.9

4.10

4.11
4.12

Biological role of calcium

Determinants of calcium balance

4.4.1 Calcium intake

4.4.2  Calcium absorption

4.43  Urinary calcium

4.4.4 Insensible losses

Criteria for assessing calcium requirements and
recommended nutrient intakes

4.5.1 Methodology

4.5.2 Populations at risk for calcium deficiency
Recommendations for calcium requirements
4.6.1 Infants

4.6.2 Children

4.6.3 Adolescents

4.6.4 Adults

4.6.5 Menopausal women

4.6.6 Ageing adults

4.6.7 Pregnant women

4.6.8 Lactating women

Upper limits

Comparisons with other recommendations

Ethnic and environmental variations in the prevalence of

0steoporosis

49.1 Ethnicity

49.2 Geography

4.9.3 Culture and diet
4.9.4 The calcium paradox
Nutritional factors affecting calcium requirement
4.10.1 Sodium

4.10.2 Protein

4.10.3  Vitamin D

4.10.4 TImplications
Conclusions

Recommendations for future research

References

Vitamin E

5.1
52
53
5.4
55

Role of vitamin E in human metabolic processes

Populations at risk for vitamin E deficiency

Dietary sources and possible limitations to vitamin E supply

Evidence used for estimating recommended intakes

Toxicity

CONTENTS

61
62
62
62
65
66

66
66
69
69
69
70
71
72
72
73
73
73
74
74

75
76
76
77
78
78
78
79
81
81
83
85
85

94
94
97
100
101
103



VITAMIN AND MINERAL REQUIREMENTS IN HUMAN NUTRITION

5.6

Recommendations for future research

References

6. Vitamin K

6.1
6.2
6.3

6.4

6.5

6.6

6.7

6.8
6.9

Introduction

Biological role of vitamin K

Overview of vitamin K metabolism

6.3.1 Absorption and transport

6.3.2 Tissue stores and distribution

6.3.3 Bioactivity

6.3.4 Excretion

Populations at risk for vitamin K deficiency

6.4.1 Vitamin K deficiency bleeding in infants

6.4.2  Vitamin K prophylaxis in infants

6.4.3 Vitamin K deficiency in adults

Sources of vitamin K

6.5.1 Dietary sources

6.5.2 Bioavailability of vitamin K from foods

6.5.3 Importance of intestinal bacterial synthesis as
a source of vitamin K

Information relevant to the derivation of recommended

vitamin K intakes

6.6.1 Assessment of vitamin K status

6.6.2 Dietary intakes in infants and their adequacy

6.6.3 Factors of relevance to classical vitamin K deficiency
bleeding

6.6.4 Factors of relevance to late vitamin K deficiency
bleeding

6.6.5 Dietary intakes in older infants, children, and adults
and their adequacy

Recommendations for vitamin K intakes

6.7.1 Infants 0-6 months

6.7.2 Infants (7-12 months), children, and adults

Toxicity

Recommendations for future research

References

7. Vitamin C

7.1
7.2

Introduction
Role of vitamin C in human metabolic processes
7.2.1 Background biochemistry

7.2.2  Enzymatic functions

vi

103
104

108
108
108
110
110
111
112
112
113
113
114
115
115
115
116

117

117
117
118

119

120

120
122
122
125
126
126
126

130
130
130
130
130



CONTENTS

7.2.3  Miscellaneous functions

7.3 Consequences of vitamin C deficiency

7.4 Populations at risk for vitamin C deficiency

7.5 Dietary sources of vitamin C and limitations to vitamin C
supply

7.6 Evidence used to derive recommended intakes of vitamin C
7.6.1 Adults
7.6.2 Pregnant and lactating women
7.6.3 Children
7.6.4 Elderly
7.6.5 Smokers

7.7 Recommended nutrient intakes for vitamin C

7.8 Toxicity

7.9 Recommendations for future research

References

Dietary antioxidants

8.1 Nutrients with an antioxidant role
8.2 The need for biological antioxidants
8.3 Pro-oxidant activity of biological antioxidants
8.4 Nutrients associated with endogenous antioxidant mechanisms
8.5 Nutrients with radical-quenching properties
8.5.1 Vitamin E
8.5.2 Vitamin C
8.5.3 B-Carotene and other carotenoids
8.6 A requirement for antioxidant nutrients
8.7 Recommendations for future research
References

Thiamine, riboflavin, niacin, vitamin B, pantothenic acid,

and biotin
9.1 Introduction
9.2 Thiamine

9.3

9.2.1 Background

9.2.2 Biochemical indicators

9.2.3 Factors affecting requirements

9.2.4 Evidence used to derive recommended intakes
9.2.5 Recommended nutrient intakes for thiamine
Riboflavin

9.3.1 Background

9.3.2 Biochemical indicators

9.3.3 Factors affecting requirements

vii

131
131
132

134
135
135
137
137
138
138
138
139
139
139

145
145
145
147
150
151
151
153
154
156
158
158

164
164
165
165
166
167
167
168
169
169
170
171



VITAMIN AND MINERAL REQUIREMENTS IN HUMAN NUTRITION

10.

9.4  Niacin
9.4.1 Background
9.4.2 Biochemical indicators
9.4.3 Factors affecting requirements
9.4.4 Evidence used to derive recommended intakes
9.4.5 Recommended nutrient intakes for niacin
9.5  Vitamin By
9.5.1 Background
9.5.2 Biochemical indicators
9.5.3 Factors affecting requirements
9.5.4 Evidence used to derive recommended intakes
9.5.5 Recommended nutrient intakes for vitamin By
9.6  Pantothenate
9.6.1 Background
9.6.2 Biochemical indicators
9.6.3 Factors affecting requirements
9.6.4 Evidence used to derive recommended intakes
9.6.5 Recommended nutrient intakes for pantothenic acid
9.7 Biotin
9.7.1 Background
9.7.2 Biochemical indicators
9.7.3 Evidence used to derive recommended intakes
9.7.4 Recommended nutrient intakes for biotin
9.8  General considerations for B-complex vitamins
9.8.1 Notes on suggested recommendations
9.8.2 Dietary sources of B-complex vitamins
9.9 Recommendations for future research
References
Selenium
10.1 Role of selenium in human metabolic processes
10.2  Selenium deficiency
10.2.1 Non-endemic deficiencies of selenium
10.2.2 Keshan disease
10.2.3 Kaschin-Beck disease
10.2.4 Selenium status and susceptibility to infection
10.2.5 Selenium and thyroid hormones
10.3  The influence of diet on selenium status
10.4 Absorption and bioavailability
10.5 Criteria for assessing selenium requirements

9.3.4 Evidence used to derive recommended intakes

9.3.5 Recommended nutrient intakes for riboflavin

viii

171
172
173
173
174
174
175
175
175
175
177
178
178
179
180
180
180
181
181
182
182
182
183
183
184
184
184
185
185
186

194
194
196
196
197
198
198
200
200
204
204



11.

12.

13.

CONTENTS

10.6 Recommended selenium intakes
10.6.1 Adules
10.6.2 Infants
10.6.3 Pregnant and lactating women
10.7  Upper limits
10.8 Comparison with other estimates
10.9 Recommendations for future research
References
Magnesium
11.1 Tissue distribution and biological role of magnesium
11.2  Populations at risk for, and consequences of,
magnesium deficiency
11.3 Dietary sources, absorption, and excretion of magnesium
11.4  Criteria for assessing magnesium requirements and allowances
11.5 Recommended intakes for magnesium
11.6  Upper limits
11.7  Comparison with other estimates
11.8 Recommendations for future research
References
Zinc
12.1 Role of zinc in human metabolic processes
12.2 Zinc metabolism and homeostasis
12.3  Dietary sources and bioavailability of zinc
12.4 Populations at risk for zinc deficiency
12.5 Evidence used to estimate zinc requirements
12.5.1 Infants, children, and adolescents
12.5.2 Pregnant women
12.5.3 Lactating women
12.5.4 Elderly
12.6 Interindividual variations in zinc requirements and
recommended nutrient intakes
12.7  Upper limits
12.8 Adequacy of zinc intakes in relation to requirement estimates
12.9 Recommendations for future research
References
Iron
13.1 Role of iron in human metabolic processes
13.2  Iron metabolism and absorption

13.2.1 Basal iron losses
13.2.2 Requirements for growth

206
206
206
208
209
209
210
211

217
217

218
218
220
222
225
225
225
226

230
230
231
232
234
235
236
238
238
239

239
240
241
242
243

246
246
246
246
247



VITAMIN AND MINERAL REQUIREMENTS IN HUMAN NUTRITION

14.

15.

13.3  Iron deficiency
13.3.1 Populations at risk for iron deficiency
13.3.2 Indicators of iron deficiency
13.3.3  Causes of iron deficiency
13.3.4 Prevalence of iron deficiency
13.3.5 Effects of iron deficiency
13.4 Iron requirements during pregnancy and lactation
13.5 Iron supplementation and fortification
13.6  Evidence used for estimating recommended nutrient intakes
13.7 Recommendations for iron intakes
13.8 Recommendations for future research
References

13.2.3  Menstrual iron losses

13.2.4 Iron absorption

13.2.5 Inhibition of iron absorption

13.2.6 Enhancement of iron absorption

13.2.7 Iron absorption from meals

13.2.8 Iron absorption from the whole diet

13.2.9 Iron balance and regulation of iron absorption

Vitamin B,,

14.1 Role of vitamin By, in human metabolic processes
14.2  Dietary sources and availability
14.3  Absorption
14.4 Populations at risk for, and consequences of, vitamin B,
deficiency
14.4.1 Vegetarians
14.4.2 Pernicious anaemia
14.4.3 Atrophic gastritis
14.5 Vitamin By, interaction with folate or folic acid
14.6  Criteria for assessing vitamin By, status
14.7 Recommendations for vitamin B, intakes
14.7.1 Infants
14.7.2 Children
14.7.3  Adults
14.7.4 Pregnant women
14.7.5 Lactating women
14.8 Upper limits
14.9 Recommendations for future research
References

Folate and folic acid

15.1

Role of folate and folic acid in human metabolic processes

249
250
252
254
255
255
256
258
258
260
261
262
263
264
267
268
271
272
272

279
279
279
280

280
280
281
281
282
283
284
285
285
285
286
286
286
287
287

289
289



16.

17.

CONTENTS

15.2  Populations at risk for folate deficiency
15.3 Dietary sources of folate
15.4 Recommended nutrient intakes for folate
15.5 Differences in bioavailability of folic acid and food folate:
implications for the recommended intakes
15.6 Considerations in viewing recommended intakes for folate
15.6.1 Neural tube defects
15.6.2 Cardiovascular disease
15.6.3 Colorectal cancer
15.7 Upper limits
15.8 Recommendations for future research
References
Iodine
16.1 Role of iodine in human metabolic processes
16.2  Populations at risk for iodine deficiency
16.3 Dietary sources of iodine
16.4 Recommended intakes for iodine
16.4.1 Infants
16.4.2  Children
16.4.3  Adults
16.4.4 Pregnant women
16.5 Upper limits
16.5.1 Iodine intake in areas of moderate iodine deficiency
16.5.2 Iodine intake in areas of iodine sufficiency
16.5.3 Excess iodine intake
References

Food as a source of nutrients

171
17.2

17.3
17.4

17.5

Importance of defining food-based recommendations
Dietary diversification when consuming cereal- and
tuber-based diets

17.2.1 Vitamin A

17.2.2 Vitamin C

17.2.3  Folate

17.2.4 Iron and zinc

How to accomplish dietary diversity in practice
Practices which will enhance the success of food-based

approaches

Delineating the role of supplementation and food fortification

for micronutrients which cannot be supplied by food
17.5.1 Fortification

Xi

294
294
295

297
297
297
298
298
299
299
300

303
303
304
305
306
307
309
309
310
311
312
313
314
315

318
318

325
325
325
326
326
327

328

329
330



VITAMIN AND MINERAL REQUIREMENTS IN HUMAN NUTRITION

17.5.2  Supplementation 332

17.6 Food-based dietary guidelines 333

17.7  Recommendations for the future 335

17.8 Future research needs 335
References 336
Annex 1: Recommended nutrient intakes — minerals 338

Annex 2: Recommended nutrient intakes — water- and fat-soluble

vitamins 340

Xii



Foreword

In the past 20 years, micronutrients have assumed great public health im-
portance. As a consequence, considerable research has been carried out to
better understand their physiological role and the health consequences of
micronutrient-deficient diets, to establish criteria for defining the degree of
public health severity of micronutrient malnutrition, and to develop preven-
tion and control strategies.

One of the main outcomes of this process is greatly improved knowledge
of human micronutrient requirements, which is a crucial step in understand-
ing the public health significance of micronutrient malnutrition and identify-
ing the most appropriate measures to prevent them. This process also led to
successive expert consultations and publications organized jointly by the
Food and Agriculture Organization of the United Nations (FAO), the World
Health Organization (WHO) and the International Atomic Energy Agency
(IAEA) providing up-to-date knowledge and defining standards for micronu-
trient requirements in 1973, 1988 and in 1996°. In recognition of this rapidly
developing field, and the substantial new advances that have been made since
the most recent publication in 1996, FAO and WHO considered it appropri-
ate to convene a new expert consultation to re-evaluate the role of micronu-
trients in human health and nutrition.

To this end, background papers on the major vitamins, minerals and trace
elements were commissioned and reviewed at a Joint FAO/WHO Expert
Consultation (Bangkok, 21-30 September 1998). That Expert Consultation
was assigned three main tasks:

o Firstly, the Consultation was asked to review the full range of vitamin and
mineral requirements—19 micronutrients in all—including their role in

' Trace elements in human nutrition. Report of a WHO Expert Committee. Geneva, World
Health Organization, 1973 (WHO Technical Report Series, No. 532).

> Requirements of vitamin A, iron, folate and vitamin B, Report of a Joint FAO/WHO
Expert Consultation. Rome, Food and Agriculture Organization of the United Nations,
1988 (FAO Food and Nutrition Series, No. 23).

3 Trace elements in human nutrition and health. Geneva, World Health Organization, 1996.
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normal human physiology and metabolism, and conditions of deficiency.
This included focusing on and revising the requirements for essential vita-
mins and minerals, including vitamins A, C, D, E, and K; the B vitamins;
calcium; iron; magnesium; zinc; selenium; and iodine, based on the avail-
able scientific evidence.

e Secondly, the Consultation was asked to prepare a report that would
include recommended nutrient intakes for vitamins A, C, D, E, and K; the
B vitamins; calcium; iron; magnesium; zinc; selenium; and iodine. The
report should provide practical advice and recommendations which will
constitute an authoritative source of information to all those from Member
States who work in the areas of nutrition, agriculture, food production and
distribution, and health promotion.

e Thirdly, the Consultation was asked to identify key issues for future
research concerning each vitamin and mineral under review and to make

preliminary recommendations on that research.

The present report presents the outcome of the Consultation combined
with up-to-date evidence that has since become available to answer a number
of issues which remained unclear or controversial at the time of the Consul-
tation. It was not originally thought that such an evidence-based consultation
process would be so controversial, but the reality is that there are surprisingly
few data on specific health status indicators on which to base conclusions,
whereas there is a great deal of information relative to overt deficiency disease
conditions. The defining of human nutrient requirements and recommended
intakes are therefore largely based on expert interpretation and consensus on
the best available scientific information.

When looking at recommended nutrient intakes (RNIs) in industrialized
countries over the last 25 years, it is noticeable that for some micronutrients
these have gradually increased. The question is whether this is the result of
better scientific knowledge and understanding of the biochemical role of the
nutrients, or whether the criteria for setting requirement levels have changed,
or a combination of both. The scientific knowledge base has vastly expanded,
but it appears that more rigorous criteria for defining recommended levels is
also a key factor.

RNIs for vitamins and minerals were initially established on the under-
standing that they are meant to meet the basic nutritional needs of over 97%
of the population. However, a fundamental criterion in industrialized coun-
tries has become one of the presumptive role that these nutrients play in “pre-
venting” an increasing range of disease conditions that characterize affected
populations. The latter approach implies trying to define the notion of

Xiv
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“optimal nutrition”, and this has been one of the factors nudging defined
requirements to still higher levels.

This shift in the goal for setting RNIs is not without reason. The popula-
tions that are targeted for prevention through “optimal nutrition” are char-
acterized by sedentary lifestyles and longer life expectancy. The populations
in industrialized countries are ageing, and concern for the health of the older
person has grown accordingly. In contrast, the micronutrient needs of popu-
lation groups in developing countries are still viewed in terms of millions
experiencing deficiency, and are then more appropriately defined as those that
will satisfy basic nutritional needs of physically active younger populations.
Nevertheless, one also needs to bear in mind the double burden of under- and
overnutrition, which is growing rapidly in many developing countries.

Concern has been raised about possible differences in micronutrient needs
of populations with different lifestyles for a very practical reason. The logic
behind the establishment of micronutrient needs of industrialized nations has
come about at the same time as a large and growing demand for a wide variety
of supplements and fortificants, and manufacturers have responded quickly
to meet this market. This phenomenon could easily skew national strategies
for nutritional development, with an increased tendency to seek to resolve the
micronutrient deficiency problems of developing countries by promoting
supplements and fortification strategies, rather than through increasing the
consumption of adequate and varied diets. Higher levels of RNIs often set in
developed countries can easily be supported because they can be met with
supplementation in addition to food which itself is often fortified. In contrast,
it often becomes difficult to meet some of the micronutrient needs in some
populations of developing countries by consuming locally available food,
because foods are often seasonal, and neither supplementation nor fortifica-
tion reach vulnerable population groups.

Among the nutrients of greatest concern is calcium; the RNI may be
difficult to meet in the absence of dairy products. The recently revised United
States/Canada dietary reference intakes (DRIs) propose only an acceptable
intake (AI) for calcium instead of a recommended daily allowance (RDA) in
recognition of the fact that intake data are out of step with the relatively high
intake requirements observed with experimentally derived values.!

Another nutrient of concern is #ron, particularly during pregnancy, where

supplementation appears to be essential during the second half of pregnancy.

' Food and Nutrition Board. Dietary reference intakes for calcium, phosphorus, magnesium,
vitamin D, and fluoride. Washington, DC. National Academy Press. 1997.
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Folic acid requirements are doubled for women of childbearing age to prevent
the incidence of neural tube defects in the fetus. Conversion factors for
carotenoids are under review, with the pending conclusion that servings of
green leafy vegetables needed to meet vitamin A requirements probably need
to be at least doubled. In view of this uncertainty, only “recommended safe
intakes” rather than RNIs are provided for this vitamin.

Selenium is the subject of growing interest because of its properties as an
antioxidant. The RNIs recommended herein for this micronutrient are gen-
erally lower than those derived by the United States Food and Nutrition
Board because the latter are calculated on a cellular basis, whereas the present
report relies on more traditional whole-body estimates.'

Are these “developments” or “new understandings” appropriate for and
applicable in developing countries? The scientific evidence for answering this
question is still emerging, but the time may be near when RNIs may need to
be defined differently, taking into account the perspective of developing coun-
tries based on developing country data. There may be a need to identify some
biomarkers that are specific to conditions in each developing country. There
is therefore a continuing urgent need for research to be carried out in devel-
oping countries about their specific nutrient needs. The current situation also
implies that the RNIs for the micronutrients of concern discussed above will
need to be re-evaluated as soon as significant additional data are available.

Kraisid Tontisirin Graeme Clugston
Director Director
Division of Food and Nutrition Department of Nutrition for

Food and Agriculture Organization ~ Health and Development
of the United Nations World Health Organization

! Food and Nutrition Board. Dietary reference intakes for vitamin C, vitamin E, selenium
and carotenoids. A report of the Panel on Dietary Antioxidants and Related Compounds.
Washington, DC, National Academy Press, 2000.
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1. Concepts, definitions and approaches
used to define nutritional needs and
recommendations

1.1 Introduction

The dietary requirement for a micronutrient is defined as an intake level which
meets a specified criteria for adequacy, thereby minimizing risk of nutrient
deficit or excess. These criteria cover a gradient of biological effects related to
a range of nutrient intakes which, at the extremes, include the intake required
to prevent death associated with nutrient deficit or excess. However, for nutri-
ents where insufficient data on mortality are available, which is the case for
most micronutrients discussed in this report, other biological responses must
be defined. These include clinical disease as determined by signs and symp-
toms of nutrient deficiency, and subclinical conditions identified by specific
biochemical and functional measures. Measures of nutrient stores or critical
tissue pools may also be used to determine nutrient adequacy.

Functional assays are presently the most relevant indices of subclinical con-
ditions related to vitamin and mineral intakes. Ideally, these biomarkers
should be sensitive to changes in nutritional state while at the same time be
specific to the nutrient responsible for the subclinical deficiency. Often, the
most sensitive indicators are not the most specific; for example, plasma fer-
ritin, a sensitive indicator of iron status, may change not only in response to
iron supply, but also as a result of acute infection or chronic inflammatory
processes. Similarly anaemia, the defining marker of dietary iron deficiency,
may also result from, among other things, deficiencies in folate, vitamin B,
or coppetr.

The choice of criteria used to define requirements is of critical importance,
since the recommended nutrient intake to meet the defined requirement will
clearly vary, depending, among other factors, on the criterion used to define
nutrient adequacy (1, 2, 3). Unfortunately, the information base to scientifi-
cally support the definition of nutritional needs across age ranges, sex and
physiologic states is limited for many nutrients. Where relevant and possible,
requirement estimates presented here include an allowance for variations in
micronutrient bioavailability and utilization. The use of nutrient balance to
define requirements has been avoided whenever possible, since it is now
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generally recognized that balance can be reached over a wide range of nutri-
ent intakes. However, requirement levels defined using nutrient balance have
been used if no other suitable data are available.

1.2 Definition of terms

The following definitions relate to the micronutrient intake from food and
water required to promote optimal health, that is, prevent vitamin and mineral
deficiency and avoid the consequences of excess. Upper limits of nutrient
intake are defined for specific vitamins and minerals where there is a poten-
tial problem with excess either from food or from food in combination with
nutrient supplements.

1.2.1 Estimated average requirement

Estimated average requirement (EAR) is the average daily nutrient intake level
that meets the needs of 50% of the “healthy” individuals in a particular age
and gender group. It is based on a given criteria of adequacy which will vary
depending on the specified nutrient. Therefore, estimation of requirement
starts by stating the criteria that will be used to define adequacy and then
establishing the necessary corrections for physiological and dietary factors.
Once a mean requirement value is obtained from a group of subjects, the
nutrient intake is adjusted for interindividual variability to arrive at a
recommendation (4, 5, 6).

1.2.2 Recommended nutrient intake

Recommended nutrient intake (RNT) is the daily intake, set at the EAR plus
2 standard deviations (SD), which meets the nutrient requirements of almost
all apparently healthy individuals in an age- and sex-specific population
group. If the distribution of requirement values is not known, a Gaussian or
normal distribution can be assumed, and from this it is expected that the mean
requirement plus 2 SD will cover the nutrient needs of 97.5% of the popula-
tion. If the SD is not known, a value based on each nutrient’s physiology can
be used and in most cases a variation in the range of 10-12.5% can be assumed
(exceptions are noted within relevant chapters). Because of the considerable
daily variation in micronutrient intake, daily requirement refers to the average
intake over a period of time. The cumulative risk function for deficiency and
toxicity is defined in Figure 1.1, which illustrates that as nutrient intake
increases the risk of deficit drops and at higher intakes the risk of toxicity
increases. The definition of RNI used in this report is equivalent to that of
the recommended dietary allowance (RDA) as used by the Food and Nutri-
tion Board of the United States National Academy of Sciences (4, 5, 6).
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FIGURE 1.1

Risk function of deficiency and excess for individuals in a population related to food
intake, assuming a Gaussian distribution of requirements to prevent deficit and avoid
excess
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The shaded ranges correspond to different approaches to defining requirements to prevent deficit
and excess, respectively. The estimated average requirement (EAR) is the average daily intake
required to prevent deficit in half of the population. The recommended nutrient intake (RNI) is the
amount necessary to meet the needs of most (97.5%) of the population, set as the EAR plus 2
standard deviations. The tolerable upper intake level (UL) is the level at which no evidence of
toxicity is demonstrable.

1.2.3 Apparently healthy
The term, “apparently healthy” refers to the absence of disease based on clin-
ical signs and symptoms of micronutrient deficiency or excess, and normal

function as assessed by laboratory methods and physical evaluation.

1.2.4 Protective nutrient intake

The concept of protective nutrient intake has been introduced for some
micronutrients to refer to an amount greater than the RNI which may be pro-
tective against a specified health or nutritional risk of public health relevance
(e.g. vitamin C intake of 25 mg with each meal to enhance iron absorption and
prevent anaemia) (7). When existing data provide justifiable differences
between RNI values and protective intake levels comment to that effect is
made in the appropriate chapter of this document. Protective intake levels
are expressed either as a daily value or as an amount to be consumed with a

meal.
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1.2.5 Upper tolerable nutrient intake level

Upper limits (ULs) of nutrient intake have been set for some micronutrients
and are defined as the maximum intake from food, water and supplements
that is unlikely to pose risk of adverse health effects from excess in almost all
(97.5%) apparently healthy individuals in an age- and sex-specific population
group (see Figure 1.1). ULs should be based on long-term exposure to all
foods, including fortified food products. For most nutrients no adverse effects
are anticipated when they are consumed as foods because their absorption
and/or excretion are regulated. The special situation of consumption of nutri-
tional supplements which, when added to the nutrient intake from food, may
result in a total intake in excess of the UL is addressed for specific micronu-
trients in subsequent chapters, as appropriate. The ULs as presented here
do not meet the strict definition of the “no observed effect level” (NOEL)
used in health risk assessment by toxicologists because in most cases, a
dose-response curve for risk from exposure to a nutrient will not be available
(8). For additional details on derivation of ULs, please refer to standard texts
on this subject (9, 10).

The range of intakes between the RNT and UL should be considered suf-
ficient to prevent deficiency while avoiding toxicity. If no UL can be derived
from experimental or observational data in humans, the UL can be defined
from available data on the range of observed dietary intake of apparently
healthy populations. In the absence of known adverse effects a default value
for the UL of 10 times the RNI is frequently used (5, 10, 11).

1.2.6 Nutrient excess
Traditional toxicology-based approaches to assessing adverse health effects
from nutrient excess start by defining either the highest intake level at which
no observed adverse effects of biological significance are found (i.e. the no
observed adverse effect level (NOAEL)), or the lowest intake level at which
adverse effects are observed (i.e. the lowest observed adverse effect level that
are (LOAEL)). Uncertainty or modifying factors are then used to adjust a
known NOAEL or LOAEL to define reference doses which represent
chronic intake levels that are considered safe, or of no significant health risk,
for humans. The nature of the adjustment used to modify the acceptable
intake indicated by the NOAEL or LOAEL is based on the type and quality
of the available data and its applicability to human populations (5, 9, 11).
Uncertainty factors are used in several circumstances: when the experi-
mental data on toxicity is obtained from animal studies; when the data from
humans are insufficient to fully account for variability of populations or
special sensitivity subgroups of the general population; when the NOAEL
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has been obtained in studies of insufficient duration to assure chronic safety;
when the database which supports the NOAEL is incomplete; or when the
experimental data provide a LOAEL instead of a true NOAEL. The usual
value for each uncertainty factor is 10, leading to a 10-fold reduction in the
acceptable intake level for each of the considerations listed above. The reduc-
tions may be used in isolation or in combination depending on the specific
micronutrient being assessed.

Modifying factors are additional uncertainty factors which have a value of
1 or more but less than 10, and are based on expert judgement of the overall
quality of the data available. Given the paucity of human data, the limitations
of animal models and uncertainties of interpretation, the traditional toxico-
logical approach to determining limits for intake, as summarized here, may in
fact lead to the definition of intakes which promote or even induce deficiency
if followed by a population. This has recently been recognized by the WHO
International Programme on Chemical Safety, and a special risk assessment
model has been derived for elements that are both essential and have poten-
tial toxicity (5, 9).

1.2.7 Use of nutrient intake recommendations in population
assessment

Recommendations given in this report are generally presented as population
RNIs with a corresponding UL where appropriate. They are not intended to
define the daily requirements of an individual. However “healthy” individu-
als consuming within the range of the RNI and the UL can expect to mini-
mize their risk of micronutrient deficit and excess. Health professionals caring
for special population groups that do not meet the defined characterization
of “healthy” should, where possible, adjust these nutrient-based recommen-
dations to the special needs imposed by disease conditions and/or environ-
mental situations.

The use of dietary recommendations in assessing the adequacy of nutrient
intakes of populations requires good quantitative information about the dis-
tribution of usual nutrient intakes as well as knowledge of the distribution of
requirements. The assessment of intake should include all sources of intake,
that is, food, water and supplements; appropriate dietary and food composi-
tion data are thus essential to achieve a valid estimate of intakes. The day-to-
day variation in individual intake can be minimized by collecting intake data
over several days. There are several statistical approaches that can be used to
estimate the prevalence of inadequate intakes from the distribution of intakes
and requirements. One such approach the EAR cut-point method which

defines the fraction of a population that consumes less than the EAR for a
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given nutrient. It assumes that the variability of individual intakes is at least
as large as the variability in requirements and that the distribution of intakes
and requirements are independent of each other. The latter is most likely to
be true in the case of vitamins and minerals, but clearly not for energy. The
EAR cut-point method requires a single population with a symmetrical dis-
tribution around the mean. If these conditions are met, the prevalence of inad-
equate intakes corresponds to the proportion of intakes that fall below the
EAR. It is clearly inappropriate to examine mean values of population intake
and RNT to define the population at risk of inadequacy. The relevant infor-
mation is the proportion of intakes in a population group that is below the
EAR, not below the RNI (4, 5).

Figure 1.2 serves to illustrate the use of nutrient intake recommendations
in risk assessment considering the model presented in Figure 1.1; the distribu-
tions of nutrient intakes for a population have been added to explore risk of
excess or deficit (2, 4, 5). Figure 1.2a presents the case of a single population
with intakes ranging from below the EAR to the UL with a mean intake close
to the RNI. The fraction of the population that is below the EAR represents
the prevalence of deficit; as depicted in the figure this is a sizeable group despite
the fact that the mean intake for the population is close to the RNI. Figure
1.2b presents the case of a bimodal distribution of population intakes where
the conditions to use the EAR cut-point method are not met. In this case it is
clear that a targeted intervention to increase the intake of one group but not
the other is needed. For example, if we examine the iron intake of a popula-
tion we may find that vegetarians may be well below the recommended intake
while those who consume meat may be getting sufficient iron. To achieve ade-
quacy in this case we need to increase iron intake in the former but not the
latter group (2, 12).

1.3 Approaches used in estimating nutrient intakes for
optimal health

The methods used to estimate nutritional requirements have changed over
time. Four currently used approaches are briefly outlined below: the clinical
approach, nutrient balance, functional indicators of nutritional sufficiency
(biochemical, physiological, molecular), and optimal nutrient intake. A
detailed analysis of the relative merits of these approaches is beyond the scope
of this chapter, but additional information on each can be found in subsequent
chapters of this report. When no information is available the default approach
to define a recommended intake based on the range of observed intakes of
“healthy” populations is used.
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FIGURE 1.2
Distribution of population intakes and risk of deficit and excess
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a) Examines the risk of inadequacy for a given distribution of intakes as shown by the shaded
bell-shaped area. In this example, the proportion of individuals that have intakes below the EAR
are at risk of deficiency (see text for details).

b) lllustrates the need to examine whether there is more than one group within the population
distribution of intakes. In this case, the overall mean intake is above the RNI, suggesting a low
risk of deficit. However, while a large proportion of the population (represented by the right-hand
bell-shaped area) is over the RNI, there is in fact a significant proportion of the population
(represented by the left-hand bell-shaped area) below the EAR, and thus at risk of deficiency. The
intervention here should be targeted to increase the intake for the group on the left but not for
the one on the right; the right-hand group may exceed the UL and be at risk for excess if their
intake is increased.
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1.3.1 The clinical approach

The traditional criteria to define essentiality of nutrients for human health
require that a) a disease state, or functional or structural abnormality is present
if the nutrient is absent or deficient in the diet and, b) that the abnormalities
are related to, or a consequence of, specific biochemical or functional changes
that can be reversed by the presence of the essential dietary component. End-
points considered in recent investigations of essentiality of nutrients in exper-
imental animals and humans include: reductions in ponderal or linear growth
rates, altered body composition, compromised host defense systems, impair-
ment of gastrointestinal or immune function, abnormal cognitive perform-
ance, increased susceptibility to disease, increased morbidity and changes in
biochemical measures of nutrient status. To establish such criteria for partic-
ular vitamins and minerals requires a solid understanding of the biological
effects of specific nutrients, as well as sensitive instrumentation to measure
the effects, and a full and precise knowledge of the amount and chemical form
of nutrients supplied by various foods and their interactions (2, 12).

1.3.2 Nutrient balance

Nutrient balance calculations typically involve assessing input and output and
establishing requirement at the point of equilibrium (except in the case of
childhood, pregnancy and lactation where the additional needs for growth,
tissue deposition and milk secretion are considered). However, in most cases,
balance based on input-output measurements is greatly influenced by prior
level of intake, that is, subjects adjust to high intakes by increasing output
and, conversely, they lower output when intake is low. Thus, if sufficient time
is provided to accommodate to a given level of intake, balance can be achieved,
and for this reason, the exclusive use of nutrient balance to define require-
ments should be avoided whenever possible (7, 5, 13).

In the absence of alternative sources of data, a starting point in defining
nutritional requirements using the balance methodology is the use of facto-
rial estimates of nutritional need. The “factorial model” is based on measur-
ing the components that must be replaced when the intake of a specific
nutrient is minimal or nil. This is the minimum possible requirement value
and encompasses a) replacement of losses from excretion and utilization at
low or no intake, b) the need to maintain body stores and, ¢) an intake that
is usually sufficient to prevent clinical deficiency (6). Factorial methods
should be used only as a first approximation for the assessment of individual
requirements, or when functional clinical or biochemical criteria of adequacy
have not been established. Furthermore, although nutrient balance studies
may be of help in defining mineral needs, they are of little use for defining
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vitamin requirements (14, 15). This is because the carbon dioxide formed on
the oxidation of vitamins is lost in expired air or hard to quantify, since it
becomes part of the body pool and cannot be traced to its origin unless the

vitamin is provided in an isotopically labelled form (75).

1.3.3 Functional responses
Various biomarkers are presently being evaluated for their specificity and sen-
sitivity to assess nutrient-related organ function and thus predict deficiency
or toxicity.

In terms of defining nutrient needs for optimal function, recent efforts have
focused on the assessment of:

* Neurodevelopment: monitoring electro-physiologic responses to defined
sensory stimuli; sleep—wake cycle organization; and neurobehavioural tests
(16, 17, 18).

e Bone health: measuring bone mineral density by X-ray absorptiometry;
markers of collagen synthesis and turnover; and hormonal responses asso-
ciated with bone anabolism and catabolism (79, 20).

® Biochemical normalcy: measuring plasma and tissue concentrations of sub-
strates or nutrient responsive enzymes, hormones or other indices of ana-
bolic and catabolic activity; and plasma concentrations and tissue retention
in response to a fixed nutrient load (21, 22).

o Immune function: measuring humoral and cellular response to antigens and
mitogens in vitro or in vivo; antibody response to weak antigens such as
immunizations; T-cell populations; cytokine responses; and mediators of
inflammation related to tissue protection and damage (23, 24).

® Body composition and tissue metabolic status: using stable isotope ass-
essment of body compartments (e.g. body water, lean and fat mass);
radiation-determined body compartments measured by dual energy
X-ray absorptiometry (DEXA) and computerized tomography; electrical
impedance and conductivity to determine body compartments; and finally,
magnetic resonance imaging and spectroscopy of body and organ com-
partments (i.e. brain and muscle high energy phosphate content) (25, 26).

® Bioavailability: evaluating stable and radioactive isotopes of mineral and
vitamin absorption and utilization (7, 27).

o Gene expression: assessing the expression of multiple human mRNA with
specific fluorescent ¢cDNAs probes (which currently evaluate from
10000-15000 genes at a time and will soon be able to assess the expression
of the full genome); and laser detection of hybridized genes to reveal

mRNA abundance in relation to a given nutrient intake level. These novel
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tools provide a powerful means of assessing the amount of nutrient
required to trigger a specific mRNA response in a given tissue. These are
in fact the best criteria for defining selenium needs without having to
measure the key selenium dependent enzymes (i.e. liver or red blood cell
glutathione peroxidase [GSHPx]) (28). In this case the measurement of suf-
ficiency is based on the GSHPx-mRNA response to selenium supply
rather than measuring the enzymatic activity of the corresponding protein.
Micro-array systems tailored to evaluate nutrient modulated expression of
key genes may become the most effective way of assessing human nutri-
tional requirements in the future (29).

1.3.4 Optimal intake

Optimal intake is a relatively new approach to deriving nutrient requirements.
The question “Optimal intake for what?” is usually answered with the sug-
gestion that a balanced diet or specific nutrients can improve physical and
mental performance, enhance immunity, prevent cancer, or add healthy years
to our life. This response is unfortunately often used too generally, and is
usually unsupported by appropriate population-based controlled randomized
studies (15). The preferred approach to define optimal intake is to clearly
establish the function of interest and the level of desired function (30). The
selected function should be related in a plausible manner to the specific nutri-
ent or food and serve to promote health or prevent disease.

If there is insufficient information from which to derive recommendations
based on actual data using any of the approaches described above, the cus-
tomary intake (based on an appropriate knowledge of food composition and
food consumption) of healthy populations becomes a reasonable default
approach. Indeed, the presently recommended nutrient intakes for term
infants of several vitamins and minerals are based on this paradigm. Thus, the
nutrient intake of the breast-fed infant becomes the relevant criteria since it
is assumed that human milk is the optimal food for human growth and devel-
opment. In this case, all other criteria are subservient to the estimate obtained
from assessment of the range of documented intake observed in the full term
breast-fed infant. Precise knowledge of human milk composition and volume
of intake for postnatal age allows for the definition of the range of intakes
typical for breast-fed infants. A notable exception, however, is the require-
ment for vitamin K at birth, since breast milk contains little vitamin K,
and the sterile colon does not provide the vitamin K formed by colonic

microorganisms.
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Planners using RNIs are often faced with different, sometimes conflicting
numbers, recommended by respectable national scientific bodies that have
used varying approaches to define them (31, 32). In order to select the most
appropriate for a given population, national planners should consider the
information base and the criteria that led to the numerical derivation before
determining which correspond more closely with the setting for which the
food-based dietary guidelines are intended. The quantified RNI estimates
derived from these various approaches may differ for one or more specific
nutrients, but the effect of these numeric differences in establishing food-
based dietary guidelines for the general population is often of a lesser signif-
icance (2, 12, 33). Selected examples of how various criteria are used to define
numerical estimates of nutritional requirements are given below. More detail
is provided in the respective chapters on individual micronutrients that follow.

Calcium

Adequate calcium intake levels suggested for the United States of America are
higher than those accepted internationally, and extend the increased needs of
adolescents to young adults (i.e. those aged <24 years) on the basis of evidence
that peak bone mass continues to increase until that age is reached (see Chapter
4). Results of bone density measurements support the need for calcium intake
beyond that required for calcium balance and retention for growth. However,
the situation in most Asian countries suggests that their populations may have
sufficient calcium retention and bone mass despite lower levels of intake. This
report acknowledges these differences and suggests that calcium intake may
need to be adjusted for dietary factors (e.g. observed animal protein, sodium
intake, vitamin D intake) and for sun exposure (which is related to geographic
location/latitude, air pollution and other environmental conditions), since
both affect calcium retention.

Iron

In the case of iron, the differences in quantification of obligatory losses made
by various expert groups is possibly explained by differences in environmen-
tal sanitation and the prevalence of diarrhoea (34). In addition, the concern
about iron excess may be greater in places where anaemia is no longer an issue,
such as in northern Europe, while in other areas iron deficiency is of para-
mount significance. The use of different bioavailability adjustment factors in
the definition of iron RNIs is a useful concept because the presence of dietary
components that affect bioavailability differs between and within a given
ecological setting. The present Expert Consultation established a rec-

ommendation based on absorbed iron; the RNI thus varies according to the
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bioavailability of iron in the diet. Recommended RNIs are provided for four
bioavailability factors, 5%, 10%, 12% and 15%, depending on the composi-
tion of the typical local diet (see Chapter 13).

Folate

Food fortification or supplementation strategies will commonly be needed to
satisfy the 400pg/day folate recommended for adolescents and adults in this
report (based on the intake required before conception and during early preg-
nancy to prevent neural tube defects) (35). Consumption from traditional
food sources is not sufficient to meet this goal; however, food fortification
and the advent of novel foods developed by traditional breeding or by genetic
modification may eventually make it possible to meet the RNI with food-
based approaches.

1.4 Conclusions

The quantitative definition of nutrient needs and their expression as recom-
mended nutrient intakes have been important components of food and nutri-
tion policy and programme implementation. RNIs provide the firm scientific
basis necessary to satisfy the requirements of a group of healthy individuals
and define adequacy of diets. Yet, by themselves, they are not sufficient as
instruments of nutrition policy and programmes. In fact, single nutrient-based
approaches have been of limited use in the establishment of nutritional and
dietary priorities consistent with broad public health interests at the national
and international levels (36).

In contrast to RNIs, food-based dietary guidelines (FBDGs) as instru-
ments of policy are more closely linked to diet-health relationships of
relevance to a particular country or region (12). FBDGs provide a broad per-
spective that examines the totality of the effects of a given dietary pattern in
a given ecological setting, considering socioeconomic and cultural factors, and
the biological and physical environment, all of which affect the health and
nutrition of a given population or community (2, 5). Defining the relevant
public health problems related to diet is an essential first step in developing
nutrient intake goals in order to promote overall health and reduce health risks
in view of the multifactorial nature of disease. Thus, FBDGs take into account
the customary dietary pattern, the foods available, and the factors that deter-
mine the consumption of foods and indicate what aspects should be modified.

By utilizing the two approaches of FBDGs and RNIs, broad public health
interests are supported by the use of empirically defined nutrient require-
ments. The role of RNIs in the development and formulation of FBDGs is

summarized in Figure 1.3. The multiple final users and applications of these
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FIGURE 1.3

Schematic representation of the process of applying nutritional requirements and
recommendations in the definition of nutrient intake goals leading to the formulation of
food-based dietary guidelines
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The boxes at the bottom of the scheme exemplify the multiple final users of this knowledge and
the implications for policy and programmes.

concepts are exemplified in the lower part of the scheme. Nutrition educa-
tion, health and nutrition promotion, household food security and the pro-
duction of micronutrient-rich foods all require nutritional requirements based
on the best available scientific information. As the science base for nutrition
evolves, so too will the estimates of nutritional requirements, which, when
combined with FBDGs, will lead to greater accuracy with respect to applica-
tions and policy-making and will enhance the health of final users.

We have gone beyond the era of requirements to prevent deficiency and
excess to the present goal of preserving micronutrient-related functions. The
next step in this evolution will surely be the incorporation of the knowledge
and necessary tools to assess genetic diversity in the redefinition of nutritional
requirements for optimal health throughout the life course. The goal in this
case will be to meet the nutritional needs of population groups, while account-
ing for genetic heterogeneity within populations (37). Though this may lead

13
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to the apparent contradiction of attempting to meet the requirements of pop-

ulations based on the diverse and heterogeneous needs of individuals, it is in

fact, a necessary step in providing optimal health—a long life, free of physi-

cal and mental disability —to all individuals.
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2. Vitamin A

2.1 Role of vitamin A in human metabolic processes
Vitamin A (retinol) is an essential nutrient needed in small amounts by
humans for the normal functioning of the visual system; growth and devel-
opment; and maintenance of epithelial cellular integrity, immune function,
and reproduction. These dietary needs for vitamin A are normally provided
for as preformed retinol (mainly as retinyl ester) and provitamin A
carotenoids.

2.1.1 Overview of vitamin A metabolism

Preformed vitamin A in animal foods occurs as retinyl esters of fatty acids in
association with membrane-bound cellular lipid and fat-containing storage
cells. Provitamin A carotenoids in foods of vegetable origin are also associ-
ated with cellular lipids but are embedded in complex cellular structures such
as the cellulose-containing matrix of chloroplasts or the pigment-containing
portion of chromoplasts. Normal digestive processes free vitamin A and
carotenoids from food matrices, which is a more efficient process from animal
than from vegetable tissues. Retinyl esters are hydrolysed and the retinol
and freed carotenoids are incorporated into lipid-containing, water-miscible
micellar solutions. Products of fat digestion (e.g. fatty acids, monoglycerides,
cholesterol, and phospholipids) and secretions in bile (e.g. bile salts and
hydrolytic enzymes) are essential for the efficient solubilization of retinol and
especially for solubilization of the very lipophilic carotenoids (e.g. o~ and B-
carotene, B-cryptoxanthin, and lycopene) in the aqueous intestinal milieu.
Micellar solubilization is a prerequisite to their efficient passage into the lipid-
rich membrane of intestinal mucosal cells (i.e. enterocytes) (-3). Diets criti-
cally low in dietary fat (under about 5-10g daily) (4) or disease conditions
that interfere with normal digestion and absorption leading to steatorrhoea
(e.g. pancreatic and liver diseases and frequent gastroenteritis) can therefore
impede the efficient absorption of retinol and carotenoids. Retinol and some
carotenoids enter the intestinal mucosal brush border by diffusion in accord
with the concentration gradient between the micelle and plasma membrane of
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enterocytes. Some carotenoids pass into the enterocyte and are solubilized
into chylomicrons without further change whereas some of the provitamin A
carotenoids are converted to retinol by a cleavage enzyme in the brush border
(3). Retinol is trapped intracellularly by re-esterification or binding to
specific intracellular binding proteins. Retinyl esters and unconverted
carotenoids together with other lipids are incorporated into chylomicrons,
excreted into intestinal lymphatic channels, and delivered to the blood
through the thoracic duct (2).

Tissues extract most lipids and some carotenoids from circulating chy-
lomicrons, but most retinyl esters are stripped from the chylomicron remnant,
hydrolysed, and taken up primarily by parenchymal liver cells. If not imme-
diately needed, retinol is re-esterified and retained in the fat-storing cells
of the liver (variously called adipocytes, stellate cells, or Ito cells). The liver
parenchymal cells also take in substantial amounts of carotenoids. Whereas
most of the body’s vitamin A reserve remains in the liver, carotenoids are
also deposited elsewhere in fatty tissues throughout the body (7). Usually,
turnover of carotenoids in tissues is relatively slow, but in times of low dietary
carotenoid intake, stored carotenoids are mobilized. A recent study in one
subject using stable isotopes suggests that retinol can be derived not only from
conversion of dietary provitamin carotenoids in enterocytes—the major site
of bioconversion—but also from hepatic conversion of circulating provitamin
carotenoids (5). The quantitative contribution to vitamin A requirements of
carotenoid converted to retinoids beyond the enterocyte is unknown.

Following hydrolysis of stored retinyl esters, retinol combines with
a plasma-specific transport protein, retinol-binding protein (RBP). This
process, including synthesis of the unoccupied RBP (apo-RBP), occurs to the
greatest extent within liver cells but it may also occur in some peripheral
tissues. The RBP-retinol complex (holo-RBP) is secreted into the blood where
it associates with another hepatically synthesized and excreted larger protein,
transthyretin. The transthyretin-RBP-retinol complex circulates in the blood,
delivering the lipophilic retinol to tissues; its large size prevents its loss
through kidney filtration (7). Dietary restriction in energy, proteins, and some
micronutrients can limit hepatic synthesis of proteins specific to mobilization
and transport of vitamin A. Altered kidney functions or fever associated with
infections (e.g. respiratory infections (6) or diarrhoea [7]) can increase urinary
vitamin A loss.

Holo-RBP transiently associates with target tissue membranes, and spe-
cific intracellular binding proteins then extract the retinol. Some of the tran-
siently sequestered retinol is released into the blood unchanged and is recycled

(i.e. conserved) (1, 8). A limited reserve of intracellular retinyl esters is formed
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that subsequently can provide functionally active retinol and its oxidation
products (i.e. isomers of retinoic acid) as needed intracellularly. These bio-
logically active forms of vitamin A are associated with specific cellular
proteins which bind with retinoids within cells during metabolism and with
nuclear receptors that mediate retinoid action on the genome (9). Retinoids
modulate the transcription of several hundreds of genes (10-12). In addition
to the latter role of retinoic acid, retinol is the form required for functions in
the visual (13) and reproductive systems (74) and during embryonic develop-
ment (15).

Holo-RBP is filtered into the glomerulus but recovered from the kidney
tubule and recycled. Normally vitamin A leaves the body in urine only as
inactive metabolites resulting from tissue utilization and in bile secretions as
potentially recyclable active glucuronide conjugates of retinol (8). No single
urinary metabolite has been identified which accurately reflects tissue levels
of vitamin A or its rate of utilization. Hence, at this time urine is not a useful

biological fluid for assessment of vitamin A nutriture.

2.1.2 Biochemical mechanisms for vitamin A functions
Vitamin A functions at two levels in the body: the first is in the visual cycle
in the retina of the eye; the second is in all body tissues where it systemically
maintains the growth and soundness of cells. In the visual system, carrier-
bound retinol is transported to ocular tissue and to the retina by intracellu-
lar binding and transport proteins. Rhodopsin, the visual pigment critical to
dim-light vision, is formed in rod cells after conversion of all-trans-retinol to
retinaldehyde, isomerization to the 11-cis-form, and binding to opsin. Alter-
ation of rhodopsin through a cascade of photochemical reactions results in
the ability to see objects in dim light (73). The speed at which rhodopsin is
regenerated is related to the availability of retinol. Night blindness is usually
an indicator of inadequate available retinol, but it can also be due to a deficit
of other nutrients that are critical to the regeneration of rhodopsin, such as
protein and zinc, and to some inherited diseases, such as retinitis pigmentosa.
The growth and differentiation of epithelial cells throughout the body are
especially affected by vitamin A deficiency (VAD). In addition, goblet cell
numbers are reduced in epithelial tissues and as a consequence, mucous secre-
tions (with their antimicrobial components) diminish. Cells lining protective
tissue surfaces fail to regenerate and differentiate, hence they flatten and accu-
mulate keratin. Both factors—the decline in mucous secretions and loss of cel-
lular integrity —reduce the body’s ability to resist invasion from potentially
pathogenic organisms. Pathogens can also compromise the immune system

by directly interfering with the production of some types of protective secre-
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tions and cells (11). Classical symptoms of xerosis (drying or non-wetability)
and desquamation of dead surface cells as seen in ocular tissue (i.e. xeroph-
thalmia) are the external evidence of the changes also occurring to various
degrees in internal epithelial tissues.

Current understanding of the mechanism of vitamin A action within cells
outside the visual cycle is that cellular functions are mediated through spe-
cific nuclear receptors. Binding with specific isomers of retinoic acid (i.e. all-
trans- and 9-cis-retinoic acid) activates these receptors. Activated receptors
bind to DNA response elements located upstream of specific genes to regu-
late the level of expression of those genes (12). These retinoid-activated genes
regulate the synthesis of a large number of proteins vital to maintaining
normal physiologic functions. There may, however, be other mechanisms of
action that are as yet undiscovered (10).

2.2 Populations at risk for, and consequences of,

vitamin A deficiency
2.2.1 Definition of vitamin A deficiency
VAD is not easily defined. WHO defines it as tissue concentrations of vitamin
A low enough to have adverse health consequences even if there is no evi-
dence of clinical xerophthalmia (76). In addition to the specific signs and
symptoms of xerophthalmia and the risk of irreversible blindness, non-
specific symptoms include increased morbidity and mortality, poor repro-
ductive health, increased risk of anaemia, and contributions to slowed growth
and development. However, these nonspecific adverse effects may be caused
by other nutrient deficits as well, making it difficult to attribute non-ocular
symptoms specifically to VAD in the absence of biochemical measurements
reflective of vitamin A status.

2.2.2 Geographic distribution and magnitude

In 1995, WHO estimated the global distribution of VAD (Table 2.1) and cat-
egorized countries according to the seriousness of VAD as a public health
problem on the basis of both clinical and moderate and severe subclinical
(prevalence of low blood levels of retinol) indicators of deficiency (16, 17). It
was estimated that about 3 million children have some form of xerophthalmia
and, on the basis of blood levels, another 250 million are subclini-
cally deficient (7). The magnitude of the subclinical estimate is currently
being re-evaluated to establish quantitatively a benchmark for measuring
prevalence trends. The actual number of subclinical deficiencies based on the

prevalence of low serum levels of retinol, however, remains uncertain because
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TABLE 2.1
Estimates of clinical and subclinical vitamin A
deficiency in preschool children, by WHO region®

Subclinical (severe

Clinical and moderate) Prevalence

Region (millions) (millions) (%)
Africa 1.04 52 49
The Americas 0.06 16 20
South-East Asia 1.45 125 69
Europe NA NA NA
Eastern

Mediterranean  0.12 16 22
Western Pacific 0.13 42 27
Subtotal 2.80 251
Total 254

NA, not applicable.

@ Based on a projection for 1994 from those countries in each
region where data were available.

Source: adapted from reference (17).

of the confounding and poorly quantified role of infections (see section
22.5).

Epidemiological studies repeatedly report clustering of VAD, presumably
resulting from concurrent occurrences of several risk factors. This clustering
may occur among both neighbourhoods and households (18).

2.2.3 Age and sex

VAD can occur in individuals of any age. However, it is a disabling and poten-
tially fatal public health problem for children under 6 years of age. VAD-
related blindness is most prevalent in children under 3 years of age (19). This
period of life is characterized by high requirements for vitamin A to support
rapid growth, and the transition from breastfeeding to dependence on other
dietary sources of the vitamin. In addition, adequate intake of vitamin A
reduces the risk of catching respiratory and gastrointestinal infections. The
increased mortality risk from concurrent infections extends at least to 6 years
of age and is associated with both clinical and subclinical VAD (20). There is
little information regarding the health consequences of VAD in school-age
children. The prevalence of Bitot’s spots (i.e. white foamy patches on the con-
junctiva) may be highest in this age group but their occurrence may reflect
past more than current history of VAD (27). Women of reproductive age are
also thought to be vulnerable to VAD during pregnancy and lactation because
they often report night blindness (22, 23) and because their breast milk is fre-
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quently low in vitamin A (24, 25). Not all night blindness in pregnant women,
however, responds to vitamin A treatment (23).

There is no consistent, clear indication in humans of a sex differential in
vitamin A requirements during childhood. Growth rates, and presumably the
need for vitamin A, from birth to 10 years for boys are consistently higher
than those for girls (26). In the context of varied cultural and community
settings, however, variations in gender-specific child-feeding and care prac-
tices are likely to subsume a small sex differential in requirements to account
for reported sex differences in the prevalence of xerophthalmia. Pregnant and
lactating women require additional vitamin A to support maternal and fetal
tissue growth and lactation losses, additional vitamin A which is not needed
by other post-adolescent adults (27).

2.2.4 Risk factors

VAD is most common in populations consuming most of their vitamin A
needs from provitamin carotenoid sources and where minimal dietary fat
is available (28). About 90% of ingested preformed vitamin A is absorbed,
whereas the absorption efficiency of provitamin A carotenoids varies widely,
depending on the type of plant source and the fat content of the accompany-
ing meal (29). Where possible, an increased intake of dietary fat is likely to
improve the absorption of vitamin A in the body.

In areas with endemic VAD, fluctuations in the incidence of VAD through-
out the year reflect the balance between intake and need. Periods of general
food shortage (and specific shortages in vitamin A-rich foods) coincide with
peak incidence of VAD and common childhood infectious diseases (e.g. diar-
rhoea, respiratory infections, and measles). Seasonal food availability influ-
ences VAD prevalence directly by influencing access to provitamin A sources;
for example, the scarcity of mangoes in hot arid months followed by the glut-
ting of the market with mangoes during harvest seasons (30). Seasonal growth
spurts in children, which frequently follow seasonal post-harvest increases in
energy and macronutrient intakes, can also affect the balance. These increases
are usually obtained from staple grains (e.g. rice) and tubers (e.g. light-
coloured yams) that are not, however, good sources of some micronutrients
(e.g. vitamin A) to support the growth spurt (31).

Food habits and taboos often restrict consumption of potentially good
food sources of vitamin A (e.g. mangoes and green leafy vegetables). Culture-
specific factors for feeding children, adolescents, and pregnant and lactating
women are common (28, 32-34). Illness- and childbirth-related proscriptions
of the use of specific foods pervade many traditional cultures (35). Such influ-

ences alter short- and long-term food distribution within families. However,
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some cultural practices can be protective of vitamin A status and they need
to be identified and reinforced.

2.2.5 Morbidity and mortality

The consequences of VAD are manifested differently in different tissues.
In the eye, the symptoms and signs, together referred to as xerophthalmia,
have a long, well-recognized history and have until recently been the basis
for estimating the global burden from the disease (19). Although ocular symp-
toms and signs are the most specific indicators of VAD, they occur only after
other tissues have impaired functions that are less specific and less easily
assessed.

The prevalence of ocular manifestations (i.e. xerophthalmia or clinical
VAD) is now recognized to far underestimate the magnitude of the problem
of functionally significant VAD. Many more preschool-age children, and
perhaps older children and women who are pregnant or lactating, have their
health compromised when they are subclinically deficient. In young children,
subclinical deficiency, like clinical deficiency, increases the severity of some
infections, particularly diarrhoea and measles, and increases the risk of death
(20, 36). Moreover, the incidence (37) and prevalence (38) of diarrhoea may
also increase with subclinical VAD. Meta-analyses conducted by three inde-
pendent groups using data from several randomized trials provide convinc-
ing evidence that community-based improvement of the vitamin A status of
deficient children aged 6 months to 6 years reduces their risk of dying by
20-30% on average (20, 39, 40). Mortality in children who are blind from ker-
atomalacia or who have corneal disease is reported to be from 50% to 90%
(19, 41), and measles mortality associated with VAD is increased by up to
50% (42). Limited data are available from controlled studies of the possible
link between morbidity history and vitamin A status of pregnant and lactat-
ing women (43).

There are discrepancies in the link between incidence and severity of infec-
tious morbidity of various etiologies and vitamin A status. A great deal of
evidence supports an association of VAD with severity of an infection once
acquired, except for respiratory diseases, which are non-responsive to treat-
ment (16, 36-38, 44). The severity of pneumonia associated with measles,
however, is an exception because it decreases with the treatment of vitamin A
supplementation (42, 45).

Infectious diseases depress circulating retinol and contribute to vitamin A
depletion. Enteric infections may alter the absorptive surface area, compete
for absorption-binding sites, and increase urinary loss (7, 46, 47). Febrile

systemic infections also increase urinary loss (6, 48) and metabolic utilization
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rates and may reduce apparent retinol stores if fever occurs frequently (49).
In the presence of latent deficiency, disease occurrence is often associated with
precipitating ocular signs (50, 51). Measles virus infection is especially devas-
tating to vitamin A metabolism, adversely interfering with both efficiencies
of utilization and conservation (42, 51, 52). Severe protein—energy malnutri-
tion affects many aspects of vitamin A metabolism, and even when some
retinyl ester stores are still present, malnutrition —often coupled with infec-
tion— can prevent transport-protein synthesis, resulting in immobilization of
existing vitamin A stores (53).

The compromised integrity of the epithelium, together with the possible
alteration in hormonal balance at severe levels of deficiency, impairs normal
reproductive functions in animals (9, 14, 15, 24, 54, 55). Controlled human
studies are, of course, lacking. In animals and humans, congenital anomalies
can result if the fetus is exposed to severe deficiency or large excesses of
vitamin A at critical periods early in gestation (first trimester) when fetal
organs are being formed (24, 56). Reproductive performance, as measured by
infant outcomes, in one community-based clinical intervention trial, however,
was not influenced by vitamin A status (43).

The growth of children may be impaired by VAD. Interventions with
vitamin A only have not consistently demonstrated improved growth in
community studies because VAD seldom occurs in isolation from other
nutrient deficiencies that also affect growth and may be more limiting (57).

A lack of vitamin A can affect iron metabolism when deficiencies of both
nutrients coexist and particularly in environments that favour frequent infec-
tions (58). Maximum haemoglobin response occurs when iron and vitamin A
deficiencies are corrected together (59). VAD appears to influence the avail-
ability of storage iron for use by haematopoietic tissue (59, 60). However,
additional research is needed to clarify the mechanisms of the apparent
interaction.

2.3 Units of expression
In blood, tissues, and human milk, vitamin A levels are conventionally
expressed in pg/dl or pmol/1 of all-trans-retinol. Except for postprandial con-
ditions, most of the circulating vitamin A is retinol whereas in most tissues
(such as the liver), secretions (such as human milk), and other animal food
sources, it exists mainly as retinyl esters, which are frequently hydrolysed
before analytical detection.

To express the vitamin A activity of carotenoids in diets on a common
basis, a Joint FAO/WHO Expert Group (61) in 1967 introduced the concept
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of the retinol equivalent (RE) and established the following relationships
among food sources of vitamin A:

1 ug retinol =1RE

1 ug B-carotene =0.167 ug RE
1 ug other provitamin A = 0.084 ug RE.
carotenoids

These equivalencies were derived from balance studies to account for the less
efficient absorption of carotenoids (at that time thought to be about one third
that of retinol) and their bioconversion to vitamin A (one half for B-carotene
and one fourth for other provitamin A carotenoids). It was recognized at the
time that the recommended conversion factors (i.e. 1:6 for vitamin A:[-
carotene and 1:12 for vitamin A:all other provitamin carotenoids) were only
best approximations for a mixed diet, which could under- or overestimate
bioavailability depending not only on the quantity and source of carotenoids
in the diet, but also on how the foods were processed and served (e.g. cooked
or raw, whole or puréed, with or without fat). In 1988, a Joint FAO/WHO
Expert Consultation (62) confirmed these conversion factors for operational
application in evaluating mixed diets. In reaching its conclusion, the Consul-
tation noted the controlled depletion—repletion studies in adult men using a
dark adaptation endpoint that reported a 2:1 equivalency of supplemental B-
carotene to retinol (63), and the range of factors that could alter the equiva-
lency ratio when dietary carotenoids replaced supplements.

Recently there has been renewed interest in re-examining conventional
conversion factors by using more quantitative stable isotope techniques for
measuring whole-body stores in response to controlled intakes (64-66) and
by following post-absorption carotenoids in the triacylglycerol-rich lipopro-
tein fraction (67-70). The data are inconsistent but suggest that revision
toward lower absorbability of provitamin A carotenoids is warranted (64, 68,
69). These studies indicate that the conditions that limit carotenoids from
entering enterocytes rather than conversion once in the enterocyte are more
significant than previously thought (71).

Other evidence questions the validity of factors used earlier, which sug-
gests that 6ug of food-sourced B-carotene is equivalent to 2ug pure B-
carotene in oil, and equivalent to 1ug dietary retinol. Currently, however,
only one study has used post-absorptive serum carotenoids to directly
compare, in healthy, adequately nourished adult humans in Holland, the
absorption of carotene in oil with that of dietary B-carotene from a mixed diet
predominately containing vegetables (72). The investigators reported that
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about 7ug of B-carotene from the mixed predominately vegetable diet is
equivalent to 1ug pure B-carotene when it is provided in oil. Assuming that
2ug B-carotene in the enterocyte is equivalent to 11g retinol, the conversion
factor would be 1:14 for B-carotene and 1:28 for other provitamin A
carotenoids. Other researchers using a similar methodology have reported
factors from a variety of specific food sources that fall within this range.
Lowest bioavailability is reported for leafy green vegetables and raw carrots
and highest for fruit/tuber diets (68, 73-75). In view of the data available to
date, conversion factors from usual mixed vegetable diets of 1:14 for B-
carotene and 1:28 for other provitamin A carotenoids as suggested by Van
het Hof et al. (72) are recommended. Where green leafy vegetables or fruits
are more prominent than in the usual diet in Holland, adjustment to higher
or lower conversion factors could be considered. For example, in the United
States of America where fruits constitute a larger portion of the diet, the Food
and Nutrition Board of the Institute of Medicine suggests retinol activity
equivalency (RAE) factors of 12:1 for B-carotene and 24:1 for other provit-
amin A carotenoids (76).

Retinol equivalents in a diet are calculated as the sum of the weight of the
retinol portion of preformed vitamin A plus the weight of B-carotene divided
by its conversion factor, plus the weight of other provitamin A carotenoids
divided by their conversion factor (62). Most recent food composition tables
report B-carotene and, sometimes, other provitamin A carotenoids as Ug/g
edible portion. However, older food composition tables frequently report
vitamin A as international units (IUs). The following conversion factors can
be used to calculate comparable values as pg:

1 IU retinol = 0.3 ug retinol
1 IU B-carotene = 0.6 nug B-carotene
1 IU retinol =3 IU B-carotene.

It is strongly recommended that weight or molar units replace the use of
IUs to decrease confusion and overcome limitations in the non-equivalence
of the TU values for retinol and B-carotene. For example, after converting all
values from food composition tables to weight units, the vitamin A equiva-
lency of a mixed diet should be determined by dividing the weight by the rec-
ommended weight equivalency value for preformed and specific provitamin
A carotenoids. Hence, if a diet contained 150ug retinol, 1550 g B-carotene,
and 1200 ug other provitamin A carotenoids, the vitamin A equivalency of the
diet would be:

150 pg + (1550 pg + 14) + (1200 ug + 28) = 304 ug retinol equivalency.
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2.4 Sources and supply patterns of vitamin A

2.4.1 Dietary sources

Preformed vitamin A is found almost exclusively in animal products, such as
human milk, glandular meats, liver and fish liver oils (especially), egg yolk,
whole milk, and other dairy products. Preformed vitamin A is also used to
fortify processed foods, which may include sugar, cereals, condiments, fats,
and oils (77). Provitamin A carotenoids are found in green leafy vegetables
(e.g. spinach, amaranth, and young leaves from various sources), yellow veg-
etables (e.g. pumpkins, squash, and carrots), and yellow and orange non-citrus
fruits (e.g. mangoes, apricots, and papayas). Red palm oil produced in several
countries worldwide is especially rich in provitamin A (78). Some other
indigenous plants also may be unusually rich sources of provitamin A. Such
examples are the palm fruit known in Brazil as buriti, found in areas along
the Amazon River (as well as elsewhere in Latin America) (79), and the fruit
known as gac in Viet Nam, which is used to colour rice, particularly on cere-
monial occasions (80). Foods containing provitamin A carotenoids tend to
have less biologically available vitamin A but are more affordable than animal
products. It is mainly for this reason that carotenoids provide most of the
vitamin A activity in the diets of economically deprived populations.

2.4.2 Dietary intake and patterns

Although vitamin A status cannot be assessed from dietary intake alone,
dietary intake assessment can provide evidence of risk of an inadequate status.
However, quantitative collection of dietary information is fraught with mea-
surement problems. These problems arise both from obtaining representative
quantitative dietary histories from individuals, communities, or both, and
from interpreting these data while accounting for differences in bioavailabil-
ity, preparation losses, and variations in food composition data among pop-
ulation groups (77). This is especially difficult in populations consuming most
of their dietary vitamin A from provitamin carotenoid sources. Simplified
guidelines have been developed recently in an effort to improve the collection
of reliable dietary intake information from individuals and communities
(69, 81).

2.4.3 World and regional supply and patterns

In theory, the world’s food supply is sufficient to meet global requirements
for vitamin A. Great differences exist, however, in the availability of sources
(animal and vegetable) and in per capita consumption of the vitamin among
different countries, age categories, and socioeconomic groups. VAD as a
global public health problem is therefore largely due to inequitable food dis-
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tribution among and within countries and households in relation to the need
for ample bioavailable vitamin A sources (82, 83).

FAO global estimates for 1984 indicate that preformed vitamin A consti-
tuted about one third of total dietary vitamin A activity (62). World avail-
ability of vitamin A for human consumption at that time was approximately
220ug of preformed retinol per capita per day and 560pg RE from provita-
min carotenoids (about 3400g carotenoids for a 1:6 conversion factor) per
person per day, a total of about 790ug RE. These values are based on supply
estimates and not consumption estimates. Losses commonly occur during
food storage and processing, both industrially and in the home (77).

The estimated available regional supply of vitamin A from a more recent
global evaluation shown in Table 2.2 illustrates the variability in amounts and
sources of vitamin A. This variability is linked to access to the available supply
of foods containing vitamin A, which varies with household income, with
poverty being a yardstick for risk of VAD. VAD is most prevalent in South-
East Asia, Africa, and the Western Pacific (Table 2.1), where vegetable sources
contribute nearly 80% or more of the available supply of retinol equivalents.
Furthermore, in South-East Asia the total available supply is about half of
that of most other regions and is particularly low in animal sources. In con-
trast, the Americas, Eastern Mediterranean, and Europe have a supply ranging
from 700 to 1000ug RE/day, one third of which comes from animal sources.
Based on national data from the United States Continuing Survey of Food
Consumption (84) and the third National Health and Nutrition Examination
Survey (85) mean dietary intakes of children aged 0-6 years were estimated
to be 864 + 497 and 921 + 444 g RE per day, respectively. In the Dietary and
Nutritional Survey of British Adults (86), the median intake of men and
women aged 3549 years was 1118 ug RE and 926 ug RE, respectively, which
corresponded to serum retinol concentrations of 2.3 umol/l and 1.8umol/l,
respectively. In a smaller scale survey in the United Kingdom, median intakes
for non-pregnant women who did not consume liver or liver products during
the survey week were reported to be 686ug RE per day (87).

The available world supply figures in Table 2.2 were recently recalculated
using a bioavailability ratio of 1:30 for retinol to other provitamin A
carotenoids (88). This conversion factor was justified on the basis of one pub-
lished controlled intervention study conducted in Indonesia (89) and a limited
number of other studies not yet published in full. Applying the unconfirmed
conversion factor to the values in Table 2.2 would lead to the conclusion that
regional and country needs for vitamin A could not be met from predomi-
nantly vegetarian diets. However, this is inconsistent with the preponderance

of epidemiological evidence. Most studies report a positive response when
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TABLE 2.2
Available supply of vitamin A, by WHO region

Animal sources Vegetable sources Total
Region (ug RE/day) (ug RE/day) (ug RE/day)
Africa 122 654 (84) 776
The Americas 295 519 (64) 814
South-East Asia 53 378 (90) 431
Europe 271 467 (63) 738
Eastern Mediterranean 345 591 (63) 936
Western Pacific 216 781 (78) 997
Total 212 565 (72) 777

@ Numbers in parentheses indicate the percentage of total retinol equivalents from carotenoid food
sources.
Source: reference (20).

vegetable sources of provitamin A are given under controlled conditions to
deficient subjects freed of confounding parasite loads and provided with suf-
ficient dietary fat (90, 91). Emerging data are likely to justify a lower biolog-
ical activity for provitamin A carotenoids because of the mix of total
carotenoids found in food sources in a usual meal (67—69). The present Con-
sultation concluded that the 1:6 bioconversion factor originally derived on
the basis of balance studies should be retained until there is firm confirma-
tion of more precise methodologies from ongoing studies.

2.5 Indicators of vitamin A deficiency

2.5.1 Clinical indicators of vitamin A deficiency

Ocular signs of VAD are assessed by clinical examination and history, and are
quite specific in preschool-age children. However, these are rare occurrences
that require examination of large populations in order to obtain incidence and
prevalence data. Subclinical VAD being the more prevalent requires smaller
sample sizes for valid prevalence estimates (16).

A full description of clinical indicators of VAD, with coloured illustrations
for each, can be found in the WHO field guide (79). The most frequently
occurring is night-blindness, which is the earliest manifestation of xeroph-
thalmia. In its mild form it is generally noticeable after stress from a bright
light that bleaches the rhodopsin (visual purple) found in the retina. VAD pro-
longs the time to regenerate rhodopsin, and thus delays adaptation time in
dark environments. Night-blind young children tend to stumble when going
from bright to dimly-lit areas and they, as well as night-blind mothers, tend
to remain inactive at dusk and at night (92).

No field-applicable objective tool is currently available for measuring night-
blindness in children under about 3 years of age. However, it can be measured
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by history in certain cultures (93). In areas where night-blindness is prevalent,
many cultures coin a word descriptive of the characteristic symptom that they
can reliably recall on questioning, making this a useful tool for assessing the
prevalence of VAD (94). It must be noted that questioning for night-blindness
is not always a reliable assessment measure where a local term is absent. In
addition, there is no clearly defined blood retinol level that is directly associ-
ated with occurrence of the symptom, such that could be used in conjunction
with questioning. Vitamin A-related night-blindness, however, responds
rapidly (usually within 1-2 days) to administration of vitamin A.

2.5.2 Subclinical indicators of vitamin A deficiency
Direct measurement of concentrations of vitamin A in the liver (where it is
stored) or in the total body pool relative to known specific vitamin A-related
conditions (e.g. night-blindness) would be the indicator of choice for deter-
mining requirements. This cannot be done with the methodology currently
available for population use. There are several more practical biochemical
methods for estimating subclinical vitamin A status but all have limitations
(16, 93, 95, 96). Each method is useful for identifying deficient populations,
but not one of these indicators is definitive or directly related quantitatively
to disease occurrence. The indicators of choice are listed in Table 2.3. These
indicators are less specific to VAD than clinical signs of the eye and less sen-
sitive than direct measurements for evaluating subclinical vitamin A status.
WHO recommends that where feasible at least two subclinical biochemical
indicators, or one biochemical and a composite of non-biochemical risk
factors, should be measured and that both types of indicators should point to
deficiency in order to identify populations at high risk of VAD (76). Cut-off
points given in Table 2.3 represent the consensus gained from practical expe-
rience in comparing populations with some evidence of VAD with those
without VAD. There are no field studies that quantitatively relate the preva-
lence of adverse health symptoms (e.g. incidence or prevalence of severe diar-
rhoeal disease) and relative levels of biologic indicator cut-off values.
Furthermore, each of the biochemical indicators listed is subject to con-
founding factors which may be unrelated to vitamin A status (e.g. infections).
Although all biochemical indicators currently available have limitations,
the preferred biochemical indicator for population assessment is the distribu-
tion of serum levels of vitamin A (serum retinol). Only at very low blood
levels (<0.35umol/l) is there an association with corneal disease prevalence
(97). Blood levels between 0.35 and 0.70umol/I are likely to characterize sub-
clinical deficiency (98), but subclinical deficiency may still be present at levels
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TABLE 2.3
Indicators of subclinical VAD in mothers and in children aged 6-71 months
Indicator Cut-off to indicate deficiency
Night-blindness (24-71 months) >1% report a history of night-blindness
Biochemical

Breast-milk retinol <1.05umol/I (<8ug/g milk fat)

Serum retinol <0.70umol/
Relative dose response >20%
Modified relative dose response Ratio >0.06

Source: adapted from reference (16).

between 0.70 and 1.05umol/l and occasionally above 1.05umol/l (99). The
prevalence of values below 0.70umol/l is a generally accepted population cut-
off for preschool-age children to indicate risk of inadequate vitamin A status
(16) and above 1.05umol/l to indicate an adequate status (100, 101). As noted
elsewhere, clinical and subclinical infections can lower serum levels of vitamin
A on average by as much as 25%, independently of vitamin A intake (102,
103). Therefore, at levels between about 0.5 and 1.05 umol/l, the relative dose
response or the modified relative dose response test on a subsample of the
population can be useful for identifying the prevalence of critically depleted
body stores when interpreting the left portion of serum retinol distribution
curves.

2.6 Evidence used for making recommendations
Requirements and safe levels of intake for vitamin A recommended in this
report do not differ significantly from those proposed by the 1988 Joint
FAO/WHO Expert Consultation (62) except to the extent that they have been
adapted to the age, pregnancy, and lactation categories defined by the present
Expert Consultation. The term “safe level of intake” used in the 1988 report
is retained because the intake levels do not strictly correspond to the defini-
tion of a recommended nutrient intake recommended here (see section 1.2).
The mean requirement for an individual is defined as the minimum daily
intake of vitamin A, expressed as g retinol equivalents (ug RE), to prevent
xerophthalmia in the absence of clinical or subclinical infection. This intake
should account for the proportionate bioavailability of preformed vitamin A
(about 90%) and provitamin A carotenoids from a diet that contains sufficient
fat (e.g. at least 10g daily). The required level of intake is set to prevent
clinical signs of deficiency, allow for normal growth, and reduce the risk of
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vitamin A-related severe morbidity and mortality within any given popula-
tion. It does not allow for frequent or prolonged periods of infections or other
stresses.

The safe level of intake for an individual is defined as the average contin-
uing intake of vitamin A required to permit adequate growth and other
vitamin A-dependent functions and to maintain an acceptable total body
reserve of the vitamin. This reserve helps offset periods of low intake
or increased need resulting from infections and other stresses. Useful indica-
tors include a plasma retinol concentration above 0.70pmol/l, which is
associated with a relative dose response below 20%, or a modified relative
dose response below 0.06. For lactating women, breast-milk retinol levels
above 1.05umol/l (or above 8 ug/g milk fat) are considered to reflect minimal
maternal stores because levels above 1.05pumol/l are common in populations
known to be healthy and without evidence of insufficient dietary vitamin A
(24, 25).

2.6.1 Infants and children

Vitamin A requirements for infants are calculated from the vitamin A pro-
vided in human milk. During at least the first 6 months of life, exclusive
breastfeeding can provide sufficient vitamin A to maintain health, permit
normal growth, and maintain sufficient stores in the liver (104).

Reported retinol concentrations in human milk vary widely from country
to country (0.70-2.45umol/l). In some developing countries, the vitamin A
intake of breast-fed infants who grow well and do not show signs of defi-
ciency ranges from 120 to 170ug RE/day (25, 104). Such intakes are consid-
ered adequate to cover infant requirements if the infant’s weight is assumed
to be at least at the 10th percentile according to WHO standards (62).
However, this intake is unlikely to build adequate body stores, given that
xerophthalmia is common in preschool-age children in the same communi-
ties with somewhat lower intakes. Because of the need for vitamin A to
support the growth rate of infancy, which can vary considerably, a require-
ment estimate of 180ug RE/day seems appropriate.

The safe level for infants up to 6 months of age is based on observations
of breast-fed infants in communities in which good nutrition is the norm.
Average consumption of human milk by such infants is about 750 ml/day
during the first 6 months (704). Assuming an average concentration of vitamin
A in human milk of about 1.75umol/l, the mean daily intake would be about
375ug RE, which is therefore the recommended safe level. From 7-12 months,
human milk intake averages 650ml/day, which would provide 325ug of
vitamin A daily. Because breast-fed infants in endemic vitamin A-deficient

32



2. VITAMIN A

populations are at increased risk of death from 6 months onward, the require-
ment and recommended safe intake levels are increased to 190ug RE/day and
400ug RE/day, respectively.

The requirement (with allowance for variability) and the recommended
safe intake for older children may be estimated from those derived for late
infancy (i.e. 20 and 39pug RE/kg body weight/day) (62). On this basis, and
including allowances for storage requirements and variability, requirements
for preschool-age children would be in the range of 200-400ug RE daily. In
poor communities where children 1-6 years old are reported to have intakes
of about 100-200ug RE/day, signs of VAD do occur; in southern India these
signs were relieved and risk of mortality was reduced when the equivalent of
350-400ug RE/day was given to children weekly (105). In the United States,
most preschool-age children maintain serum retinol levels of 0.70umol/l or
higher while consuming diets providing 300-400ug RE/day (from the data-
bank for the third National Health and Nutrition Examination Survey
[http://www.cdc.gov/nchs/nhanes.htm]).

2.6.2 Adults

Estimates for the requirements and recommended safe intakes for adults are
also extrapolated from those derived for late infancy, i.e. 4.8 and 9.3 ug RE/kg
body weight/day (62). Detailed account of how the requirement for vitamin
A is arrived at is provided in the FAO/WHO report of 1988 (62) and is not
repeated here because no new studies have been published that indicate a need
to revise the assumptions on which those calculations were based. The safe
intakes recommended are consistent with the per capita vitamin A content in
the food supply of countries that show adequate vitamin A status in all sectors
of the population. Additional evidence that the existing safe level of intake is
adequate for adults on a population basis is provided by an analysis of dietary
data from the 1990 survey of British adults in whom there was no evidence
of VAD (86). In another survey in the United Kingdom, the median intake of
vitamin A among non-pregnant women who did not consume liver or liver
products during the survey week was 686 g RE/day (87). This value is sub-
stantially above the estimated mean requirement for pregnant women and falls
quite short of the amount at which teratology risk is reported (106-108).
About one third of the calculated retinol equivalents consumed by the British

women came from provitamin A sources (20% from carrots).
2.6.3 Pregnant women
During pregnancy, women need additional vitamin A to sustain the

growth of the fetus and to provide a limited reserve in the fetal liver, as
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well as to maintain their own tissue growth. Currently, there are no reliable
figures available for the specific vitamin A requirements for these processes
(27).

Newborn infants need around 100pg of retinol daily to meet their needs
for growth. During the third trimester the fetus grows rapidly and, although
obviously smaller in size than the infant born full term, the fetus presumably
has similar needs. Incremental maternal needs associated with pregnancy are
assumed to be provided from maternal reserves in populations of adequately
nourished healthy mothers. In populations consuming vitamin A at the basal
requirement, an additional increment of 100pg/day during the full gestation
period should enhance maternal storage during early pregnancy and allow for
adequate amounts of vitamin A to be available for the rapidly growing fetus
in late pregnancy. However, this increment may be minimal for women who
normally ingest only the basal requirement of vitamin A, inasmuch as the
needs and growth rate of the fetus will not be affected by the mother’s initial
vitamin A reserves.

A recent study in Nepal (43), where night-blindness is prevalent in preg-
nant women, provided 7000 ug RE (about 23 3001U) weekly to pregnant and
lactating women (equivalent to 1000ug RE/day). This level of intake nor-
malized serum levels of vitamin A and was associated with a decrease in preva-
lence of night-blindness and a decrease in maternal mortality. However, the
findings of this study need to be confirmed. In the interim period it seems
prudent, recognizing that a large portion of the world’s population of preg-
nant women live under conditions of deprivation, to increase by 200ug RE
the recommended safe level to ensure adequacy of intake during pregnancy.
Because therapeutic levels of vitamin A are generally higher than preventive
levels, the safe intake level recommended during pregnancy is 800ug RE/day.
Women who are or who might become pregnant should carefully limit their
total daily vitamin A intake to a maximum of 3000pg RE (100001IU) to
minimize risk of fetal toxicity (109).

2.6.4 Lactating women

If the amount of vitamin A recommended for infants is supplied by human
milk, mothers who are breastfeeding should intake at least as much vitamin
A in their diets as is needed to replace the amount lost through breastfeed-
ing. Thus, the increments in basal and safe recommended intakes during lac-
tation are 180ug RE and 350ug RE, respectively. After the infant reaches the
age of 6 months or when solid foods are introduced, the mother’s need for
additional amounts of vitamin A lessens.

34



2. VITAMIN A

2.6.5 Elderly

There is no indication that the vitamin A requirements of healthy elderly indi-
viduals differ from those of other adults. It should be remembered, however,
that diseases that impede vitamin A absorption, storage, and transport might

be more common in the elderly than in other age groups.

2.7 Recommendations for vitamin A requirements

Table 2.4 summarizes the estimated mean requirements for vitamin A and the
recommended safe intakes, taking into account the age and sex differences in
mean body weights. For most values the true mean and variance are not
known. It should be noted that there are no adequate data available to derive
mean requirements for any group and, therefore, a recommended nutrient
intake cannot be calculated. However, information is available on cures
achieved in a few vitamin A-deficient adult men and on the vitamin A status
of groups receiving intakes that are low but nevertheless adequate to prevent
the appearance of deficiency-related syndromes. The figures for mean dietary
requirements are derived from these, with the understanding that the curative
dose is higher than the preventive dose. They are at the upper limits of
the range so as to cover the mean dietary requirements of 97.5% of the

population (62).
TABLE 2.4
Estimated mean requirement and safe level of intake for vitamin A, by group
Mean requirement Recommended safe intake
Group (ug RE/day) (ug RE/day)
Infants and children
0-6 months 180 375
7-12 months 190 400
1-3 years 200 400
4-6 years 200 450
7-9 years 250 500
Adolescents,
10-18 years 330-400 600
Adults
Females,
19-65 years 270 500
65+ years 300 600
Males,
19-65 years 300 600
65+ years 300 600
Pregnant women 370 800
Lactating women 450 850

Source: adapted from reference (62).
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In calculating the safe intake, a normative storage requirement was calcu-
lated as a mean for adults equivalent to 434 ug RE/day, and the recommended
safe intake was derived in part by using this value plus 2 standard deviations.
It is doubtful that this value can be applied to growing children. The safe
intake for children was compared with the distribution of intakes and com-
parable serum vitamin A levels reported for children 0-6 years of age from
the United States and with distributions of serum levels of vitamin A of chil-
dren aged 9-62 months in Australia (710), where evidence of VAD is rare.

2.8 Toxicity

Because vitamin A is fat soluble and can be stored, primarily in the liver,
routine consumption of large amounts of vitamin A over a period of time can
result in toxic symptoms, including liver damage, bone abnormalities and
joint pain, alopecia, headaches, vomiting, and skin desquamation. Hypervit-
aminosis A appears to be due to abnormal transport and distribution of
vitamin A and retinoids caused by overloading of the plasma transport
mechanisms (111).

The smallest daily supplement associated with liver cirrhosis that has been
reported is 7500 g taken for 6 years (107, 108). Very high single doses can
also cause transient acute toxic symptoms that may include bulging
fontanelles in infants; headaches in older children and adults; and vomiting,
diarrhoea, loss of appetite, and irritability in all age groups. Rarely does tox-
icity occur from ingestion of food sources of preformed vitamin A. When this
occurs, it usually results from very frequent consumption of liver products.
Toxicity from food sources of provitamin A carotenoids is not reported,
except for the cosmetic yellowing of skin.

Infants, including neonates (712), administered single doses equivalent to
15000-30000 g retinol (50000-1000001U) in oil generally show no adverse
symptoms. However, daily prophylactic or therapeutic doses should not
exceed 900 g, which is well above the mean requirement of about 200 ug/day
for infants. An increase in bulging fontanelles occurred in infants under 6
months of age in one endemically deficient population given two or more
doses of 7500ug or 15000 g preformed vitamin A in oil (113, 114), but other
large-scale controlled clinical trials have not reported increased bulging after
three doses of 7500 g given with diphtheria-pertussis-tetanus immunizations
at about 6, 10, and 14 weeks of age (115). No effects were detected at 3 years
of age that related to transient vitamin A-induced bulging that had occurred
before 6 months of age (112, 116).

Most children aged 1-6 years tolerate single oral doses of 60000ug
(2000001IU) vitamin A in oil at intervals of 4-6 months without adverse
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symptoms (107). Occasionally diarrhoea or vomiting is reported but these
symptoms are transient with no lasting sequelae. Older children seldom
experience toxic symptoms unless they habitually ingest vitamin A in excess
of 7500g (250001U) for prolonged periods of time (107).

When women take vitamin A at daily levels of more than 7500 g (25000
IU) during the early stages of gestation, fetal anomalies and poor reproduc-
tive outcomes are reported (108). One report suggests an increased risk of ter-
atogenicity at intakes as low as 3000ug (100001U), but this is not confirmed
by other studies (108). Women who are pregnant or might become pregnant
should avoid taking excessive amounts of vitamin A. A careful review of
the latest available information by a WHO Expert Group recommended that
daily intakes in excess of 3000ug (100001U), or weekly intakes in excess of
7500ug (250001U) should not be taken at any period during gestation (109).
High doses of vitamin A (60000pg, or 200000IU) can be safely given to
breastfeeding mothers for up to 2 months postpartum and up to 6 weeks to

mothers who are not breastfeeding.

2.9 Recommendations for future research

Further research is needed in the following areas:

e the interaction of vitamin A and iron with infections, as they relate to
serum levels and disease incidence and prevalence;

e the relationship between vitamin A, iron, and zinc and their roles in the
severity of infections;

e the nutritional role of 9-cis retinoic acid and the mechanism which regu-
lates its endogenous production;

e the bioavailability of provitamin A carotenoids from different classes
of leafy and other green and orange vegetables, tubers, and fruits as
typically provided in diets (e.g. relative to the level of fat in the diet or
meal);

e identification of a reliable indicator of vitamin A status for use in
direct quantification of mean requirements and for relating status to func-

tions.
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3. Vitamin D

3.1 Role of vitamin D in human metabolic processes
Vitamin D is required to maintain normal blood levels of calcium and phos-
phate, which are in turn needed for the normal mineralization of bone, muscle
contraction, nerve conduction, and general cellular function in all cells of the
body. Vitamin D achieves this after its conversion to the active form 1,25-
dihydroxyvitamin D [1,25-(OH),D], or calcitriol. This active form regulates
the transcription of a number of vitamin D-dependent genes which code for
calcium-transporting proteins and bone matrix proteins.

Vitamin D also modulates the transcription of cell cycle proteins, which
decrease cell proliferation and increase cell differentiation of a number of spe-
cialized cells of the body (e.g. osteoclastic precursors, enterocytes, ker-
atinocytes). This property may explain the actions of vitamin D in bone
resorption, intestinal calcium transport, and skin. Vitamin D also possesses
immunomodulatory properties that may alter responses to infections in vivo.
These cell differentiating and immunomodulatory properties underlie the
reason why vitamin D derivatives are now used successfully in the treatment
of psoriasis and other skin disorders.

3.1.1 Overview of vitamin D metabolism

Vitamin D, a seco-steroid, can either be made in the skin from a cholesterol-
like precursor (7-dehydrocholesterol) by exposure to sunlight or can be pro-
vided pre-formed in the diet (7). The version made in the skin is referred to
as vitamin D; whereas the dietary form can be vitamin D; or a closely-related
molecule of plant origin known as vitamin D, . Because vitamin D can be made
in the skin, it should not strictly be called a vitamin, and some nutritional
texts refer to the substance as a prohormone and to the two forms as cole-
calciferol (Ds) and ergocalciferol (D,).

From a nutritional perspective, the two forms are metabolized similarly
in humans, are equal in potency, and can be considered equivalent. It is
now firmly established that vitamin D; is metabolized first in the liver to
25-hydroxyvitamin D (calcidiol) (2) and subsequently in the kidneys to
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1,25-(OH),D (calcitriol) (3) to produce a biologically active hormone. The
1,25-(OH),D compound, like all vitamin D metabolites, is present in the
blood complexed to the vitamin D-binding protein, a specific o-globulin. Cal-
citriol is believed to act on target cells in a similar way to a steroid hormone.
Free hormone crosses the plasma membrane and interacts with a specific
nuclear receptor known as the vitamin D receptor, a DNA-binding, zinc-
finger protein with a relative molecular mass of 55000 (4). This ligand-recep-
tor complex binds to a specific vitamin D-responsive element and, with
associated transcription factors (e.g. retinoid X receptor), enhances transcrip-
tion of mRNAs which code for calcium-transporting proteins, bone matrix
proteins, or cell cycle-regulating proteins (5). As a result of these processes,
1,25-(OH),D stimulates intestinal absorption of calcium and phosphate and
mobilizes calcium and phosphate by stimulating bone resorption (6). These
functions serve the common purpose of restoring blood levels of calcium and
phosphate to normal when concentrations of the two ions are low.

Lately, interest has focused on other cellular actions of calcitriol. With the
discovery of 1,25-(OH),D receptors in many classically non-target tissues
such as brain, various bone marrow-derived cells, skin, and thymus (7), the
view has been expressed that 1,25-(OH),D induces fusion and differentiation
of macrophages (8, 9). This effect has been widely interpreted to mean that
the natural role of 1,25-(OH),D is to induce osteoclastogenesis from colony
forming units (i.e. granulatory monocytes in the bone marrow). Calcitriol also
suppresses interleukin-2 production in activated T-lymphocytes (10, 11), an
effect which suggests the hormone might play a role in immuno-
modulation in vivo. Other tissues (e.g. skin) are directly affected by exoge-
nous administration of vitamin D, though the physiologic significance of these
effects is poorly understood. The pharmacologic effects of 1,25-(OH),D are
profound and have resulted in the development of vitamin D analogues, which
are approved for use in hyperproliferative conditions such as psoriasis (12).

Clinical assays measure 1,25-(OH),D, and 1,25-(OH),D;, collectively
called 1,25-(OH),D. Similarly, calcidiol is measured as 25-OH-D but it is a
mixture of 25-OH-D, and 25-OH-D,. For the purposes of this document,
1,25-(OH),D and 25-OH-D will be used to refer to calcitriol and calcidiol,
respectively.

3.1.2 Calcium homeostasis

In calcium homeostasis, 1,25-(OH),D works in conjunction with parathyroid
hormone (PTH) to produce its beneficial effects on the plasma levels of
ionized calcium and phosphate (5, 13). The physiologic loop (Figure 3.1) starts
with the calcium receptor of the parathyroid gland (74). When the level of
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FIGURE 3.1
Calcium homeostasis

low blood >

calcium parathyroid
gland \‘

calcium PTH

calcitriol calcidiol

Source: adapted, with permission from the authors and publisher, from reference (13).

ionized calcium in plasma falls, PTH is secreted by the parathyroid gland and
stimulates the tightly regulated renal enzyme 25-OH-D-1-0-hydroxylase to
make more 1,25-(OH),D from the large circulating pool of 25-OH-D. The
resulting increase in 1,25-(OH),D (with the rise in PTH) causes an increase
in calcium transport within the intestine, bone, and kidney. All these events
raise plasma calcium levels back to normal, which in turn is sensed by the
calcium receptor of the parathyroid gland. The further secretion of PTH is
turned off not only by the feedback action of calcium, but also by a short
feedback loop involving 1,25-(OH),D directly suppressing PTH synthesis in
the parathyroid gland (not shown in Figure 3.1).

Although this model oversimplifies the events involved in calcium home-
ostasis, it clearly demonstrates that sufficient 25-OH-D must be available
to provide adequate 1,25-(OH),D synthesis and hence an adequate level
of plasma calcium; and similarly that vitamin D deficiency will result in
inadequate 25-OH-D and 1,25-(OH),D synthesis, inadequate calcium
homeostasis, and a constantly elevated PTH level (i.e. secondary
hyperparathyroidism).

It becomes evident from this method of presentation of the role of vitamin
D that the nutritionist can focus on the plasma levels of 25-OH-D and PTH
to gain an insight into vitamin D status. Not shown but also important is
the end-point of the physiologic action of vitamin D, namely, adequate
plasma calcium and phosphate ions that provide the raw materials for bone
mineralization.
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3.2 Populations at risk for vitamin D deficiency

3.2.1 Infants

Infants constitute a population at risk for vitamin D deficiency because of rel-
atively large vitamin D needs brought about by their high rate of skeletal
growth. At birth, infants have acquired in utero the vitamin D stores that must
carry them through the first months of life. A recent survey of French
neonates revealed that 64% had 25-OH-D values below 30nmol/l, the lower
limit of the normal range (5). Breast-fed infants are particularly at risk
because of the low concentrations of vitamin D in human milk (76). This
problem is further compounded in some infants fed human milk by a restric-
tion in exposure to ultraviolet (UV) light for seasonal, latitudinal, cultural, or
social reasons. Infants born in the autumn months at extreme latitudes are
particularly at risk because they spend the first 6 months of their life indoors
and therefore have little opportunity to synthesize vitamin D in their skin
during this period. Consequently, although vitamin D deficiency is rare in
developed countries, sporadic cases of rickets are still being reported in many
northern cities but almost always in infants fed human milk (717-20).

Infant formulas are supplemented with vitamin D at levels ranging from 40
international units (IU) or 1mg/418.4k] to 100IU or 2.5mg/418.4k], that
provide approximately between 6mg and 15mg of vitamin D, respectively.
These amounts of dietary vitamin D are sufficient to prevent rickets.

3.2.2 Adolescents

Another period of rapid growth of the skeleton occurs at puberty and
increases the need not for the vitamin D itself, but for the active form 1,25-
(OH),D. This need results from the increased conversion of 25-OH-D to
1,25-(OH),D in adolescents (27). Unlike infants, however, adolescents usually
spend more time outdoors and therefore usually are exposed to levels of UV
light sufficient for synthesizing vitamin D for their needs. Excess production
of vitamin D in the summer and early autumn months is stored mainly in the
adipose tissue (22) and is available to sustain high growth rates in the winter
months that follow. Insufficient vitamin D stores during this period of
increased growth can lead to vitamin D insufficiency (23).

3.2.3 Elderly

Over the past 20 years, clinical research studies of the basic biochemical
machinery for handling vitamin D have suggested an age-related decline in
many key steps of vitamin D action (24), including the rate of skin synthesis,
the rate of hydroxylation (leading to the activation to the hormonal form),
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and the response of target tissues (e.g. bone) (25). Not surprisingly, a number
of independent studies from around the world have shown that there appears
to be vitamin D deficiency in a subset of the elderly population, character-
ized by low blood levels of 25-OH-D coupled with elevations in plasma PTH
and alkaline phosphatase (26). There is evidence that this vitamin D deficiency
contributes to declining bone mass and increases the incidence of hip frac-
tures (27). Although some of these studies may exaggerate the extent of the
problem by focusing on institutionalized individuals or inpatients with
decreased sun exposures, in general they have forced health professionals to
re-address the vitamin D intake of this segment of society and look at poten-
tial solutions to correct the problem. Table 3.1 presents the findings of several
studies that found that modest increases in vitamin D intakes (between 10 and
20pg/day) reduce the rate of bone loss and the incidence of hip fractures.

These findings have led several agencies and researchers to suggest an
increase in recommended vitamin D intakes for the elderly from 2.5-
5ug/day to a value that is able to maintain normal 25-OH-D levels in the
elderly, such as 10-15ug/day. This vitamin D intake results in lower rates of
bone loss and is proposed for the middle-aged (50-70 years) and old-aged
(>70 years) populations (33). The increased requirements are justified mainly
on the grounds of the reduction in skin synthesis of vitamin D, a linear reduc-
tion occurring in both men and women that begins with the thinning of the
skin at age 20 years (24).

3.2.4 Pregnant and lactating women

Elucidation of the changes in calciotropic hormones occurring during preg-
nancy and lactation has revealed a role for vitamin D in the former but not
definitively in the latter. Even in pregnancy, the changes in vitamin D metab-
olism which occur, namely an increase in the maternal plasma levels of 1,25-
(OH),D (34) due to a putative placental synthesis of the hormone (35), do not
seem to impinge greatly on the maternal vitamin D requirements. The concern
that modest vitamin D supplementation might be deleterious to the fetus is
not justified. Furthermore, because transfer of vitamin D from mother to fetus
is important for establishing the neonate’s growth rate, the goal of ensuring
adequate vitamin D status with conventional prenatal vitamin D supplements
probably should not be discouraged.

In lactating women there appears to be no direct role for vitamin D because
increased calcium needs are regulated by the PTH-related peptide (36, 37),
and recent studies have failed to show any change in vitamin D metabolites
during lactation (38, 39). As stated above, the vitamin D content of human
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milk is low (16). Consequently, there is no great drain on maternal vitamin D
reserves either to regulate calcium homeostasis or to supply the need of
human milk. Because human milk is a poor source of vitamin D, rare cases of
nutritional rickets are still found, but these are almost always in breast-fed
infants deprived of sunlight exposure (17-20). Furthermore, there is little evi-
dence that increasing calcium or vitamin D supplementation to lactating
mothers results in an increased transfer of calcium or vitamin D in milk (38).
Thus, the current thinking, based on a clearer understanding of the role of
vitamin D in lactation, is that there is little purpose in recommending addi-
tional vitamin D for lactating women. The goal for mothers who breastfeed
their infants seems to be merely to ensure good nutrition and sunshine expo-

sure in order to ensure normal vitamin D status during the perinatal period.

3.3 Evidence used for estimating recommended
intakes
3.3.1 Lack of accuracy in estimating dietary intake and
skin synthesis

The unique problem of estimating total intake of a substance that can be pro-
vided in the diet or made in the skin by exposure to sunlight makes it diffi-
cult to derive adequate total intakes of vitamin D for the general population.
Moreover, accurate food composition data are not available for vitamin D,
accentuating the difficulty in estimating dietary intakes. Whereas two recent
United States national surveys have avoided even attempting this task, the
second National Health and Nutrition Examination Survey (NHANES IT)
estimated vitamin D intakes to be 2.9pg/day and 2.3 ug/day for younger and
older women, respectively. A recent study of elderly women by Kinyamu et
al. (40) concurred with this assessment, finding an intake of 3.53 pug/day.

Skin synthesis is equally difficult to estimate, being affected by such impon-
derables as age, season, latitude, time of day, skin exposure, and sunscreen use.
In vitamin D-replete individuals, estimates of skin synthesis are put at around
10ug/day (24, 41), with total intakes estimated at 15 ug/day (24).

3.3.2 Use of plasma 25-OH-D as a measure of vitamin D status

Numerous recent studies have used plasma 25-OH-D as a measure of vitamin
D status, and there is a strong presumptive relationship of this variable with
bone status. Thus, it is not surprising that several nutritional committees (e.g.
the Food and Nutrition Board of the United States National Academy of Sci-
ences’ Institute of Medicine in conjunction with Health Canada) have chosen
to use a biochemical basis for estimating required intakes and have used these

estimates to derive recommended intakes (33). The method used involves the
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estimation of the mean group dietary intake of vitamin D required to main-
tain the plasma 25-OH-D levels above 27 nmol/l, which is the level necessary
to ensure normal bone health. Previously, many studies had established
27 nmol/l as the lower limit of the normal range (e.g. NHANES III [42]). This
dietary intake of vitamin D for each population group was rounded to the
nearest 501U (1.25Ug) and then doubled to cover the needs of all individuals
within that group irrespective of sunlight exposure. This amount was termed
adequate intake (Al) and was used in place of the recommended dietary
allowance (RDA), which had been used by United States agencies since 1941.
The present Expert Consultation decided to use these figures as recommended
nutrient intakes (RNIs) because it considered this to be an entirely logical
approach to estimating the vitamin D needs for the global population.

Because many studies had recommended increases in vitamin D intakes for
the elderly, it might have been expected that the proposed increases in sug-
gested intakes from 5 ug/day (the RDA in the United States [43] and the RNI
in Canada [44]) to between 10 and 15ug/day (AI) would be welcomed.
However, a recent editorial in a prominent medical journal attacked the rec-
ommendations as being too conservative (45). Furthermore, an article in the
same journal (46) reported the level of hypovitaminosis D to be as high as
57% in a population of ageing (mean age, 62 years) medical inpatients in the
Boston area.

Of course, such inpatients are by definition sick and should not be used to
calculate intakes of healthy individuals. Indeed, the new NHANES III study
(42) of 18323 healthy individuals from all regions of the United States
suggests that approximately 5% had values of 25-OH-D below 27 nmol/I (see
Table 3.2). Although the data are skewed by sampling biases that favour
sample collection in the southern states in winter months and northern states
in the summer months, even subsets of data collected in northern states
in September give the incidence of low 25-OH-D in the elderly in the
6-18% range (47), compared with 57% in the institutionalized inpatient
population (46) mentioned above. Ideally, such measurements in a healthy
population should be made at the end of the winter months before UV irra-
diation has reached a strength sufficient to allow skin synthesis of vitamin D.
Thus, the NHANES III study may still underestimate the incidence of
hypovitaminosis D in a northern elderly population in winter. Nevertheless,
in lieu of additional studies of selected human populations, it would seem
that the recommendations of the Food and Nutrition Board are reasonable
guidelines for vitamin D intakes, at least for the near future. This considered

approach allows for a period of time to monitor the potential shortfalls of

52



3. VITAMIN D

TABLE 3.2

Frequency distribution of serum or plasma 25-OH-D:
preliminary unweighted results from the third
National Health and Nutrition Examination Survey,

1988-1994°
25-0HDP
Percentile (ng/ml)
1st 7.6
5th 10.9
10th 13.2
50th 24.4
90th 40.1
95th 45.9
99th 59.0

@ Total number of samples used in data analysis: 18 323; mean:
25.89ng/ml (£11.08). Values are for all ages, ethnicity groups,
and both sexes.

High values: four values between 90-98 ng/ml, one value of
160.3ng/ml. Values <5ng/ml (lowest standard) entered arbitrarily
in the database as “3".

Units: for 25-OH-D, 1 ng/ml = 2.5nmol/l, 10ng/ml = 25nmol/l, 11
ng/ml = 28.5nmol/! (low limit),

30ng/ml = 75nmol/l (normal), 60ng/ml = 150 nmol/I (upper limit).
Source: reference (42).

o

)

the new recommendations as well as to assess whether the suggested guide-
lines can be achieved, a point that was repeatedly raised about the vitamin D

RDA.

3.4 Recommended intakes for vitamin D

In recommending intakes for vitamin D, it must be recognized that in most
locations in the world in a broad band around the equator (between latitudes
42°N and 42°S), the most physiologically relevant and efficient way of
acquiring vitamin D is to synthesize it endogenously in the skin from
7-dehydrocholesterol by sun (UV) light exposure. In most situations, approx-
imately 30 minutes of skin exposure (without sunscreen) of the arms and face
to sunlight can provide all the daily vitamin D needs of the body (24).
However, skin synthesis of vitamin D is negatively influenced by factors
which may reduce the ability of the skin to provide the total needs of the indi-
vidual (24):

e latitude and season—both influence the amount of UV light reaching the skin;
e the ageing process—thinning of the skin reduces the efficiency of this syn-
thetic process;
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e skin pigmentation—the presence of darker pigments in the skin interferes
with the synthetic process because UV light cannot reach the appropriate
layer of the skin;

¢ clothing—virtually complete covering of the skin for medical, social, cul-
tural, or religious reasons leaves insufficient skin exposed to sunlight;

¢ sunscreen use—widespread and liberal use of sunscreen, though reducing
skin damage by the sun, deleteriously affects synthesis of vitamin D.

Because not all of these problems can be solved in all geographic locations,
particularly during winter at latitudes higher than 42° where synthesis is vir-
tually zero, it is recommended that individuals not synthesizing vitamin D
should correct their vitamin D status by consuming the amounts of vitamin
D appropriate for their age group (Table 3.3).

TABLE 3.3
Recommended nutrient intakes (RNIs) for vitamin D,
by group
Group RNI (ug/day)®
Infants and children
0-6 months 5
7-12 months 5
1-3 years 5
4-6 years 5
7-9 years 5
Adolescents
10-18 years 5
Adults
19-50 years 5
51-65 years 10
65+ years 15
Pregnant women 5
Lactating women 5

2 Units: for vitamin D, 11U = 25ng, 401U = 1ug, 200IU = 5ug,
400IU = 10pg, 600IU = 15ug, 800IU = 20 ug.

3.5 Toxicity

The adverse effects of high vitamin D intakes—hypercalciuria and hypercal-
caemia—do not occur at the recommended intake levels discussed above. In
fact, it is worth noting that the recommended intakes for all age groups are
still well below the lowest observed adverse effect level of 50ug/day and do
not reach the “no observed adverse effect level” of 20ug/day (33, 48). Out-
breaks of idiopathic infantile hypercalcaemia in the United Kingdom in the
post-World War II era led to the withdrawal of vitamin D fortification from
all foods in that country because of concerns that they were due to hypervi-
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taminosis D. There are some suggestions in the literature that these outbreaks
of idiopathic infantile hypercalcaemia may have involved genetic and dietary
components and were not due strictly to technical problems with over-
fortification as was assumed (49, 50). In retrospect, the termination of
the vitamin D fortification may have been counterproductive as it exposed
segments of the United Kingdom community to vitamin D deficiency and
may have discouraged other nations from starting vitamin D fortification pro-
grammes (50). This is all the more cause for concern because hypovitaminosis
D is still a problem worldwide, particularly in developing countries, at high
latitudes and in countries where skin exposure to sunlight is discouraged (51).

3.6 Recommendations for future research

Further research is needed to determine the following:

e whether vitamin D supplements during pregnancy have any positive effects
later in life;

e whether vitamin D has a role in lactation;

e the long-term effects of high vitamin D intakes;

o whether dietary vitamin D supplements are as good as exposure to UV
light;

e whether vitamin D is only needed for regulation of calcium and phosphate.
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4. Calcium

4.1 Introduction

It has been nearly 30 years since the last FAO/WHO recommendations on
calcium intake were published in 1974 () and nearly 40 years since the
experts’ meeting in Rome (2), on whose findings these recommendations were
based. During this time, a paradigm shift has occurred with respect to the
involvement of calcium in the etiology of osteoporosis. The previous reports
were written against the background of the Albright paradigm (3), according
to which osteomalacia and rickets were due to calcium deficiency, vitamin D
deficiency, or both, and osteoporosis was attributed to the failure of new bone
formation secondary to negative nitrogen balance, osteoblast insufficiency, or
both. The rediscovery of earlier information that calcium deficiency led to the
development of osteoporosis (not rickets and osteomalacia) in experimental
animals (4) resulted in a re-examination of osteoporosis in humans, notably
in postmenopausal women. This re-examination yielded evidence in the late
1960s that menopausal bone loss was not due to a decrease in bone formation
but rather to an increase in bone resorption (5—8); this has had a profound
effect on our understanding of other forms of osteoporosis and has led to a
new paradigm that is still evolving.

Although reduced bone formation may aggravate the bone loss process in
elderly people (9) and probably plays a major role in corticosteroid osteo-
porosis (10)—and possibly in osteoporosis in men (11)—bone resorption is
increasingly held responsible for osteoporosis in women and for the bone
deficit associated with hip fractures in elderly people of both sexes (12).
Because bone resorption is also the mechanism whereby calcium deficiency
destroys bone, it is hardly surprising that the role of calcium in the patho-
genesis of osteoporosis has received increasing attention and that recom-
mended calcium intakes have risen steadily in the past 35 years from the nadir
which followed the publication of the report from the Rome meeting in 1962
(13). The process has been accelerated by the growing realization that insen-
sible losses of calcium (e.g. via skin, hair, nails) need to be taken into account
in the calculation of calcium requirements.
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As the calcium allowances recommended for developed countries have been
rising—and may still not have reached their peak—the gap between recom-
mended and actual calcium intakes in developing countries has widened. The
concept that calcium requirement may itself vary from culture to culture for
dietary, genetic, lifestyle, and geographical reasons, is emerging. This report
therefore seeks to make it clear that its main recommendations—like the latest
recommendations from the European Union (14), Australia (15), Canada/
United States (16), and the United Kingdom (17)—are largely based on data
derived from the developed world and are not necessarily applicable to coun-
tries with different dietary cultures, different lifestyles, and different envi-
ronments for which different calculations may be indicated.

4.2 Chemistry and distribution of calcium

Calcium is a divalent cation with an atomic weight of 40. In the elementary
composition of the human body, it ranks fifth after oxygen, carbon, hydro-
gen, and nitrogen, and it makes up 1.9% of the body by weight (78). Carcass
analyses show that calcium constitutes 0.1-0.2% of early fetal fat-free weight,
rising to about 2% of adult fat-free weight. In absolute terms, this represents
a rise from about 24g (600mmol) at birth to 1300g (32.5mol) at maturity,
requiring an average daily positive calcium balance of 180mg (4.5mmol)
during the first 20 years of growth (Figure 4.1).

FIGURE 4.1

Whole-body bone mineral (WB Min) (left axis) and whole-body calcium (WB Ca) (right
axis) as a function of age as determined by total-body dual-energy X-ray absorptiometry

WB Ca
WB Min (g) (Mol) (g)
4000 — 40 7 1600
Males
3000 — 30 -1 1200
2000 — Females 20 - 800
1000 — 10 - 400
1‘2:
o+ —T1 717 717 17 T T T T T 1 0°0
0 2 4 6 8 10 12 14 16 18 20

Age (years)

Source: based on data supplied by Dr Zanchetta, Instituto de Investigaciones Metabolicas,

Buenos Aires, Argentina.
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Nearly all (99%) of total body calcium is located in the skeleton. The
remaining 1% is equally distributed between the teeth and soft tissues, with
only 0.1% in the extracellular fluid (ECF). In the skeleton it constitutes 25%
of the dry weight and 40% of the ash weight. The ECF contains ionized
calcium at concentrations of about 4.8 mg/100ml (1.20 mmol/l) maintained by
the parathyroid-vitamin D system as well as complexed calcium at concen-
trations of about 1.6mg/100ml (0.4 mmol/l). In the plasma there is also a
protein-bound calcium fraction, which is present at a concentration of
3.2mg/100ml (0.8 mmol/l). In the cellular compartment, the total calcium
concentration is comparable with that in the ECEF, but the free calcium con-
centration is lower by several orders of magnitude (79).

4.3 Biological role of calcium
Calcium salts provide rigidity to the skeleton and calcium ions play a role in
many, if not most, metabolic processes. In the primitive exoskeleton and in
shells, rigidity is generally provided by calcium carbonate, but in the verte-
brate skeleton, it is provided by a form of calcium phosphate which approx-
imates hydroxyapatite [Ca;o(OH),(PO,)] and is embedded in collagen fibrils.
Bone mineral serves as the ultimate reservoir for the calcium circulating in
the ECFE. Calcium enters the ECF from the gastrointestinal tract by absorp-
tion and from bone by resorption. Calcium leaves the ECF via the gastroin-
testinal tract, kidneys, and skin and enters into bone via bone formation
(Figure 4.2). In addition, calcium fluxes occur across all cell membranes. Many
neuromuscular and other cellular functions depend on the maintenance of the

FIGURE 4.2
Major calcium movements in the body
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ionized calcium concentration in the ECE Calcium fluxes are also important
mediators of hormonal effects on target organs through several intracellular
signalling pathways, such as the phosphoinositide and cyclic adenosine
monophosphate systems. The cytoplasmic calcium concentration is regulated
by a series of calcium pumps, which either concentrate calcium ions within
the intracellular storage sites or extrude them from the cells (where they flow
in by diffusion). The physiology of calcium metabolism is primarily directed
towards the maintenance of the concentration of ionized calcium in the ECE.
This concentration is protected and maintained by a feedback loop through
calcium receptors in the parathyroid glands (20), which control the secretion
of parathyroid hormone (see Figure 3.1). This hormone increases the renal
tubular reabsorption of calcium, promotes intestinal calcium absorption by
stimulating the renal production of 1,25-dihydroxyvitamin D or calcitriol
[1,25-(OH),D], and, if necessary, resorbs bone. However, the integrity of the
system depends critically on vitamin D status; if there is a deficiency of
vitamin D, the loss of its calcaemic action (27) leads to a decrease in the ionized
calcium and secondary hyperparathyroidism and hypophosphataemia. This is
why experimental vitamin D deficiency results in rickets and osteomalacia
whereas calcium deficiency gives rise to osteoporosis (4, 22).

4.4 Determinants of calcium balance

4.4.1 Calcium intake

In a strictly operational sense, calcium balance is determined by the relation-
ship between calcium intake and calcium absorption and excretion. A strik-
ing feature of the system is that relatively small changes in calcium absorption
and excretion can neutralize a high intake or compensate for a low one. There
is a wide variation in calcium intake between countries, generally following
the animal protein intake and depending largely on dairy product consump-
tion. The lowest calcium intakes occur in developing countries, particularly
in Asia, and the highest in developed countries, particularly in North America
and Europe (Table 4.1).

4.4.2 Calcium absorption

Ingested calcium mixes with digestive juice calcium in the proximal small
intestine from where it is absorbed by a process which has an active saturable
component and a diffusion component (24-27). When calcium intake is low,
calcium is mainly absorbed by active (transcellular) transport, but at higher
intakes, an increasing proportion of calcium is absorbed by simple (paracel-
lular) diffusion. The unabsorbed component appears in the faeces together

with the unabsorbed component of digestive juice calcium known as endoge-
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TABLE 4.1
Daily protein and calcium intakes in different regions of the world, 1987-1989
Protein (g) Calcium (mg)

Region Total Animal Vegetable Total Animal Vegetable
North America 108.7 72.2 36.5 1031 717 314
Europe 102.0 59.6 42.4 896 684 212
Oceania 98.3 66.5 31.8 836 603 233
Other developed 91.1 47.3 43.8 565 314 251
USSR 106.2 56.1 50.1 751 567 184
All developed 103.0 60.1 429 850 617 233
Africa 54.1 10.6 43,5 368 108 260
Latin America 66.8 28.6 38.2 477 305 171
Near East 78.7 18.0 60.7 484 223 261
Far East 58.2 11.0 47.2 305 109 196
Other developing 55.8 22.7 33.1 432 140 292
All developing 59.9 13.3 46.6 344 138 206

Source: reference (23).

nous faecal calcium. Thus, the faeces contain unabsorbed dietary calcium and
digestive juice calcium that was not reabsorbed (Figure 4.2).

True absorbed calcium is the total amount of calcium absorbed from the
calcium pool in the intestines and therefore contains both dietary and diges-
tive juice components. Net absorbed calcium is the difference between dietary
calcium and faecal calcium and is numerically the same as true absorbed
calcium minus endogenous faecal calcium. At zero calcium intake, all the
faecal calcium is endogenous and represents the digestive juice calcium which
has not been reabsorbed; net absorbed calcium at this intake is therefore neg-
ative to the extent of about 200 mg (5 mmol) (28, 29). When the intake reaches
about 200mg (5mmol), dietary and faecal calcium become equal and net
absorbed calcium is zero. As calcium intake increases, net absorbed calcium
also increases, steeply at first but then, as the active transport becomes satu-
rated, more slowly until the slope of absorbed on ingested calcium approaches
linearity with an ultimate gradient of about 5-10% (24, 25, 30, 31). The
relationship between intestinal calcium absorption and calcium intake,
derived from 210 balance experiments performed in 81 individuals collected
from the literature (32-39), is shown in Figure 4.3.

True absorption is an inverse function of calcium intake, falling from some
70% at very low intakes to about 35% at high intakes (Figure 4.4). Percent-
age net absorption is negative at low intake, becomes positive as intake
increases, reaches a peak of about 35% at an intake of about 400 mg, and then
falls off as intake increases further. True and net absorption converge as intake
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FIGURE 4.3
The relationship between calcium intake and calcium absorbed (or excreted) calculated
from 210 balance experiments in 81 subjects
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Equilibrium is reached at an intake of 520 mg, which rises to 840 mg when skin losses of 60mg
are added and to 1100 mg when menopausal loss is included. The curvilinear relationship
between intestinal calcium absorption and calcium intake can be linearized by using the
logarithm of calcium intake to yield the equation: Ca, = 174log.Ca;— 909 + 71 (SD), where Ca;
represents ingested calcium and Ca, net absorbed calcium in mg/day. The relationship
between urinary calcium excretion and calcium intake is given by the equation: Ca, = 0.078 Ca;
+ 137 + 11.2 (SD), where Ca, is urinary calcium and Ca; calcium intake in mg/day.

Source: based on data from references (32-39).

rises because the endogenous faecal component that separates them becomes
proportionately smaller.

Many factors influence the availability of calcium for absorption and the
absorptive mechanism itself. In the case of the former, factors include the pres-
ence of substances which form insoluble complexes with calcium, such as the
phosphate ion. The relatively high calcium—phosphate ratio of 2.2 in human
milk compared with 0.77 in cow milk (78) may be a factor in the higher
absorption of calcium from human milk than cow milk (see below).

Intestinal calcium absorption is mainly controlled by the serum concen-
tration of 1,25-(OH),D (see Chapter 3). The activity of the 1-a-hydroxylase,
which catalyses 1,25-(OH),D production from 25-hydroxyvitamin D (25-
OH-D) in the kidneys, is negatively related to plasma calcium and phosphate
concentrations and positively related to plasma parathyroid hormone con-
centrations (27). Thus the inverse relationship between calcium intake and
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FIGURE 4.4
True and net calcium absorption as percentages of calcium intake
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Note the great differences between these functions at low calcium intakes and their
progressive convergence as calcium intake increases.

fractional absorption described above is enhanced by the inverse relationship
between dietary calcium and serum 1,25-(OH),D (21, 40, 41).

Phytates, present in the husks of many cereals as well as in nuts, seeds, and
legumes, can form insoluble calcium phytate salts in the gastrointestinal tract.
Excess oxalates can precipitate calcium in the bowel but are not an important
factor in most diets.

4.4.3 Urinary calcium

Urinary calcium is the fraction of the filtered plasma water calcium which is
not reabsorbed in the renal tubules. At a normal glomerular filtration rate of
120ml/min and an ultrafiltrable calcium concentration of 6.4mg/100ml
(1.60mmol/l), the filtered load of calcium is about 8 mg/min (0.20 mmol/min)
or 11.6 g/day (290 mmol/day). Because the average 24-hour calcium excretion
in subjects from developed countries is about 160-200mg (4-5mmol), it
follows that 98-99% of the filtered calcium is usually reabsorbed in the renal
tubules. However, calcium excretion is extremely sensitive to changes in
filtered load. A decrease in plasma water calcium of only 0.17mg/100ml
(0.043mmol/1), which is barely detectable, was sufficient to account for a
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decrease in urinary calcium of 63 mg (1.51 mmol) when 27 subjects changed
from a normal- to a low-calcium diet (42). This very sensitive renal response
to calcium deprivation combines with the inverse relationship between
calcium intake and absorption to stabilize the plasma ionized calcium con-
centration and to preserve the equilibrium between calcium entering and
leaving the ECF over a wide range of calcium intakes. However, there is
always a significant obligatory loss of calcium in the urine (as there is in the
faeces), even on a low calcium intake, simply because maintenance of the
plasma ionized calcium and, therefore, of the filtered load, prevents total elim-
ination of calcium from the urine. The lower limit for urinary calcium in
developed countries is about 140mg (3.5 mmol) but depends on protein and
salt intakes. From this obligatory minimum, urinary calcium increases on
intake with a slope of about 5-10% (30, 31, 43). In Figure 4.3, the relation-
ship between urinary calcium excretion and calcium intake is represented by
the line which intersects the absorbed calcium line at an intake of 520 mg.

4.4.4 Insensible losses

Urinary and endogenous faecal calcium are not the only forms of excreted
calcium; losses through skin, hair, and nails also need to be taken into account.
These are not easily measured, but a combined balance and isotope procedure
has yielded estimates of daily insensible calcium losses in the range of
40-80mg (1-2mmol), which are unrelated to calcium intake (44, 45). Thus,
the additional loss of a mean of 60mg (1.5mmol) as a constant to urinary
calcium loss raises the level of dietary calcium at which absorbed and excreted
calcium reach equilibrium from 520 to 840mg (13 to 21 mmol) (Figure 4.3).

4.5 Criteria for assessing calcium requirements and
recommended nutrient intakes

4.5.1 Methodology
Although it is well established that calcium deficiency causes osteoporosis
in experimental animals, the contribution that calcium deficiency makes to
osteoporosis in humans is much more controversial, in part due to the great
variation in calcium intakes across the world (Table 4.1), which does not
appear to be associated with any corresponding variation in the prevalence of
osteoporosis. This issue is dealt with at greater length in the section on nutri-
tional factors (see section 4.10); in this section we will simply define what is
meant by calcium requirement and how it may be calculated.

The calcium requirement of an adult is generally recognized to be the intake
required to maintain calcium balance and therefore skeletal integrity. The mean

calcium requirement of adults is therefore the mean intake at which intake and
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output are equal; at present this can only be determined by balance studies
conducted with sufficient care, and over a sufficiently long period of time to
ensure reasonable accuracy and then corrected for insensible losses. The rep-
utation of the balance technique has been harmed by a few studies with inad-
equate equilibration times and short collection periods, but this should not be
allowed to detract from the value of the meticulous work of those who have
collected faecal and urinary samples for weeks or months from subjects on
well-defined diets. This meticulous work has produced valuable balance data,
which are clearly valid; the mean duration of the 210 experiments from eight
publications used in this report to derive the recommended intakes was 90 days
with a range of 6-480 days. (The four 6-day balance studies in the series used
a non-absorbable marker and are therefore acceptable.)

The usual way of determining mean calcium requirement from balance
studies is by linear regression of calcium output (or calcium balance) on intake
and calculation of the mean intake at which intake and output are equal (or
balance is zero). This was probably first done in 1939 by Mitchell and Curzon
(46), who arrived ata mean requirement of 9.8 mg/kg/day or about 640 mg/day
(16 mmol) for a mean body weight of 65 kg. The same type of calculation was
subsequently used by many others who arrived at requirements ranging from
200mg/day (5mmol/day) in male Peruvian prisoners (47) to 990mg/day
(24.75mmol) in premenopausal women (48), but most values were about
600mg/day (15mmol) (37) without allowing for insensible losses. However,
this type of simple linear regression yields a higher mean calcium requirement
(640mg in the 210 balance experiments used here) (Figure 4.5a) than the inter-
cept of absorbed and excreted calcium (520 mg) (Figure 4.3) because it tends
to underestimate the negative calcium balance at low intake and overestimate
the positive balance at high intake. A better reflection of biological reality is
obtained by deriving calcium output from the functions given previously (see
section 4.4.2) and then regressing that output on calcium intake. This yields
the result shown in Figure 4.5b where balance is more negative (i.e. the regres-
sion line is above the line of equality) at low intakes and less positive (i.e. the
regression line is below the line of equality) at high intakes than in the linear
model, and yields a zero balance at 520 mg, which is the same as that arrived
at in Figure 4.3 when excreted and absorbed calcium were equal.

An alternative way of calculating calcium requirement is to determine the
intake at which the mean maximum positive balance occurs. This has been
done with a two-component, split, linear regression model in which calcium
balance is regressed on intake to determine the threshold intake above which
no further increase in calcium retention occurs (49). This may well be an

appropriate way of calculating the calcium requirement of children and
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FIGURE 4.5

Calcium output as a (a) linear and (b) non-linear function of calcium intake calculated
from the same balances as Figure 4.3
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(a) The regression line crosses the line of equality at an intake of 640 mg. The equation is: Ca,
= 0.779Ca; + 142 where Ca, is calcium output and Ca; is calcium intake in mg/day. (b) The
regression line crosses the line of equality at an intake of 520 mg. The equation is: Ca, = Ca; -
1741og.Ca, — 909 + 0.078Ca, + 137 where Ca, is calcium output, Ca; is calcium intake, Ca, is
the insensible losses and Ca, is urinary calcium in mg/day..

Source: based on data from references (32-39).
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adolescents (and perhaps pregnant and lactating women) who need to be in
positive calcium balance and in whom the difference between calcium intake
and output is therefore relatively large and measurable by the balance
technique. However, in normal adults the difference between calcium intake
and output at high calcium intakes represents a very small difference between
two large numbers, and this calculation, therefore, carries too great an error
to calculate their requirement.

The Expert Consultation concurred that the most satisfactory way of cal-
culating calcium requirement from current data is by using the intake level at
which excreted calcium equals net absorbed calcium, which has the advantage
of permitting separate analysis of the effects of changes in calcium absorption
and excretion. This intercept has been shown in Figure 4.3 to occur at an intake
of about 520mg, but when insensible losses of calcium of 60mg (1.5 mmol)
(44, 45) are taken into account, the intercept rises to 840 mg, which was con-
sidered to be as close as it is possible to get at present to the calcium require-
ment of adults on Western-style diets. The intercept rises to about 1100mg
due to an increase in obligatory urinary calcium losses of 30mg (0.75 mmol)
at menopause (50). A value of 1100 mg was thus proposed as the mean calcium
requirement of postmenopausal women (see below). However, this type of
calculation cannot be easily applied to other high-risk populations (such as
children) because there are not sufficient published data from these groups to
permit a similar analysis of the relationship between calcium intake, absorp-
tion, and excretion. An alternative is to estimate how much calcium each pop-
ulation group needs to absorb to meet obligatory calcium losses and desirable
calcium retention, and then to calculate the intake required to provide this rate
of calcium absorption. This is what has been done in section 4.6.

4.5.2 Populations at risk for calcium deficiency

It is clear from Figure 4.1 that a positive calcium balance (i.e. net calcium
retention) is required throughout growth, particularly during the first 2 years
of life and during puberty and adolescence. These age groups therefore con-
stitute populations at risk for calcium deficiency, as do pregnant women (espe-
cially in the last trimester), lactating women, postmenopausal women, and,
possibly, elderly men.

4.6 Recommendations for calcium requirements

4.6.1 Infants

In the first 2 years of life, the daily calcium increment in the skeleton is
about 100mg (2.5mmol) (57). The urinary calcium of infants is about
10mg/day (0.25mmol/day) and is virtually independent of intake (52-56);
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insensible losses are likely to be similar in magnitude. Therefore, infants need
to absorb some 120 mg (3 mmol) of calcium daily to allow for normal growth.
What this represents in dietary terms can be calculated from calcium absorp-
tion studies in newborn infants (52-56). These studies suggest that the absorp-
tion of calcium from cow milk by infants is about 0.5 SD above the normal
adult slope and from human milk is more than 1 SD above the normal adult
slope. If this information is correct, different recommendations need to be
made for infants depending on milk source. With human milk, an absorption
of 120mg (3mmol) of calcium requires a mean intake of 240mg (6 mmol)
(Figure 4.6) and a recommended intake of say 300mg (7.5 mmol), which is
close to the amount provided in the average daily milk production of 750 ml.
With cow milk, calcium intake needs to be about 300 mg (7.5 mmol) to meet

the requirement (Figure 4.6) and the recommended intake 400 mg (10 mmol)
(Table 4.2).

4.6.2 Children

The accumulation of whole-body calcium with skeletal growth is illustrated
in Figure 4.1. It rises from about 120g (3 mol) at age 2 years to 400g (10 mol)
FIGURE 4.6

Calcium intakes required to provide the absorbed calcium necessary to meet calcium
requirements at different stages in the lifecycle
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The solid lines represent the mean and range of calcium absorption as a function of calcium
intake derived from the equation in Figure 4.3. The interrupted lines represent the estimated
calcium absorption requirements and the corresponding intake requirements based on North
American and western European data.

Source: based on data from references (32-39).
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TABLE 4.2
Recommended calcium allowances based on North
American and western European data

Recommended intake

Group (mg/day)
Infants and children
0-6 months
Human milk 300
Cow milk 400
7-12 months 400
1-3 years 500
4-6 years 600
7-9 years 700
Adolescents
10-18 years 13002
Adults
Females
19 years to menopause 1000
Postmenopause 1300
Males
19-65 years 1000
65+ years 1300
Pregnant women (last trimester) 1200
Lactating women 1000

@ Particularly during the growth spurt.

at age 9 years. These values can be converted into a daily rate of calcium accu-
mulation from ages 2 to 9 years of about 120mg (3 mmol), which is very
similar to the amount calculated by Leitch and Aitken (57) from growth
analyses. Although urinary calcium must rise with the growth-related rise in
glomerular filtration rate, a reasonable estimate of the mean value from ages
2 to 9 years might be 60mg (1.5mmol) (58). When this is added to a daily
skeletal increment of 120mg (3 mmol) and a dermal loss of perhaps 40mg
(1.0mmol), the average daily net absorbed calcium needs to be 220mg
(5.5mmol) during this period. If the net absorption of calcium by children is
1 SD above that of adults, the average daily requirement during this period is
about 440mg (11 mmol) (Figure 4.6) and the average recommended intake
is 600mg (15mmol)—somewhat lower in the earlier years and somewhat
higher in the later years (Table 4.2).

4.6.3 Adolescents

As can be seen in Figure 4.1, a striking increase in the rate of skeletal calcium
accretion occurs at puberty —from about ages 10 to 17 years. The peak rate
of calcium retention in this period is 300-400mg (7.5-10mmol) daily (57); it
occurs earlier in girls but continues longer in boys. To maintain a value of
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300mg (7.5mmol) for the skeleton—taking into account 100mg (2.5 mmol)
for urinary calcium (58), and 40 mg (1.0mmol) for insensible losses—the net
absorbed calcium during at least part of this period needs to be 440mg
(11 mmol) daily. Even with the assumption of high calcium absorption (+2
SD), this requires an intake of 1040mg (26.0mmol) daily (Figure 4.6) and a
recommended intake of 1300mg (32.5mmol) during the peak growth phase
(Table 4.2). It is difficult to justify any difference between the allowances for
boys and girls because, as mentioned above, although the growth spurt starts
earlier in girls, it continues longer in boys. This recommended intake (which
is close to that derived differently by Matkovic and Heaney [49, 58]) is not
achieved by many adolescents even in developed countries (59-67), but the

effects of this shortfall on their growth and bone status are unknown.

4.6.4 Adults

As indicated earlier and for the reasons given, the Consultation concluded
that the mean apparent calcium requirement of adults in developed countries
is about 520mg (13 mmol) but that this is increased by insensible losses to
some 840mg (21 mmol) (Figure 4.3). This reasoning forms the basis of the
recommended intake for adults of 1000 mg (Table 4.2).

4.6.5 Menopausal women

The most important single cause of osteoporosis—at least in developed coun-
tries—is probably menopause, which is accompanied by an unequivocal and
sustained rise in obligatory urinary calcium of about 30 mg (0.75 mmol) daily
(50, 62, 63). Because calcium absorption certainly does not increase at this
time, and probably decreases (64, 65), this extra urinary calcium represents
a negative calcium balance which is compatible with the average bone loss
of about 0.5-1.0% per year after menopause. There is a consensus that these
events are associated with an increase in bone resorption but controversy con-
tinues about whether this is the primary event, the response to an increased
calcium demand, or both. The results of calcium trials are clearly relevant.
Before 1997, there had been 20 prospective trials of calcium supplementation
in 857 postmenopausal women and 625 control subjects; these trials collec-
tively showed a highly significant suppression of bone loss through calcium
supplementation (65). Another meta-analysis covering similar numbers
showed that calcium supplementation significantly enhanced the effect of
estrogen on bone (66). It is therefore logical to recommend sufficient addi-
tional calcium after menopause to cover at least the extra obligatory loss of
calcium in the urine. The additional dietary calcium needed to meet an
increased urinary loss of 30mg (0.75mmol) is 260mg/day (6.5 mmol/day)

72



4. CALCIUM

(Figure 4.3), which raises the daily requirement from 840mg (21 mmol) to
1100mg (27.5mmol) and the recommended intake from 1000 to 1300 mg/day
(25 to 32.5mmol/day) (Table 4.2), which is a little higher than that recom-
mended by Canada and the United States (16) (see section 4.8).

4.6.6 Ageing adults

Not enough is known about bone and calcium metabolism during ageing
to enable calculation of the calcium requirements of older men and women
with any confidence. Calcium absorption tends to decrease with age in both
sexes (67-69) but whereas there is strong evidence that calcium requirement
rises during menopause, corresponding evidence about ageing men is less
convincing (32, 36). Nonetheless, as a precaution an extra allowance of
300mg/day (7.5 mmol/day) for men over 65 years to raise their requirement
to that of postmenopausal women was proposed (Table 4.2).

4.6.7 Pregnant women

The calcium content of the newborn infant is about 24 g (600 mmol). Most of
this calcium is laid down in the last trimester of pregnancy, during which
the fetus retains about 240mg (6mmol) of calcium daily (57). There is
some evidence that pregnancy is associated with an increase in calcium
absorption (associated with a rise in the plasma 1,25-(OH), D level) (70-72).
For a maternal urinary calcium of 120mg (3 mmol) and a maternal skin loss
of 60mg (1.5mmol), the absorbed calcium should be 420mg (10.5 mmol)
daily. To achieve this optimal calcium absorption, the corresponding calcium
intake would need to be at least 940mg (23.5mmol) (Figure 4.6). The recom-
mended nutrient intake was thus set at 1200mg (30 mmol) (Table 4.2), which
is similar to that proposed by Canada and the United States (16) (see section
4.8).

4.6.8 Lactating women

The calcium content of human milk is about 36 mg/100ml (9 mmol/l) (18). A
lactating woman produces about 750 ml of milk daily, which represents about
280mg (7.0mmol) of calcium. For a maternal urinary calcium of 100 mg/day
(2.5mmol/day) and a maternal skin loss of 60mg/day (1.5mmol/day), the
required absorption is 440 mg/day (11 mmol/day)—the same as at puberty. If
calcium absorption efficiency is maximal (i.e. 2 SD above the normal adult
mean)—possibly because of the effect of prolactin on the production of 1,25-
(OH),D (72)—the requirement would be about 1040 mg (26.0 mmol) and the
recommended intake would be about 1300mg (32.5mmol). However,

although it is known that bone is lost during lactation and restored after

73



VITAMIN AND MINERAL REQUIREMENTS IN HUMAN NUTRITION

weaning (73, 74), early reports that this bone loss could be prevented by
calcium supplementation (75) have not been confirmed in controlled studies
(76-78).

The prevailing view now is that calcium absorption does not increase, and
may even decrease, during lactation. It is increasingly thought that lactational
bone loss is not a nutritional problem but may be due to the parathyroid
hormone-related peptide secreted by the breast (79) and is therefore beyond
the control of dietary calcium. In view of this uncertainty, the present rec-
ommendations do not include any extra calcium allowance during lactation
(Table 4.2); any risk to adolescent mothers is covered by the general recom-
mendation of 1300mg for adolescents.

4.7 Upper limits

Because of the inverse relationship between fractional calcium absorption and
calcium intake (Figure 4.4), a calcium supplement of 1000mg (25 mmol) in
conjunction with a Western-style diet only increases urinary calcium by about
60mg (1.5mmol). Urinary calcium also rises very slowly with intake (slope
of 5-10%) and the risk of kidney stones from dietary hypercalciuria must
therefore be negligible. In fact, it has been suggested that dietary calcium may
protect against renal calculi because it binds dietary oxalate and reduces
oxalate excretion (80, 81). Toxic effects of a high calcium intake have only
been described when the calcium is given as the carbonate form in very high
doses; this toxicity is caused as much by the alkali as by the calcium and is
due to precipitation of calcium salts in renal tissue (milk-alkali syndrome)
(82). However, in practice an upper limit on calcium intake of 3 g (75 mmol)
is recommended.

4.8 Comparisons with other recommendations

The current recommendations of the European Union, Australia, Canada/
United States United States, and the United Kingdom are given in Table 4.3.
The present Expert Consultation’s recommendations for adults are very close
to those of Canada and the United States but higher than those of Australia
and the United Kingdom, which do not take into account insensible losses,
and higher than those of the European Union, which assume 30% absorption
of dietary calcium. The British and Furopean values make no allowance for
ageing or menopause. Recommendations for other high-risk groups are very
similar in all five sets of recommendations except for the rather low allowance
for infants by Canada and the United States. Nonetheless, despite this broad
measure of agreement among developed countries, the Consultation had some
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TABLE 4.3
Current calcium intake recommendations (mg/day)
United European Canada and
Australia Kingdom Union United States
Group 1991° 1991° 1993¢ 1997¢
Pregnancy (last trimester) 1100 700 700 1000-1300
Lactation 1200 1250 1200 1000-1300
Infancy 300 (human milk) 525 400 210-270
500 (cow milk)
Childhood 530-800 350-550  400-550 500-800
Puberty and adolescence
Boys 1000-1200 1000 1000 1300
Girls 800-1000 800 800 1300
Maturity
Males 800 700 700 1000
Females 800 700 700 1000
Later life
Males >65 years 800 700 700 1200
Postmenopausal women 1000 700 700 1200

2 Recommended dietary intake (15).
® Reference nutrient intake (17).

¢ Population reference intake (14).

¢ Adequate intake (16).

misgivings about the application of these recommendations—all of which rely
ultimately on data from white populations in developed countries—to devel-
oping countries where the requirements may be different for ethnic, dietary
or geographical reasons.

4.9 Ethnic and environmental variations in the prevalence
of osteoporosis

Variations in the worldwide prevalence of osteoporosis can be considered at
several levels. The first level is genetic: is there a genetic (ethnic) difference in
the prevalence of osteoporosis between racial groups within a given society?
The second level is geographic: is there a difference in the prevalence of osteo-
porosis between countries at different latitudes? The third level might be
termed cultural and involves lifestyle in general, and diet in particular.
At each of these levels, the prevalence of osteoporosis can in theory be
determined in at least two ways: from the distribution of bone density
within the population and from the prevalence of fractures, notably hip frac-
tures. In practice, hip fracture data (or mortality from falls in elderly people
which has been used as a surrogate [83]) are more readily available than bone
densitometry data, which are only slowly emerging from the developing
world.
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4.9.1 Ethnicity

Comparisons between racial groups within countries suggest substantial racial
differences in the prevalence of osteoporosis. This was probably first noted
by Trotter (84) when she showed that bone density (weight/volume) was
significantly higher in skeletons from black than from Caucasian subjects
in the United States. It was later shown that hip fracture rates were lower
in blacks than Caucasians in South Africa (85) and the United States
(86). These observations have been repeatedly confirmed (87, 88) without
being fully explained but appear to be genetic in origin because the better
bone status of Afro-Americans compared with Caucasians in the United
States is already apparent in childhood (89) and cannot be accounted for by
differences in body size (90). Nor can the difference in fracture rates between
these two groups be explained by differences in hip axis length (90); it seems
to be largely or wholly due to differences in bone density. Similarly, compar-
isons between Caucasians and Samoans in New Zealand (97) have shown
the latter to have the higher bone densities. Asians have lower bone densities
than Caucasians in New Zealand but these differences are largely accounted
for by differences in body size (91). In the United States, fracture rates
are lower among Asians than among Caucasians but this may be accounted
for by their shorter hip axis length (92) and their lower incidence of falls
(93). Bone density is generally lower in Asians than Caucasians within
the United States (94) but again, this is largely accounted for by differences
in body size (95). There are also lower hip fracture rates for Hispanics,
Chinese, Japanese and Koreans than Caucasians living in the United States
(96, 97). The conclusion must be that there are probably genetic factors influ-
encing the prevalence of osteoporosis and fractures, but it is impossible to
exclude the role of differences in diet and lifestyle between ethnic communi-
ties within a country.

4.9.2 Geography

There are wide geographical variations in hip fracture incidence which cannot
be accounted for by ethnicity. In the United States, the age-adjusted incidence
of hip fracture in Caucasian women aged 65 years and over varied with geog-
raphy but was high everywhere —ranging from 700 to 1000 per 100000 per
year (98). Within Europe, the age-adjusted hip fracture rates ranged from 280
to 730 per 100000 women in one study (99) and from 419 to 545 per 100000
in another (96) in which the comparable rates were 52.9 in Chile, 94.0 in
Venezuela, and 247 in Hong Kong per 100000 per year. In another study
(100), age-adjusted hip fracture rates in women in 12 European countries
ranged from 46 per 100000 per year in Poland to 504 per 100000 in Sweden,
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with a marked positive gradient from south to north and from poor to rich.
In Chinese populations, the hip fracture rate is much lower in Beijing (87-97
per 100000) than in Hong Kong (181-353 per 100000) (101) where the stan-
dard of living is higher. Thus, there are marked geographic variations in hip
fracture rates within the same ethnic groups; this may be due to differences
in diet but may also be due to variations in the supply of vitamin D from sun-
light, both of which are discussed below.

4.9.3 Culture and diet

It can be concluded from the discussion above that there are probably ethnic
and geographic differences in hip fracture rates. Intakes of calcium have been
known for many years to vary greatly from one country to another, as is
clearly shown in FAO food balance sheets (Table 4.1). Until fairly recently, it
was widely assumed that low calcium intakes had no injurious consequences.
This view of the global situation underpinned the very conservative adequate
calcium intakes recommended by FAO/WHO in 1962 (2). At that time,
osteoporosis was still regarded as a bone matrix disorder and the possibility
that it could be caused by calcium deficiency was barely considered.

As previously stated, the paradigm has since changed. Calcium deficiency
is taken more seriously now and the apparent discrepancy between calcium
intake and bone status worldwide has attracted considerable attention.
However, with the exception of calcium deficiency rickets reported from
Nigeria (102), no satisfactory explanation has been found for the apparently
low prevalence of osteoporosis in developing countries on low calcium
intakes; on international comparisons on a larger scale, it is very difficult to
separate genetic from environmental factors. Nonetheless, certain patterns
have emerged which are likely to have biological significance, the most
striking of which is the positive correlation between hip fracture rates
and standard of living first noted by Hegsted when he observed that osteo-
porosis was largely a disease of affluent industrialized cultures (103). He based
this conclusion on a previously published review of hip fracture rates in 10
countries (104) that strongly suggested a correlation between hip fracture rate
and affluence. Another review of 19 regions and racial groups (105) confirmed
this by showing a gradient of age- and sex-adjusted hip fracture rates from 31
per 100000 in South African Bantu to 968 per 100000 in Norway. In the
analysis of hip fracture rates in Beijing and Hong Kong referred to above
(101), it was noted that the rates in both cities were much lower than in the
United States.

Many other publications point to the same conclusion—that hip fracture

prevalence (and by implication osteoporosis) is related to affluence and, con-
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sequently, to animal protein intake, as Hegsted pointed out, but also, para-
doxically, to calcium intake because of the strong correlation between calcium
and protein intakes within and between societies. This could be explained if

protein actually increased calcium requirement (see section 4.10).

4.9.4 The calcium paradox

The paradox that hip fracture rates are higher in developed countries
where calcium intake is high than in developing countries where calcium
intake is low probably has more than one explanation. Hegsted (103) was
probably the first to note the close relationship between calcium and protein
intakes across the world (which is also true within countries [63]) and to hint
at, but dismiss, the possibility that the adverse effect of high protein intakes
might outweigh the positive effect of high calcium intakes on calcium balance.
He may have erred in dismissing this possibility since fracture risk has
recently been shown to be a function of protein intake in North American
women (106). There is also suggestive evidence that hip fracture rates (as
judged by mortality from falls in elderly people across the world) are a func-
tion of protein intake, national income, and latitude (707). The latter associ-
ation is particularly interesting in view of the strong evidence of vitamin D
deficiency in hip fracture patients in the developed world (108-114) and the
successful prevention of such fractures with small doses of vitamin D and
calcium (115, 116) (see Chapter 3). It is therefore possible that hip fracture
rates may be related to protein intake, vitamin D status, or both, and that

either of these factors could explain the calcium paradox.

4.10 Nutritional factors affecting calcium requirement

The calcium requirements proposed in Table 4.2 are based on data from devel-
oped countries (notably Norway and the United States) and can only be
applied with any confidence to countries and populations with similar dietary
cultures. Other dietary cultures may entail different calcium requirements and
call for different recommendations. In particular, the removal or addition of
any nutrient that affects calcium absorption or excretion must have an effect
on calcium requirement. Two such nutrients are sodium and animal protein,
both of which increase urinary calcium and therefore must be presumed to
increase calcium requirement. A third candidate is vitamin D because of its

role in calcium homeostasis and calcium absorption.

4.10.1 Sodium
It has been known at least since 1961 that urinary calcium is related to urinary

sodium (717) and that sodium administration raises calcium excretion, pre-
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sumably because sodium competes with calcium for reabsorption in the renal
tubules. Regarding the quantitative relationships between the renal handling
of sodium and calcium, the filtered load of sodium is about 100 times that of
calcium (in molar terms) but the clearance of these two elements is similar at
about 1 ml/min, which yields about 99% reabsorption and 1% excretion for
both (718). However, these are approximations which conceal the close
dependence of urinary sodium on sodium intake and the weaker dependence
of urinary calcium on calcium intake. It is an empirical fact that urinary
sodium and calcium are significantly related in normal and hypercalciuric sub-
jects on freely chosen diets (179-122). The slope of urinary calcium on sodium
varies in published work from about 0.6% to 1.2% (in molar terms); a rep-
resentative figure is about 1%, that is, 100mmol of sodium (2.3 g) takes out
about 1 mmol (40mg) of calcium (63, 120). The biological significance of this
relationship is supported by the accelerated osteoporosis induced by feeding
salt to rats on low-calcium diets (723) and the effects of salt administration
and salt restriction on markers of bone resorption in postmenopausal women
(124, 125). Because salt restriction lowers urinary calcium, it is likely also to
lower calcium requirement and, conversely, salt feeding is likely to increase
calcium requirement. This is illustrated in Figure 4.7, which shows that low-
ering sodium intake by 100mmol (2.3 g) from, for example, 150 to 50 mmol
(3.45 to 1.15g), reduces the theoretical calcium requirement from 840mg
(21 mmol) to 600mg (15 mmol). However, the implications of this for global
calcium requirements cannot be computed because information on sodium

intake is available from only a very few countries (126).

4.10.2 Protein

The positive effect of dietary protein—particularly animal protein—on
urinary calcium has also been known since at least the 1960s (127-129). One
study found that 0.85mg of calcium was lost for each gram of protein in the
diet (130). A meta-analysis of 16 studies in 154 adult humans on protein
intakes of up to 200g found that 1.2mg of calcium was lost in the urine for
every 1-g rise in dietary protein (137). A small but more focused study showed
arise of 40mg in urinary calcium when dietary animal protein was raised from
40 to 80g (i.e. within the physiological range) (132). This ratio of urinary
calcium to dietary protein (1 mg to 1g) was adopted by the Expert Consulta-
tion as a representative value. This means that a 40-g reduction in animal
protein intake from 60 to 20g (roughly the difference between the developed
and developing regions shown in Table 4.1) would reduce calcium require-
ment by the same amount as a 2.3-g reduction in dietary sodium (i.e. from
840 to 600mg) (Figure 4.7).
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FIGURE 4.7
The effect of varying protein or sodium intake on theoretical calcium requirement
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With a Western-style diet, absorbed calcium matches urinary and skin calcium at an intake of
840mg (see Figure 4.3). Reducing animal protein intakes by 40 g reduces the intercept value

and thus the requirement to 600 mg. Reducing both sodium and protein reduces the intercept
value to 450 mg.

Source: based on data from references (32-39).

How animal protein exerts its effect on calcium excretion is not fully under-
stood. A rise in glomerular filtration rate in response to protein has been
suggested as one factor (128) but this is unlikely to be important in the steady
state. The major mechanisms are thought to be the effect of the acid load con-
tained in animal proteins and the complexing of calcium in the renal tubules
by sulphate and phosphate ions released by protein metabolism (133, 134).
Urinary calcium is significantly related to urinary phosphate (as well as to
urinary sodium), particularly in subjects on restricted calcium intakes or in
the fasting state, and most of the phosphorus in the urine of people on
Western-style diets comes from animal protein in the diet (63). Thus, the
empirical observation that an intake of 1 g of protein results in 1 mg of calcium
in the urine agrees very well with the phosphorus content of animal protein
(about 1% by weight) and the observed relationship between calcium and
phosphate in the urine (63). Similar considerations apply to urinary sulphate
but it is probably less important than the phosphate ion because the associa-
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tion constant for calcium sulphate is lower than that for calcium phosphate
(135).

4.10.3 Vitamin D

One of the first observations made on vitamin D after it had been identified
in 1918 (136) was that it promoted calcium absorption (137). It is now well
established that vitamin D (synthesized in the skin under the influence of sun-
light) is converted to 25-OH-D in the liver and then to 1,25-(OH),D in the
kidneys and that the latter metabolite controls calcium absorption (21) (see
Chapter 3). However, plasma 25-OH-D closely reflects vitamin D nutritional
status and because it is the substrate for the renal enzyme which produces
1,25-(OH),D, it could have an indirect effect on calcium absorption. The
plasma level of 1,25-(OH),D is principally regulated by gene expression of 1-
o-hydroxylase (CYP1a) and not by the plasma concentration of 25-OH-D.
This has been seen consistently in animal studies, and the high calcium absorp-
tion (738) and high plasma concentrations of 1,25-(OH),D (139) observed in
Gambian mothers are consistent with this type of adaptation. However,
vitamin D synthesis may be compromised at high latitudes, to the degree that
25-OH-D levels may not be sufficient to sustain adequate 1,25-(OH),D levels
and efficient intestinal calcium absorption—although this theory remains
unproved.

Regardless of the mechanism of compromised vitamin D homeostasis, the
differences in calcium absorption efficiency have a major effect on theoreti-
cal calcium requirement, as illustrated in Figure 4.8, which shows that an
increase in calcium absorption of as little as 10% reduces the intercept of
excreted and absorbed calcium (and therefore calcium requirement) from 840
to 680mg. The figure also shows the great increase in calcium intake that is
required as a result of any impairment of calcium absorption.

4.10.4 Implications

In light of the major reduction in theoretical calcium requirement which
follows animal protein restriction, an attempt has been made to show (in Table
4.4) how the calcium allowances recommended in Table 4.2 could be modi-
fied to apply to countries where the animal protein intake per capita is around
20-40g rather than around the 60-80g typical of developed countries. These
hypothetical allowances take into account the need to protect children, in
whom skeletal needs are much more important determinants of calcium
requirement than are urinary losses and in whom calcium supplementation is

likely to have a beneficial effect, for example, as has been reported in the
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FIGURE 4.8
The effect of varying calcium absorptive efficiency on theoretical calcium requirement
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At normal calcium absorption, the intercept of urinary plus skin calcium meets absorbed
calcium at an intake of 840 mg (see Figure 4.3). A 10% reduction in calcium absorption raises
the intercept value and requirement to 1150 mg and a 10% increase in calcium absorption
reduces it to 680 mg.

Source: based on data from references (32-39).

Gambia (140). However, adjustment for animal protein intake has a major
effect on the recommended calcium allowances for adults as Table 4.4 shows.
It also brings the allowances nearer to what the actual calcium intakes are in
many parts of the world.

If sodium intakes were also lower in developing than in developed coun-
tries or urinary sodium were reduced for other reasons, such as increased
sweat losses, the calcium requirement might be even lower, for example,
450mg (Figure 4.7). This would be reduced still further by any increase in
calcium absorption as illustrated in Figure 4.8, whether resulting from better
vitamin D status because of increased sunlight exposure or for other reasons.
Because the increase in calcium absorption in Gambian compared with British
women is much more than 10% (138), this is likely to have a major—although
not at present calculable—effect on calcium requirement there. However, the
adjusted bone mineral density in Gambian women is reported to be some 20%
lower in the spine (but not in the forearm) than in British women (141), a
finding which emphasizes the need for more data from developing countries.
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TABLE 4.4
Theoretical calcium allowances based on an animal
protein intake of 20-40g

Recommended intake

Group (mg/day)
Infants and children
0-6 months
Human milk 300
Cow milk 400
7-12 months 450
1-3 years 500
4-6 years 550
7-9 years 700
Adolescents
10-18 years 1000°
Adults
Females
19 years to menopause 750
Postmenopause 800
Males
19-65 years 750
65+ years 800
Pregnant women (last trimester) 800
Lactating women 750

@ Particularly during the growth spurt.

4.11 Conclusions

Calcium is an essential nutrient that plays a vital role in neuromuscular
function, many enzyme-mediated processes and blood clotting, as well as pro-
viding rigidity to the skeleton by virtue of its phosphate salts. Its
non-structural roles require the strict maintenance of ionized calcium
concentration in tissue fluids at the expense of the skeleton if necessary and
it is therefore the skeleton which is at risk if the supply of calcium falls short
of the requirement.

Calcium requirements are determined essentially by the relationship
between absorptive efficiency and excretory rate—excretion being through
the bowel, kidneys, skin, hair, and nails. In adults, the rate of calcium absorp-
tion from the gastrointestinal tract needs to match the rate of all losses from
the body if the skeleton is to be preserved; in children and adolescents, an
extra input is needed to cover the requirements of skeletal growth.

Compared with that of other minerals, calcium economy is relatively inef-
ficient. On most intakes, only about 25-30% of dietary calcium is effectively
absorbed and obligatory calcium losses are relatively large. Dietary intake of
calcium has to be large enough to ensure that the rate of absorption matches

obligatory losses if skeletal damage is to be avoided. The system is subject to
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considerable interindividual variation in both calcium absorption and excre-
tion for reasons that are not fully understood but which include vitamin D
status, sodium and protein intake, age, and menopausal status in women.
Although it needs to be emphasized that calcium deficiency and negative
calcium balance must sooner or later lead to osteoporosis, this does not mean
that all osteoporosis can be attributed to calcium deficiency. On the contrary,
there may be more osteoporosis in the world from other causes. Nonetheless,
it would probably be agreed that any form of osteoporosis must inevitably
be aggravated by negative external calcium balance. Such negative balance—
even for short periods—is prejudicial because it takes so much longer to
rebuild bone than to destroy it. Bone that is lost, even during short periods
of calcium deficiency, is only slowly replaced when adequate amounts of
calcium become available.

In seeking to define advisable calcium intakes on the basis of physiological
studies and clinical observations, nutrition authorities have to rely largely on
data from developed countries living at relatively high latitudes. Although it
is now possible to formulate recommendations that are appropriate to differ-
ent stages in the lifecycle of the populations of these countries, extrapolation
from these figures to other cultures and nutritional environments can only be
tentative and must rely on what is known of nutritional and environmental
effects on calcium absorption and excretion. Nonetheless, an attempt in this
direction has been made, in full knowledge that the speculative calculations
may be incorrect because of other variables not yet identified.

No reference has been made in this discussion to the possible beneficial
effects of calcium in the prevention or treatment of pre-eclampsia (142), colon
cancer (143), or hypertension (144) and no attempt has been made to use these
conditions as end-points on which to base calcium intakes. In each of the
above conditions, epidemiological data suggest an association with calcium
intake, and experimentation with increased calcium intakes has now been
tried. In each case the results have been disappointing, inconclusive, or nega-
tive (145-147) and have stirred controversy (148—150). Because there is no
clear consensus about optimal calcium intake for prevention or treatment of
these conditions and also no clear mechanistic ideas on how dietary calcium
intakes affect them, it is not possible to allow for the effect of health outcomes
in these areas on the present calcium recommendations. However, although
the anecdotal information and positive effects of calcium observed in these
three conditions cannot influence current recommendations, they do suggest
that generous calcium allowances may confer other benefits besides protect-
ing the skeleton. Similarly, no reference has been made to the effects of phys-

ical activity, alcohol, smoking, or other known risk factors on bone status
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because the effects of these variables on calcium requirement are beyond the

realm of simple calculation.

4.

12 Recommendations for future research

Future research should include the following:

to recognize that there is an overwhelming need for more studies of calcium
metabolism in developing countries;

to investigate further the cultural, geographical, and genetic bases for dif-
ferences in calcium intakes in different groups in developing countries;

to establish the validity of different recommended calcium intakes based
on animal protein and sodium intakes;

to clarify the role of dietary calcium in pre-eclampsia, colon cancer, and
hypertension;

to study the relationship between latitude, sun exposure, and synthesis of
vitamin D and intestinal calcium absorption in different geographical locations.
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