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Dietary silicon intake in post-menopausal women

S. A. McNaughton', C. Bolton-Smith', G. D. Mishra', R. Jugdaohsingh® and J. J. Powell'*

'"MRC Human Nutrition Research, Elsie Widdowson Laboratory, Fulbourn Road, Cambridge CBI 9NL, UK
Gastrointestinal Laboratory, Rayne Institute, St Thomas’s Hospital, London SE1 7EH, UK

(Received 15 December 2004 — Revised 6 June 2005 — Accepted 15 June 2005)

Si has been suggested as an essential element, and may be important in optimal bone, skin and cardiovascular health. However, there are few estimates of
dietary Si intakes in man, especially in a UK population. Following the development of a UK food composition database for Si, the aim of the present study
was to investigate dietary intakes of Si amongst healthy women aged over 60 years and to identify important food sources of Si in their diet. Healthy, post-
menopausal female subjects (>60 years of age; n 209) were recruited from the general population around Dundee, Scotland as part of an unrelated ran-
domised controlled intervention study where dietary intake was assessed using a self-administered, semi-quantitative food-frequency questionnaire at five
time-points over a 2-year period. Food composition data on the Si content of UK foods was used to determine the Si content of food items on the food-
frequency questionnaire. Mean Si intake was 18-6 (SD 4-6) mg and did not vary significantly across the 2 years of investigation. Cereals provided the greatest
amount of Si in the diet (about 30 %), followed by fruit, beverages (hot, cold and alcoholic beverages combined) and vegetables; together these foods pro-
vided over 75 % about Si intake. Si intakes in the UK appear consistent with those reported previously for elderly women in Western populations, but lower
than those reported for younger women or for men.

Silicon: Dietary intake: Dietary patterns: Food-frequency questionnaire

Although Si has been of interest with respect to human health
since the early 1900s it has only been suggested as an essential
nutrient since the 1970s (Nielsen, 1999). Animal studies in
chicks and rats have suggested that Si as orthosilicic acid
(Si(OH,) & Si(OH);0~ +H™) may play an important role in
skeletal and connective tissue formation (Carlisle, 1981), mainly
due to its promotion of collagen synthesis, which may be due
to its contribution to prolyl-hydroxylase activity as discussed by
Reffitt er al. (2003). Analyses of the Framingham Offspring
Cohort have shown that Si intake was positively associated with
bone mineral density in men and pre-menopausal women, even
after adjustment for confounding factors (Jugdaohsingh er al.
2004). Si has also been postulated as a protective factor in the
development of atherosclerosis and it has been suggested that Si
may play a role in maintaining the integrity and stability of arter-
ial walls (Schwarz, 1977; Schwarz et al. 1977), again, presumably
due to effects on collagen-like molecules of the vasculature.
Finally, Si may interact with the metabolism of other minerals
and, at least in lower organisms, a role for orthosilicic acid in pre-
venting aluminium toxicity has been identified (Parry et al. 1998;
Jugdaohsingh et al. 2000).

The Si content of foods varies depending on the food type, the
processing of the food and the use of Si-containing food additives.
Plant foods, particularly cereal-based products, contain high
levels of Si (phytolithic silica) compared to animal foods, while
refined products, such as refined cereals, contain less than unre-
fined products (Pennington, 1991). Si-containing food additives
are used as anti-caking agents and are also used in the processing

of certain beverages (Expert Group on Vitamins and Minerals,
2003); however the form of Si used in such additives is generally
particulate and considered non-bioavailable (Jugdaohsingh ez al.
2000). Drinking water and beverages also represent good sources
of Si (Perez-Granados & Vaquero, 2002; Sripanyakorn er al.
2004).

There are few published estimates of the dietary intake of Si in
man, especially in the UK. It is commonly considered that human
intakes of Si are in the range 20—50mg/d (Pennington, 1991).
However, previous estimates have relied upon food composition
data of questionable accuracy and relevance to the populations
concerned. The aims of the present study were to investigate diet-
ary intakes of Si, and the contributions of individual food groups
to Si intakes amongst healthy post-menopausal UK women using
a recently developed food composition database for UK foods
(Powell et al. 2005).

Methods

Subjects were recruited as part of a separate 2-year randomised
controlled intervention trial evaluating the effects of vitamin K,
vitamin D and Ca on bone health in elderly women (Bolton-
Smith er al. 2001a, 2002). Healthy female subjects over 60
years of age were recruited from the general population in
approximately equal numbers in 5-year age groups (60—
64 years, 65-69 years, 70—74 years and > 75 years). Exclusion
criteria included clinical osteoporosis or chronic disease such as
diabetes mellitus, CVD and cancer, fat malabsorption

Abbreviation: FFQ, food-frequency questionnaire.
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syndromes, routine medication that interferes with vitamin K,
vitamin D or bone metabolism (notably warfarin and steroids)
or routine consumption of dietary supplements that provided in
excess of 30pg vitamin K, 10 png vitamin D or 500mg Ca
daily. Subjects provided informed signed consent in accordance
with the Tayside Committee of Medical Research Ethics. For
further details of methods and results, see Bolton-Smith ez al.
(2001b) and Powell & Bolton-Smith (2003).

Of 244 eligible women randomised into the study, 209 com-
pleted the full 2-year intervention with acceptable compliance
(Bolton-Smith et al. 2001a). Reasons for withdrawal were illness
unrelated to the study (n 14), volunteer decision (n 15), clinically
low bone mineral density (n 4) and death (n 2).

Baseline assessments of dietary intakes were conducted in the
winter season (October to January) and subjects attended clinics
every 6 months for reassessment with these time-points reflecting
both winter and summer seasons. Dietary intake was assessed
over the preceding 3—-4 months by a self-administered, semi-
quantitative food-frequency questionnaire (FFQ) developed by
the Scottish Collaborative Group (New & Bolton-Smith, 1993;
New et al. 1997; McNeill, 2005). This FFQ was developed
based on an FFQ used in the Scottish Heart Health Study
(Bolton-Smith et al. 1991). The FFQ consisted of 150 specific
foods or food types grouped into nineteen food groups. For
each item on the FFQ, subjects were asked to record how many
times per week they consumed the food with response options
from ‘rarely or never’ to ‘7 days per week’ and how many
times per day they consumed the food with response options
from ‘once per day’ to ‘four times or more per day’. Subjects
were asked to recall their frequency of consumption over the pre-
ceding 3—4 months.

Food composition data on the Si content of UK foods from
recent laboratory analysis were used to determine the Si content
of food items on the FFQ (Powell et al. 2005). Standard principles
and criteria were employed in the development of the Si food
composition database (Rand er al. 1987, 1991). Standardised
recipes (Food Standards Agency, 2002) or manufacturer’s ingre-
dient information were used to calculate Si content where necess-
ary. Values for different forms of the same food or for similar
foods were substituted where necessary and, if necessary, adjust-
ments were made for differences in water, protein, sugar or fat
content or for weight changes on cooking using standardised pro-
cedures (Rand ez al. 1987, 1991). For example, values for fresh
white bread were used for toasted white bread with adjustments
made for the change in water content upon toasting. Si content
values for water appropriate for this Scottish population was
used in the analysis (Tayside tap water, 0-13 mg/100 ml). Where
FFQ items represented a food group, the mean Si content of repre-
sentative foods was used. Daily Si intake was calculated by mul-
tiplying the daily intake of the FFQ items expressed in g/d by the
Si content of the food. Means, standard deviations and median
intakes were calculated for the study population and one-way
ANOVA was used to compare mean intakes across age groups.
The percentage contribution of individual food groups to Si
intake was calculated as the Si provided by each food group
divided by the total Si intake and converted to a percentage for
each person. Means and standard deviations were calculated for
the group. All data management and statistical analysis was con-
ducted using the SPSS for Windows, standard version, release
10.0.5 (SPSS, Chicago, IL, USA). P=0-05 was considered to
be significant.

Table 1. Silicon intakes (mg/d) in Scottish women aged
>60 years determined by food-frequency questionnaire
over 2 years

(mean values and standard deviations, medians and

ranges)

Time Mean Median sD Range
Baseline 18-6 184 4.6 7-7-31-8
6 months 18-3 182 5.2 5.0-37-4
12 months* 18-3 17-9 51 4.0-33-4
18 months* 181 182 4.6 4.3-32-0
24 months 18-6 185 51 5.9-34-0

*n 208 as one subject at each time-point did not complete a food-fre-
quency questionnaire, otherwise n 209.

Results

A total of 209 women, with a mean age of 682 (sb 5-7) years and
a mean BMI of 261 (sD 3-4) kg/m?> completed the 2-year inter-
vention study and were included in this analysis. The mean, stan-
dard deviation, median and range of Si intakes, in mg/d, at each
visit were calculated from the FFQ (Table 1). There were no sig-
nificant differences between mean intake at any of the time-
points, assessed using one-way ANOVA. Therefore, all further
analysis used intake at baseline only (186 (SD 4-6) mg/d). Si
intakes across age groups at baseline are presented (Table 2).
Again, there were no differences in intake by age group as
assessed using one-way ANOVA. Mean energy intake was 1866
(sD 493) kcal/d and the mean energy intake:BMR ratio was
1-46 (sp 0-42). Using a cut-off of 1-35 to indicate low-energy
reporting (Goldberg er al. 1991), 42 % of subjects were classified
as low-energy reporters. Mean Si intakes at baseline when low-
energy reporters were excluded from the analysis were 20-8
(sD 4-0) mg/d and mean Si intakes did not vary according to
time-point or age groups.

The greatest contributor to Si intakes was the cereal group
(about 30 %) followed by fruit, beverages and vegetables, with
these foods providing over 75 % of Si intake (Table 3). Hot bev-
erages (tea and coffee) were relatively high sources of Si intake
due to their frequency of consumption and the Si content of drink-
ing water used in their preparation (0-25mg Si/100 ml), rather
than a high Si content in the raw product. There was considerable
variation (as shown by the standard deviation and range) in the
percentage contribution of each of the main food groups to Si
intakes (Table 3), which reflects variation in dietary patterns
amongst individuals. Results were similar when low-energy
reporters were excluded.

The major contributors to Si intake were investigated further
(Fig. 1). For example, wholemeal bread provided the greatest pro-
portion of Si intake (9-9 % of total intake) among the cereal pro-
ducts (Fig. 1(a)). Of note, and perhaps unique to a Scottish
population, was the approximately equal contribution of oatcakes

Table 2. Silicon intakes (mg/d) as determined by food-frequency question-
naire by 5-year age groups in Scottish women aged >60 years at baseline
(mean values and standard deviations, medians and ranges)

Age group (years) n % Mean Median SD Range

60-64 59  28.2% 18-3 18-6 5.0 7.7-318
65-69 72 34.4% 18-8 19.0 46  9:3-30-2
70-74 48  23.0% 186 181 42  9:6-29-0
>75 30 14.4% 186 18.0 45  85-29.0
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Table 3. Contribution (%) by food groups to silicon intakes among 209
elderly Scottish women aged > 60 years at baseline
(mean values and standard deviations, medians and ranges)

Food group Mean SD Range

Cereals (breakfast cereals, breads, rice, pasta) 29-5 9.5 3.7-50-1

All fruit (fresh, tinned and dried)* 187 85 0-5-45.5
Hot beverages (tea and coffee) 149 58 0-0-38:2
All vegetables (including potatoes) 11.2 53 2.6-52.8
Biscuits and cakes 89 56  0.0-29-9
Miscellaneous/other foodst 31 1.8 0-0-11-9
Alcoholic beverages 24 3-8 0.0-24.8
Beans and legumes 23 1.6 0.0-8-7
All dairy products (milk, milk products 2.0 07 08-52
and cheese)
Meat and meat products 1.6 1.7 0.0-13-3
Puddings and desserts 1.7 19 0-0-12.0
Fish and fish products 11 0-7 0-0-3-91
Confectionery and sweets 11 16 0-0-136
Cold beverages 1.0 1.0 0-0-7-6
Fats and oils 07 06 0.0-3-0
Eggs and egg dishes 0-1 0-1 0-0-0-5

*Bananas contributed the majority of silicon from fruit at 13-3 (sp7-3) %.
1 Miscellaneous/other foods includes soups, nuts, savoury snacks, sauces, sweet spreads
and sugar.

to all other biscuits, in terms of Si intake. This is due to their
popularity in the population studied and because they have an
especially high Si content. Fig. 1(b) indicates the contribution
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of specific fruits and vegetables to Si intakes with bananas
contributing the majority of dietary Si (13-3 % of total intake).
Finally, of the vegetable group, green vegetables provided the
greatest amount of Si (6-0 % of total intake).

Discussion

The aim of the present study was to investigate the dietary intake
of Si amongst older healthy women in the UK in a cohort of Scot-
tish women involved in an intervention study in which diet had
been assessed by FFQ. We used our recently developed UK
food composition database for Si (Powell et al., 2005) to identify
the important food sources of Si in the Scottish diet.

Mean Si intake of women aged over 60 years was 18:6 (SD 4.6)
mg and did not vary significantly across the 2 years of investi-
gation, indicating little seasonal variation in intake. Moreover,
Si intakes did not differ across age groups of older women. Cer-
eals provided the greatest amount of Si in the diet (about 30 %)
which, along with beverages and other plant-based foods, pro-
vided over 75 % of Si intake.

As noted earlier, there have been very few estimates of Si
intake in human populations. Based on analysis of a limited
number of foods, Bowen & Peggs (1984) estimated the intake
of Si from British diets to be 30-8 mg/d with approximately
60 % from cereals, 20% from water and beverages and 9 %
from root vegetables. Close comparisons with our present findings
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Fig. 1. Percentage contribution of specific foods and food groups to daily silicon intake: (a) cereals, biscuits and cakes; (b) fruits and vegetables
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are difficult as their estimates were based on modelled diets rather
than dietary intake assessments, and although they used food Si
values based on analysis of British foods, their data were limited
and expressed on the basis of dry weight.

Pennington (1991) provided estimates of intakes for US men
and women aged 25-30 years of age based on consumption
of 201 foods from the 1983 US Total Diet Study. The intake
for men was approximately 40mg/d while the intake for
women was approximately 19 mg/d. For the women, the most
important contributor to Si intake was beverages (all types)
which provided 27-9 %, followed by grains and grain products
(20-0%; white bread, 6-4 %), vegetables (14-6%) and fruit
(8:3%). Estimates of the Si content of foods were based upon
collated published literature values from food analysis, with
the majority of data based on the analysis of Si in non-US
foods (Pennington, 1991). The higher Si intake among men
was probably due to a higher overall energy intake, and a
higher intake of Si-containing beverages, particularly beer (Pen-
nington, 1991), which has an especially high content of dietary
Si (Sripanyakorn efr al. 2004).

More recently, Si intakes were estimated in the Framingham
Heart Disease Cohorts in the USA (Jugdaohsingh ez al. 2002).
Si intakes were estimated for subjects in the Original Cohort
and in the Offspring Cohort using a 126-item FFQ, again
mostly using the food composition data collated by Pennington
(1991). Mean intakes for women were 24 and 25 mg/d for the
Original Cohort (aged 67-93 years) and the Offspring Cohort
(aged 26-81 years), respectively. Si intakes decreased signifi-
cantly with age with intakes 0-1 mg lower for every extra year
and Si intakes were lower among females than males, although
results were not adjusted for energy intake. With respect to the
contribution from particular foods or food groups, the results are
not directly comparable as only the top ten foods rather than
summary food groups are presented (Jugdaohsingh et al.
2002). In the Original Cohort, the most important sources of
Si were bread and cereals (cooked oatmeal, cold cereal, dark
and white bread, muffins and breads; 22-9%) and bananas
(139 %).

The intakes reported in the current study are marginally lower
than those reported by Jugdaohsingh er al. (2002). This probably
reflects different eating patterns and differences in food Si con-
tents between the USA and Scotland, as well as the quality of
the food content data. However, comparison of the percentage
contributions of food items to Si intakes showed some simi-
larities, for example, with respect to bananas (13-9 (USA) v.
13-:3 % (Scotland)), beans and legumes (3-0 v. 2-3 %) and breads
(12-3 v. 184 %). Differences were apparent though, with respect
to the percentage contribution from hot beverages. In the UK,
coffee provided 8-4 % Si intake and tea provided 6-5 %, while
in the USA coffee provided only 3% Si intake and although
the contribution of tea was not reported in the published paper,
it is likely to be substantially lower than in the UK
(Jugdaohsingh et al. 2002).

One of the major strengths of the current study is the use of
relevant food composition data in assessing the dietary intakes
of the study population. Both the study by Pennington (1991)
and Jugdaohsingh et al. (2002) used food composition data
based on published literature values with a large volume of
data based on the analysis of Finnish foods and old estimates
with uncertainties surrounding appropriate analytical method-
ologies and unclear relevance to their study populations. The

food composition data used in the current study is of a high
quality, representing the range of foods available to British popu-
lations and, in addition, the content of Si in local drinking water
has been taken into account (Powell et al., 2005). Moreover, ana-
lyses were undertaken from five consecutive dietary assessments
over a 2-year period which yielded consistent findings.

Bioavailability of Si may depend largely on the chemical form
of Si (Nielsen, 1999; Van Dyck et al. 1999). Orthosilicic acid,
present in drinking water and other fluids, is considered to be
the predominantly bioavailable form of Si while plant foods pro-
vide predominantly phytolithic silica which had once been
considered largely insoluble and not available for absorption in
the gastrointestinal tract (Reffitt er al. 1999). However, recent
studies have shown that Si from plant foods is almost as bioavail-
able as that from drinking water and other fluids, perhaps due to
hydrolysis of phytolithic silica in the gastrointestinal lumen
(Jugdaohsingh et al. 2002).

Additionally, the food matrix may also be an important deter-
minant of Si bioavailabilty. For example, Si from grains and
grain products has been shown to be readily absorbed, while
the Si in certain fruits was less readily absorbed; for example,
despite their high Si content, bananas provide poorly absorbed
Si (Jugdaohsingh et al. 2002). However, from an epidemiological
perspective, significant correlations have been observed between
estimated Si intake and Si absorption, which suggests that the
intakes estimated from the Si content of foods can be used to esti-
mate dietary Si exposure (Jugdaohsingh et al. 2002).

Minimum daily requirements for Si have not been established but
are estimated at 10—-25mg/d based upon the 24 h urine collections
(Carlisle, 1997). The lower end of this range is consistent with our
previous data from which we estimated mean daily absorption of
Si to be 10—13-5mg/d for men and women (Jugdaohsingh et al.
2002). More recently, Si intakes greater than 30 mg/d were associ-
ated with significantly increased bone mineral density when com-
pared to intakes of less than 18 mg/d in pre-menopausal women
and men (Jugdaohsingh et al. 2004). Use of the new Si food compo-
sition database will allow further such studies to be undertaken in the
UK, confirming the purported associations between dietary Si
and human health and providing some insights into optimal Si
intakes.

Conclusions

Mean Si intake in Scottish females aged over 60 years did not
vary significantly over time or by age. Intakes were marginally
lower than reported in a previous study of women in the USA
and there were minor differences in the food sources of Si.
Characterisation of the Si intakes in this population using a
recently developed food composition database based on analysis
of relevant foods will allow further investigation of the role of
Si in human health.
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