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Abstract
Background: There is a clear relation between sugars and caries. However, no analysis has yet been made of the
lifetime burden of caries induced by sugar to see whether the WHO goal of 10% level is optimum and compatible
with low levels of caries. The objective of this study was to re-examine the dose-response and quantitative
relationship between sugar intake and the incidence of dental caries and to see whether the WHO goal for sugar
intake of 10% of energy intake (E) is optimum for low levels of caries in children and adults.
Methods: Analyses focused on countries where sugar intakes changed because of wartime restrictions or as part of
the nutritional transition. A re-analysis of the dose-response relation between dietary sugar and caries incidence in
teeth with different levels of susceptibility to dental caries in nationally representative samples of Japanese children.
The impact of fluoride on levels of caries was also assessed.
Results: Meticulous Japanese data on caries incidence in two types of teeth show robust log-linear relationships to
sugar intakes from 0%E to 10%E sugar with a 10 fold increase in caries if caries is assessed over several years’
exposure to sugar rather than only for the first year after tooth eruption. Adults aged 65 years and older living in
water fluoridated areas where high proportions of people used fluoridated toothpastes, had nearly half of all tooth
surfaces affected by caries. This more extensive burden of disease in adults does not occur if sugar intakes are
limited to <3% energy intake.
Conclusions: There is a robust log-linear relationship of caries to sugar intakes from 0%E to 10%E sugar. A 10%E
sugar intake induces a costly burden of caries. These findings imply that public health goals need to set sugar
intakes ideally <3%E with <5%E as a pragmatic goal, even when fluoride is widely used. Adult as well as children’s
caries burdens should define the new criteria for developing goals for sugar intake.
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Background
Dental caries is the most common of all chronic diseases
in industrial and in most lower income countries. “Oral
conditions affected 3.9 billion people, and untreated caries in permanent teeth was the most prevalent condition
evaluated for the entire Global Burden of Disease (GBD)
2010 Study with a global prevalence of 35% for all ages
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combined.” [1]. Although the prevalence and severity of
dental caries have decreased substantially in the past two
decades, this largely preventable disease is still common,
increases significantly with age, and remains a public
health problem. Sugars are recognised as by far the most
important dietary factor in the development of dental
caries and there is a clear understanding of the biology
of the process of enamel dissolution induced by acid fermented products of sugars by the action of bacteria [2].
A variety of factors modify this effect. They include saliva, the frequency of sugar intakes, the individual tooth
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chosen for examination, as well as the post-eruptive age
of the tooth and whether long standing fluoride use has
changed the enamel to make it more resistant to acid attack [3]. Despite the use of fluoride and improvements
in preventive dentistry, the burden of dental caries remains unacceptably high worldwide, particularly when,
in addition to the traditional focus on childhood caries,
the caries burden in adults is considered. Given the acceptance that sugar intake is the primary cause of dental
caries with variations in the incidence and prevalence
reflecting the impact of the above modifying factors, the
usual caveats relating potentially to unknown causes do
not apply because there is no other mechanism for inducing caries so the only confounding factors i.e. tooth
brushing and the use of fluoride in drinking water or
toothpaste serve to reduce the magnitude of the simple
relationship between sugar intake changes and caries
incidence.
The most extensive systematic review of the relationship
between caries and sugars was very recently conducted
by Moynihan and Kelly [4]. One of the objectives of
their review was to update evidence on the association
between amount of sugars intake and dental caries, and
on the effect of restricting sugars intake to <10% and
<5% energy (E) on caries as <10%E is the current WHO
guideline on sugar intake. They searched the Central
Register of Controlled Trials, Latin American and
Caribbean Health Sciences, China National Knowledge
Infrastructure and Wanfang, S. African Department of
Health data. From 5990 papers, they identified 55 studies
that were eligible; these were 3 intervention, 8 cohort,
20 population and 24 cross-sectional studies. Forty two
of the 50 studies in children and 5/5 studies in adults
reported at least one positive association between some
measure of daily total, free or added sugars, rather than
between frequency of sugar consumption and caries.
Moynihan and Kelly [4] found that studies of caries
rates when sugars intake was above or <10%E provided
evidence of ‘Moderate’ quality in support of lower sugars
using the new Grade system which relies heavily on
double blind trials even when dealing with public health
issues relating to population diets. When considering
the lower cut-off (<5%E), a significant relationship was
observed but the evidence was judged to be of “very
low” quality because it was based on detailed observational studies in cohorts undergoing major national
dietary change, and not involving a defined randomized
intervention group within the society concerned.
Given that the recent systematic review by Moynihan
and Kelly [4] showed a clear relation between sugars and
caries, another systematic review of this issue is not warranted. However, no analysis has yet been made of the lifetime burden of caries induced by sugar to see whether the
WHO goal of 10% level is optimum and compatible with
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low levels of caries. Given therefore the renewed interest
in the optimum intake for sugar intake now that dietary
sugars have been shown to help induce excess weight gain
and obesity [5], this paper re-examines the quantitative
relationship between sugar intake and the development
and the life-long burden of dental caries.

Methods
Primary information was first obtained from nationally
representative prevalence and incidence data on caries.
These assessments also contained sugar intakes specified
either by dietary surveys or by the national intake assessed
from the UN Food and Agriculture Organizations Food
Balance Sheet data [6] were derived in a standard way
from industrial and other criteria specified by national
governments. In addition, personal contacts with international scholars familiar with national data published
either as governmental reports or in other formats were
obtained and translated. For example, we analyzed data
from Japanese reports on national annual examination
data of school children, based on nationwide sample
surveys published by Ministry of Education and some
local surveys kindly provided by colleagues. From these
sources we selected data providing data on assessments
of non-milk extrinsic sugars intakes from dietary questionnaires or from national data on the annual sugar
availability or dietary intake. Sugars in this international
context relate to national statistics for sucrose availability but in the US, fructose syrups are included and in
the UK the term “non-milk extrinsic sugars” is used to
define these non-lactose disaccharides with maltose
making a negligible contribution. It is well recognized
biologically that the monosaccharides fructose plus glucose in combination can also cause caries, but in practice
most of the statistics in these re analyses relate to sucrose
intake or that available for consumption. Intakes refer to
sugars specifically available for consumption after correction for waste and other non-food uses of sugar. The
statistics do not take account of sugars contained in
dried fruit. These intakes refer to absolute intakes and
not to the frequency of sugar intake during the day.
Sugar intakes specified in kg/head/yr were expressed in
energy % by taking the energy as 4 kcal/g for sugar and
a global national average energy intake (including children) of 2,000 kcal/head/day. Particular attention was paid
to countries with sugar intakes of <15% energy or <27.5 kg
per annum and then those where detailed examination
of the caries prevalence were also monitored. Countries
where sugar intakes were previously very low, or had
changed due to rationing in wartime or under sanctions
were included. Studies fulfilling those criteria were Tristan
de Cunha [7], Nigeria [8], Germany [9], Channel Islands
[10], Norway [11] Iraq [12] and Japan [13].
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A re-assessment was carried out of the dose-response
relation between dietary sugar and caries incidence in
teeth with different levels of susceptibility to dental caries in Japanese children [14] together with an assessment
of the extent of continuing caries in adult life. The quantitative impact of fluoride on the prevalence and severity of
caries was also then assessed. Three countries, Ireland,
Australia and the United States, where water fluoridation
had been implemented for over 30 years were selected on
the basis that they had a legal requirement for universal
water fluoridation, as well as the usual use of fluoride
toothpastes [15-17]. Because a comprehensive systematic
review, using similar methods has just been published [4]
the analogous findings of a proportionally greater caries
experience with greater sugar intakes with rising sugar
intakes are not reported. Here, we assess the importance of differential tooth susceptibility to caries, the
postponement of caries incidence by fluoride and the
burden of caries on a life-time basis.

Results
Secular changes in sugar intake and dental caries

National analyses from low-income countries show that
dental caries was very uncommon before people starting
consuming refined sugars. Thus, caries was rare in Tristan
de Cunhan in all ages when in 1938 average sugar intakes
were only 1.8 g/day or 0.4% of average energy intake (E)
per person: caries affected 2% of 13 to 19 yr old adolescents and 7% of adults aged 30–39 years. However, by
the 1960s sugar intake was 150 g per day (30%E) and
17·5% of children already had caries [7]. Similarly, Sheiham
reported that only 2% of urban and rural Nigerians of all
ages including the elderly, whose permanent teeth had been
exposed to diets for half a century, had any dental caries
when their sugar intakes were about 2 g/day per person
(0.4%E) [8]. Thus Sheiham’s study indicates that with very
low intakes of sugars, caries rarely occurs at any age.
Two cross sectional surveys indicate that there is a
strong positive correlation, ranging from 0·72 to 0·95,
between sugar consumption and DMFT [9,13]. Wartime
analyses amplify the close correlation between sugar
availability and the prevalence and severity of dental caries
as seen in Norway [11], and in Europe generally during
and after World War II and more recently in Iraq during
the UN sanctions [12].
The most comprehensive national data are from
Takeuchi in Japan where before, during and after World
War II, per capita sugars levels decreased from 15 kg
per year (≈8·2%E) to 0·2 kg (≈0·1%E) and then increased
again to 15 kg per year over a period of 11 years thereby
allowing analysis of the impact of sugar on caries cavitation [13]. In the studies, each tooth was examined separately at yearly intervals in each individual and showed
a clear relationship between the average prevailing sugar
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intake levels and dental caries that had progressed to
cavitation.
Dose-response relationships

The dose-response relationship between sugars and
caries is only sigmoid, as previously suggested, if one
chooses the most resistant incisor teeth and considers
only the first year of exposure to sugar, as shown in
Figure 1 [14]. When, however, the more caries susceptible molar teeth are assessed and exposure to sugars
for 7-8 years is considered, then the relationship becomes log–linear or, in arithmetic terms, curvilinear
(Figure 2) even though the diagnostic level of caries
used was cavitation, a late stage of caries [18]. There is
no evident threshold for sugars but a log-linear increase in
caries rates between <1 kg sugar/head/yr. (≈0.05%E) and
5–7·5 kg sugar/head/yr. (≈2·7%–4·1%E) if teeth that have
been erupted for 7–8 years are considered [14,18,19]. The
positive correlation between sugars and caries was +0·7
with a log-linear relation at both lower and higher sugar
intake levels for all tooth types if 1–8 years of sugar exposure is considered [13,14,18,19].
The relationship holds for both increases and decreases in sugars consumption which limits the possibility of confounders affecting that relationship. From
almost zero intakes on a population basis (with probably modest individual variation in sugar intake) an
increase from about zero sugar intake to an average of
5 kg/yr (≈2·7%E) leads to at least a doubling in the
prevalence rate of caries in molars, 8 years after tooth
eruption (Figure 1).
The impact of fluoride on the sugar-caries relationship

Fluoride is associated with about 25% lower caries
experience when sugar intakes are constant between
10-15%E in 12 year-old children [20]. The widescale
use of fluoride toothpaste is a reasonable explanation
for the decline in children’s caries in many countries
since the 1970s, yet what then becomes relatively
evident is that caries becomes more prominent in
adolescents and adults [4,21].
Ireland has had a mandatory national water fluoridation
policy since 1964 but some areas have not implemented
the fluoridation policy thereby allowing a comparison
within a country where fluoride toothpaste is in widespread use but drinking water fluoride varies. Additional
benefits accrued from having fluoride in water as well
as toothpastes but 7.3% of even the youngest adults
aged 16-24 years with lifelong fluoride exposure still
had dental caries experience in 4.6 teeth as did 53% of
the 35-44-year-olds assessed 35 years after the beginning of water fluoridation: the mean DMFT was 13.3
and 16.0 in those living in non-fluoridated areas [15].
Australia has water fluoridation in a number of cities,
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Figure 1 Three-dimensional model of the cumulative numbers of caries in upper central incisor teeth. Data were plotted on a log scale,
by post-eruptive tooth age up to 8 years, and related to the average annual sugar consumption per head in Japan from 1935 to 1957 (Takeuchi
et al. [14], with permission).

Figure 2 Relationship between annual per capita sugar
consumption and annual caries incidence in lower first molar
teeth. Data based on 10,553 Japanese children whose individual
teeth were monitored yearly from the age of 6 to 11 years of age.
Data plotted on a log scale. (Adapted from Koike [18]).

but despite fluoride use from both toothpastes and
drinking water the mean DMFT and DF Surfaces for all
adults increased; adults aged 65 years and older had ten
times higher levels of caries than 15–24-year-olds [16].
Thus although fluoride reduces caries, unacceptably
high levels of caries in adults persist in all countries,
even in those with widespread water fluoridation and
the use of fluoridated toothpastes [21].
National US data show that despite the widescale use
of fluoridated toothpaste and consumption of fluoridated
water by 66% of Americans since the 1960s, 92% of USA
adults aged 20 to 64 have experienced dental caries in
their permanent teeth and those aged 65 to 74 years
have on average 70 decayed, missing or filled surfaces
(DMFS) of the possible surfaces at risk of caries in the
permanent teeth (Figure 3) [17].
The majority of caries in permanent teeth occurs in
adults, not in children. That is evident in countries with
low as well as high sugar intakes irrespective of the
fluoride intakes [15-17,21-25]. Thus in China, the mean
DMFT was 0.5 in 12-year-olds, 4.0 when 35-44 years
and 14.6 in 65-74-year-olds when the average sugar intake
was 6·4 kg/person/year (3·5%E) in 2005 albeit with wellknown intake differences between urban and rural areas
[24]. In South Korea with sugar intakes between 7·3 g/day
(1·5%E) in 1998 and 10·5 g/day (2·1%E) in 2011, the
DMFT in 12 year olds was 2·0 and in 35–44 year-olds
5·2 in 2011; only 3·2 surfaces were affected in 12 year
olds but 14·3 were carious in 35–44 year olds, and 39
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Figure 3 The decayed, missing and filled teeth (DMFT) and
filled tooth surfaces (DMFS) in a national USA sample showing
that the numbers of DMFS was over 70 by 75 years. (Adapted
from Dye et al. [17]).

surfaces out of a total 160 by 65–74 years [25]. These
data emphasise the importance of considering the adult
burden when assessing optimum intakes of sugar.

Discussion
That dietary sugar causes caries is rarely disputed although
some academic dentists emphasise the importance of the
frequency of sugar consumption and the adverse effects of
sugary drinks and confectionery rather than sugary foods.
Each of these factors enhances the short-term induction
of caries [2]. Nevertheless, studies which simply deal with
sugar intakes predominantly in food, as seen in such unusual settings as the island of Tristan de Cunha, reveal
that added sugar, even within food, induces dental caries.
Good preventive dental care and the use of fluoridated
toothpastes, preferably with fluoridated water supplies
to cover the needs of those who do not practice careful
personalised preventive measures, is also claimed to be
adequate without the need to consider lowering sugar
intakes. However, the increasing caries levels as people
progress through the life course [26] shows that the major
caries burden is in adults, although good preventive dental
care and the use of fluoride do reduce caries [20].
The nature of the dose-response relationship of caries
development to sugar intakes

The sugar-caries relationship is log-linear or, in arithmetic terms, curvilinear. Originally we proposed that
the dose response relationship corresponded to a sigmoid curve since the Takeuchi data showed low levels
of dental caries in upper incisor teeth at sugar intakes
below 10 kg/year (5·5%E) [13,27]. Greater sugar intakes
induced marked increases in new caries lesions and
the upper flat part of the curve seemed to reflect a
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maximum rate of tooth decay implying a sigmoidal response to sugar intakes. This was mistaken for five reasons. First we had, as a very conservative approach,
used the least susceptible teeth, the incisors, for assessing threshold sugar intakes. Clearly, from a disease
burden point of view the susceptibility of all teeth is
important. Second, we followed the traditional and still
almost routine approach to dental surveys and analyses
by focussing on tooth decay in children because the
emphasis has always been on the need for children to
be treated. Third, we arbitrarily chose caries occurring
within a year of eruption as a good sensitive index
which could readily be related to the prevailing sugar intakes when ‘in practice’ it was already evident that even incisor teeth which were caries-free one year post-eruption,
did indeed develop caries as exposure to sugar continued.
The spurious concept of a plateau developed simply because it was not possible to document cavitation, the late
stage of sugar induced enamel dissolution, within the year
even if there were higher levels of sugar intake. Furthermore by choosing this time frame the overall burden of
caries, even in children, was markedly underestimated.
Then we failed to take account of the fact that although
the age–specific rates of caries are lower with the use of
fluoride, fluoride use merely delayed the ultimate onset
of caries so that adolescents and adults were then the
age groups displaying the caries burden. Finally we
were slow to realise that the apparent plateau in caries
development at higher sugar intakes simply meant that
sugar intakes were so high that all tooth surfaces were
approaching their sugar saturation level.
The sugar-caries relationship in adults has been largely
ignored: all the conclusions on safe levels of sugar and
the relationship between sugar and caries are based on
children’s data. With fluoride and greater dental care caries has declined in children so some dental authorities
have concluded that sugars are not a major determinant
of caries provided fluoride toothpaste is use diligently with
or without water fluoridation. However, it is now evident
that the majority of caries occurs in adults, not in children,
because the disease is cumulative and the rates of caries in
individuals tracks from early childhood to adolescence
and then into adulthood [21,26]. So the conclusion that
sugar is not the major determinant of caries, is simply
wrong.
The chronic cumulative impact of caries arising from
the continuing availability of susceptible teeth and natural teeth surfaces to long term sugar exposure is vividly
shown by a Dunedin, New Zealand, longitudinal study
where a comprehensive free school based dental service
for children failed to prevent the progressive increase
in caries although the rate varied dramatically between
individuals followed from 5 years of age for the next
27 years [26]. Although it could be argued that those
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showing a very small increase in caries burden may
have been particularly attentive to preventive measures
after leaving school, yet on a population basis there is
already a marked burden of disease in early adulthood.
The data from the US, Sweden and Japan [17,22,23]
show that the major burden of sugar induced caries
increases markedly after 32 years of age [21].
The economic burden of adult caries

Caries impacts seriously on individuals and society in
terms of pain, discomfort, social and functional limitation and handicap so the effect on the quality of life is
considerable [28]. The WHO estimates that oral diseases
are the fourth most expensive diseases to treat in most
industrialized countries [29]. In some countries such as
Germany and Japan, dental care accounts for a higher
percentage of health expenditure than most if not all
other diseases; for most ages, dental diseases ranked second to cancer in terms of cost [30]. Treatment of caries in
low-income countries by traditional restorative dentistry
for the permanent dentition costs $US 1,618–$3,513 per
1000 children aged 6–18 years, so the cumulative cost
of treating caries in children alone exceeds the financial
resources available for all health care for children in the
majority of poor nations [31].
An optimum intake of sugars?

Since the first Millennium analysis of the global burden
of disease, WHO’s approach is to set the minimum average population level of a risk factor that minimizes a
disease [32]. Thus, 115 mmHg has been the optimum
average population systolic blood level and 3.8 mmol/l
the optimum total cholesterol level. This approach also
led WHO to propose an intake of <5 g salt/d. Taking
this approach would probably mean setting the ideal
goal of free (non-milk extrinsic) sugars intake, at 0%.
Certainly, as set out in the original analyses by WHO
[33], there is no intrinsic biological need for sugar intakes as noted when those with fructose intolerance
eliminate sugar intakes.
Even in children, a doubling in the burden of caries is
evident on sugar intakes of 5%E and the relatively new
data from adult caries burdens in relation to sugar intakes in Japan and China suggest that <3%E sugar intake
is appropriate so, even given the use of fluoridated water
and fluoride enriched toothpastes, sugar intakes of no
more than 5%E should be considered as a maximum.
Levels above that will cause substantial caries burdens
even with the extensive use of fluoride. Our findings
support those of Moynihan and Kelly [4] whose findings
from their systematic review “suggest that there may be
benefit in limiting sugars to <5% E to minimize risk of
dental caries throughout the life-course”.
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The WHO originally accepted Sreebny’s proposition
that 50 g/d intake was acceptable when the DMFT in
12-year-old children was below 3 [34]. With the then
high level of dental caries in children in affluent societies
in the 1970s, WHO considered a goal of a mean DMFT
of 3 by the Year 2000 for dental health in 12-year-olds
as a reasonable target. Thus the concept of 50 g a day as
a safe level seems to have been the basis for several
countries and WHO to consider a 10%E sugar intake acceptable [33]. The acceptability of a daily 50 g sucrose
intake seemed to be reinforced by finding an increase in
cavitation rates in less susceptible teeth erupted for only
a year in 6-12-year-olds when sugar intakes reached
nearly 10%E, that is, 50 g/d [35].
The findings from this study indicate that current approaches to controlling dental caries are failing to prevent high levels of caries in adults in all countries and
this relates to the current high level of sugar intake
across the globe. Thus, for multiple reasons, including
obesity and diabetes prevention, we need to adopt a new
and radical policy of progressive sugar reduction. This is
particularly appropriate given the concerns of the United
Nations Environment Programme about mercury in
dental amalgams and the need to “phase down” using
amalgam. This means that it is now even more important to develop a radical prevention policy with a marked
reduction in sugar intake since the use of fluoride on its
own is insufficient to reduce substantially the burden of
caries over the lifetime of individuals.
Strengths and limitations of this study

The strengths of the study include our finding that on
re-evaluating the dose-response relationship between
sugar and caries, we found that the sugar-caries relationship is in arithmetic terms, curvilinear and not sigmoidal
and is evident at average sugar intakes well below 10%E.
Extensive searches of the historical, as well as current literature on sugars and caries were carried out. The limitations of the study related to the absence of defined
valid data on the dose-response relationship of adult caries when sugar intakes change. Therefore our findings
depend on data from children together with longitudinal
data on an annual basis into the fourth decade of life.
However, they are reinforced by the findings of the heavy
burden of dental caries in adults evident despite the widescale uses of fluorides, so caries progressively increases
with age when sugar intake levels are those commonly
consumed throughout the world.
Article summary

Double blind intervention trials as well as detailed biochemical and clinical studies prove that sugar intake is
the major cause of dental caries whether in food or
drink. The applicability of intervention trials to national
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policies is best judged by assessing the response in the
population burden of caries to changes in national diets
with confirmation from observations of caries prevalence
in different national settings where sugar ± fluoride intakes are known. New analyses show that the life-long
burden of caries increases as sugar intakes increase from
0%E. The progressive accumulation of dental caries, despite widespread use of fluoride, shows that sugar intakes
should be <3% energy to minimize the disability and cost
of dental caries in a population. A 5%E sugar intake
should be considered as a maximum even with the use
of fluoridated water and fluoride toothpaste.

6.

Conclusions
There is a robust log-linear relationship of caries to
sugar intakes from 0%E to 10%E sugar. A 10%E sugar intake induces a costly burden of caries. These findings
imply that public health goals need to set sugar intakes
ideally <3%E with <5%E as a pragmatic goal, even when
fluoride is widely used. Adult as well as children’s caries
burdens should define the new criteria for developing
goals for sugar intake.
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