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Abstract
Aims/hypothesis Dietary sugar intake may increase insulin
production, stress the beta cells and increase the risk for islet
autoimmunity (IA) and subsequent type 1 diabetes.
Methods Since 1993, the Diabetes Autoimmunity Study in
the Young (DAISY) has followed children at increased genetic risk for type 1 diabetes for the development of IA (autoantibodies to insulin, GAD or protein tyrosine phosphatase-like
protein [IA2] twice or more in succession) and progression to
type 1 diabetes. Information on intake of fructose, sucrose,
total sugars, sugar-sweetened beverages, beverages with
non-nutritive sweetener and juice was collected prospectively
throughout childhood via food frequency questionnaires
(FFQs). We examined diet records for 1,893 children (mean
age at last follow-up 10.2 years); 142 developed IA and 42
progressed to type 1 diabetes. HLA genotype was
dichotomised as high risk (HLA-DR3/4,DQB1*0302) or not.
All Cox regression models were adjusted for total energy,
FFQ type, type 1 diabetes family history, HLA genotype and
ethnicity.
Results In children with IA, progression to type 1 diabetes
was significantly associated with intake of total sugars (HR
1.75, 95% CI 1.07–2.85). Progression to type 1 diabetes was
also associated with increased intake of sugar-sweetened beverages in those with the high-risk HLA genotype (HR 1.84,
95% CI 1.25–2.71), but not in children without it (interaction
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p value=0.02). No sugar variables were associated with IA
risk.
Conclusions/interpretation Sugar intake may exacerbate the
later stage of type 1 diabetes development; sugar-sweetened
beverages may be especially detrimental to children with the
highest genetic risk of developing type 1 diabetes.
Keywords Childhood diet . Islet autoimmunity . Sugars .
Sugar-sweetened beverage . Type 1 diabetes
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FFQ
Food frequency questionnaire
IA
Islet autoimmunity
IA2
Protein tyrosine phosphatase-like protein
IAA
Insulin autoantibody
SR
Standard reference
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Youth Adolescent Questionnaire

Introduction
Type 1 diabetes mellitus is an autoimmune disease with a
preclinical phase during which the insulin-producing beta
cells of the pancreas are destroyed. Both genetic and environmental factors influence the autoimmune destruction of pancreatic beta cells. The HLA-DR,DQ alleles are the strongest
known genetic factor driving type 1 diabetes risk.
Environmental factors such as excessive insulin demand and
increased insulin production may accelerate type 1 diabetes
development by increasing beta cell apoptosis [1], and making
the beta cell more active and thus more vulnerable to autoimmune attack [2].

2028

The Overload Hypothesis proposes a mechanism relating
beta cell stress to type 1 diabetes development, suggesting that
overeating and sedentary lifestyles place a high insulin demand on the beta cell [3]. Rapidly digested foods, such as
refined carbohydrates, can cause large postprandial spikes in
blood glucose and a higher rate of insulin production [4].
Researchers have investigated a variety of dietary factors that
may increase insulin demand for their role in islet autoimmunity (IA) and type 1 diabetes risk, including total energy intake
[5], carbohydrate intake [5, 6], glycaemic load and glycaemic
index of the diet [7], mono- and disaccharides [5, 6] and
sucrose [5].
Previously, we showed that a higher glycaemic index was
associated with increased type 1 diabetes risk in children with
IA [7], but not with the development of IA. Here, we expand
the analysis to examine specific forms of sugar (fructose and
sucrose), total carbohydrates and sugars, and major dietary
sources of sugars, such as sugar-sweetened beverages and
juice. Using prospective data from a population of children
with increased genetic risk for type 1 diabetes, we explored
childhood sugar intake for association with IA development,
and with subsequent type 1 diabetes development in children
with IA.
Our primary hypothesis is that increased sugar intake increases risk of type 1 diabetes in children with IA. We also
explored gene–environment interactions between a child’s
HLA-DR,DQ genotype and sugar intake for association with
IA and type 1 diabetes risk.

Methods
The Diabetes Autoimmunity Study in the Young (DAISY) is a
prospective study of two groups of young children at increased risk for developing type 1 diabetes. One group consists of unaffected first-degree relatives of patients with type 1
diabetes, identified and recruited generally between birth and
age 4 years. The second group consists of babies born at St
Joseph’s Hospital in Denver, CO, USA, and screened at birth
for diabetes-susceptibility alleles in the HLA-DR,DQ alleles.
This group is representative of the general population of the
Denver Metropolitan Area. The details of the newborn screening [8] and follow-up [9] have been published elsewhere.
DAISY has enrolled 2,547 children at increased genetic risk
for type 1 diabetes from 1993 to 2006.
Prospective follow-up of DAISY children included clinic
visits at 9, 15 and 24 months (if child enrolled at birth) or at
enrolment visit (if child enrolled later in childhood), and annually thereafter [8]. At every visit, blood was drawn and
tested for insulin autoantibody (IAA) and autoantibodies to
protein tyrosine phosphatase-like protein (IA2) and GAD
using radioimmunoassays, as described previously [10–12].
The cut-off for positivity was established as the 99th
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percentile of healthy controls. If a child was determined to
be autoantibody positive, he or she was put on an accelerated
schedule, with a visit every 3–6 months. IA was defined as
testing positive for ≥ 1 autoantibody on two consecutive
visits, or being autoantibody positive on one visit and diabetic
on the next consecutive visit. A child was referred to a physician for type 1 diabetes diagnosis if they had a random glucose
>11.1 mmol/l and/or an HbA1c >6.2% (44 mmol/mol). The
criteria used for type 1 diabetes diagnosis included typical
symptoms of polyuria and/or polydipsia and a random glucose
>11.1 mmol/l or an OGTT with a fasting plasma glucose
≥7.0 mmol/l or 2 h glucose >11.1 mmol/l. The details of the
intensive monitoring and type 1 diabetes diagnosis protocol
have been described previously [13]. The Colorado Multiple
Institutional Review Board approved all study protocols.
Informed consent was obtained from the parents/legal
guardians of all children. Assent was obtained from children
aged 7 years and older.
A semi-quantitative food frequency questionnaire (FFQ)
(Nutrition Questionnaire Service Center, Boston, MA, USA)
was used to record the child’s diet via parental report. This
FFQ has been validated using multiple 24 h recalls and biomarkers in the DAISY population [14, 15]. Parents completed
the FFQ regarding their child’s diet over the course of the past
year, beginning at age 2 years, and annually thereafter. Dietary
data were linked to an autoantibody measurement if the 1 year
time period of the questionnaire encompassed the time directly preceding the visit at which the autoantibody was measured. Cases of IA and type 1 diabetes that developed prior
to age 1 year were not included in the analyses as FFQs were
not completed before 1 year of age.
On the FFQ, food intake is classified into nine response
categories ranging from ‘never or less than once per month’
to ‘6+ times per day’. The average daily intake was calculated
by multiplying each item’s consumption frequency by its nutrient content and summing the nutrient contributions of all
foods. Starting in 2003, DAISY began sending a Youth
Adolescent Questionnaire (YAQ) to children aged 10 years
or older, so that these older children could report their own
diets [16]. The 152 question YAQ is based on the 145 question
FFQ. The YAQ was designed to be user-friendly for adolescents and has been both validated against 24 h diet recalls and
shown to be reproducible in this age group [17, 18]. A comparison of the FFQ and the YAQ in the DAISY population
showed that diet data from the FFQ and the YAQ can be used
in the same analysis if the analysis includes an indicator variable defining the survey type with which a nutrient was collected [16]. FFQs and YAQs were checked for plausibility of
reported energy intake and completeness prior to analysis.
Nutrient values (daily average) for total energy, total carbohydrates, total sugars (glucose + fructose + lactose + sucrose+maltose), sucrose and ‘free’ fructose (not including
the fructose in sucrose) were calculated from reported intakes.
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The United States Department of Agriculture (USDA)
Nutrient Database for Standard Reference (SR) release 10
was used to calculate nutrient values for the diet surveys collected from January 1996 to May 1999, SR release 11 from
June 1999 to February 2003, SR release 14 from March 2003
to February 2007, SR release 19 from March 2007 to
March 2011 and SR release 21 from April 2011 to present.
The frequency of consumption of sugar-sweetened beverages (non-diet soda, sweetened iced tea, Hawaiian punch,
lemonade, Kool-Aid or other non-carbonated fruit drink,
Coke, caffeine-free Coke, Pepsi, caffeine-free Pepsi, other
caffeinated/non-caffeinated cola with sugar, or other carbonated beverages with sugar), beverage sweetened with nonnutritive sweetener (diet soda, low-calorie cola/beverage with
caffeine, caffeine-free low-calorie cola/beverage, other lowcalorie carbonated beverage) and juice (orange juice, apple
juice, grapefruit juice, prune juice and other fruit juice) were
calculated by summing the reported consumption frequencies
of each beverage in the group.
Analysis populations For the analysis of the association between diet and IA development, we analysed multiple diet
records per child prior to and including the first
autoantibody-positive visit (in those who developed IA) or
most recent follow-up (‘IA analysis cohort’). Prior to analysis,
we excluded 648 DAISY participants because of missing
childhood dietary data (n=638) or missing ethnicity data
(n=10). Six children with IA were removed from the IA analysis cohort because of left-censoring (i.e. the child was IA
positive at first DAISY clinic visit, making it impossible for
us to know the time to IA development), but were included in
the ‘type 1 diabetes analysis cohort’ (described below). We
analysed 14,522 records for 1,893 DAISY children with complete data for the development of IA; 139 of these children
developed IA.
For the analysis of diet and the progression to type 1 diabetes in children with IA, there were 145 IA-positive children
with complete data. We excluded three children whose age at
first autoimmunity was within 3 months of type 1 diabetes
development because of concerns regarding the effect the disease may have had on the diet at the late preclinical stage. We
examined a single dietary measure corresponding to the age at
first IA-positive visit for the 142 children who developed IA
(‘type 1 diabetes analysis cohort’). Forty-two children in the
type 1 diabetes analysis cohort subsequently developed type 1
diabetes (Fig. 1).
While DAISY continued to collect FFQs after the appearance of IA, we did not analyse these longitudinal data for
progression to type 1 diabetes for the following reasons.
Children with IA had clinic visits every 3 months, but the
FFQ was collected annually, meaning that data from a single
FFQ could be applied to up to four clinic visits, seriously
restricting the time-varying nature of the diet data. Also, when
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2,547 children in the DAISY cohort

1,909 children with diet
records available

10 children
excludeda

IA analysis cohort
1,893 children
139 IA cases

3 children
excludedc

6 childrenb

T1D analysis cohort
142 children with IA
42 T1D cases

Fig. 1 Flowchart of the IA analysis and type 1 diabetes analysis cohorts.
a
Ten children were excluded from both cohorts due to lack of ethnicity
data. bSix children were excluded from the IA analysis cohort, because
they were IA positive at their first clinic visit, and there was no measure of
when they actually developed IA. These six children were included in the
type 1 diabetes analysis cohort. cThree children were excluded from the
type 1 diabetes analysis cohort as their age at first autoimmunity was
within 3 months of type 1 diabetes development and we were concerned
about the effect the disease may have had on the diet at the late preclinical
stage

a child was diagnosed with type 1 diabetes, we did not contact
the family after diagnosis to collect an FFQ because the intense dietary advice they receive at diagnosis may alter their
recollection of the child’s pre-diagnosis diet. Thus, we did not
have diet information corresponding to up to 1 year before
diagnosis for some of the children who developed type 1 diabetes, greatly reducing our ability to examine the effect of
diet just before diagnosis in all children. Finally, an analysis of
diet at the first indication of autoimmunity would be least
affected by the possibility that increased sugar intake may be
a result of increasingly compromised beta cell function and/or
increased craving for sugars in those who are closest to clinical onset of disease (i.e. reverse causation).
In order to determine the appropriateness of investigating
diet at first IA positivity for association with type 1 diabetes
risk, we explored the variation of the total sugars and sugarsweetened beverage variables in the IA period. Reported dietary intakes were adjusted for total energy intake and type of
FFQ using the residual method [19]; mean total sugar intake
(Fig. 2a) and sugar-sweetened beverage intake (Fig. 2b) were
then calculated for each year of follow-up in the IA period for
IA-positive children, separately for those who developed and
did not develop type 1 diabetes (by HLA-DR3/4,DQB1*0302
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Fig. 2 Mean dietary intake of (a) total sugars and (b) sugar-sweetened
beverage by year of follow-up in the autoimmune period for three groups:
children who developed type 1 diabetes and had the high-risk HLA genotype (squares); children who developed type 1 diabetes and did not
have the high-risk HLA genotype (triangles); and children who did not
develop type 1 diabetes (circles). Data points with sample sizes <5 are not
displayed

status). Total sugar intake was relatively stable in the autoimmune period (Fig. 2a), while sugar-sweetened beverages
showed an increase in children with the longest follow-up,
likely reflecting an increase in sugar-sweetened beverage consumption in older children (Fig. 2b); the relationship between
intake in those who eventually did and did not develop type 1
diabetes was consistent during this period. The stability and
consistency of relationship of the intake in the autoimmune period, combined with the reporting and inference issues described
above, led us to define dietary exposure as fixed variables at the
age of the first autoantibody-positive visit for the analysis of the
type 1 diabetes outcome, which provided the most complete
representation of dietary intake during this time period and
was least likely to be influenced by the disease process.
Statistical analyses The statistical software package SAS,
version 9.4 of the SAS System for Windows (SAS Institute,
Cary, NC, USA), was used for all statistical analyses. For all
analyses, HRs and 95% CIs were estimated using Cox regression to account for right-censored data. A clustered time-toevent analysis was performed, treating siblings from the same
family as clusters, and robust sandwich variance estimates
[19] were used for statistical inference.
For the analyses of time to development of IA, the diet
variables were treated as time-varying covariates, and we adjusted for the HLA-DR,DQ genotype (HLA-DR3/4,
DQB1*0302 vs all other genotypes), type 1 diabetes family

history, ethnicity (non-Hispanic white vs other), diet survey
type (FFQ or YAQ) and total energy. We analysed the nutrients that represent sugar intake (fructose, sucrose, total carbohydrates and total sugars), as well as the intake frequencies of
sugar-sweetened beverages, beverages sweetened with nonnutritive sweetener, and juice. We did not analyse lactose as
this diet variable was included in a previous analysis of cow’s
milk intake [20]. Each diet variable was tested in a separate
model. The HRs were calculated for an SD difference in
sugars or beverage intake.
For the analysis of progression to type 1 diabetes in IApositive children, the diet variables corresponding to the time
at first IA positivity were treated as fixed covariates, and we
adjusted for age at first IA positivity in addition to HLA-DR,
DQ genotype (HLA-DR3/4,DQB1*0302 vs all other genotypes),
type 1 diabetes family history, ethnicity (non-Hispanic white vs
other), diet survey type (FFQ or YAQ) and total energy.
Based on our a priori hypotheses, we then tested the significance of an interaction between each diet variable and
HLA-DR,DQ genotype. Interaction models contained the
base terms (e.g. fructose intake and HLA-DR,DQ genotype)
and an interaction term (e.g. fructose intake×HLA-DR,DQ
genotype). To reduce false positives, we defined significant
effect modification of diet by HLA as having to meet two
criteria: (1) the Wald p value of the diet×HLA interaction term
is <0.05; and (2) the association between diet and outcome is
statistically significant (p<0.05) in at least one of the HLADR,DQ genotype strata. All diet variables were treated as
continuous variables in the interaction terms.

Results
Sugar intake and development of IA The IA analysis cohort was 48% female, 76% non-Hispanic white and followed
for an average of 10.2 years. DAISY children who developed
IA were significantly more likely to have the high-risk HLADR,DQ genotype than those who did not develop IA, and were
more likely to have a family history of type 1 diabetes (Table 1).
None of the sugar intake variables that we investigated were
associated with IA development (Table 2); also, HLA-DR,DQ
genotype did not modify the effect of the sugar intake variables
on the risk of IA development in the IA analysis cohort.
Sugar intake and progression to type 1 diabetes in children
with IA The type 1 diabetes analysis cohort was 49% female
and 77% non-Hispanic white. Children with IA who developed
type 1 diabetes were younger at IA development, and were
significantly more likely to have the high-risk HLA-DR,DQ
genotype or be non-Hispanic white compared with children
with IA who did not develop type 1 diabetes (Table 3). Total
sugar intake was significantly associated with an increased risk
of progression to type 1 diabetes in children with IA (Table 4).
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2031

Descriptive characteristics of the IA analysis cohort

Variable

Did not develop IA
(n=1,754)

Developed IA
(n=139)

High-risk HLA-DR3/4, DQB1*0302 genotype (%)
Family history of T1D (%)
Female (%)

20
50
48

37*
60*
52

Non-Hispanic white ethnicity (%)

76

78

Length of follow-up between birth to either last visit or first IA-positive visit (years)
Dietary variablea
Total energy

10.5 (6.0–15.0)

6.1 (3.5–10.1)

2,061.1±729.7

2,100.7±644.0

Total carbohydrates (g)
Total sugars (g)

265.8±100.3
134.7±58.3

270.5±89.5
140.6±52.6

Fructose (g)
Sucrose (g)

27.9±15.7
48.8±24.3

29.3±15.2
49.1±22.3

Sugar-sweetened beverage (servings per week)

3.6±4.8

3.2±4.3

Beverage sweetened with non-nutritive sweetener (servings per week)
Juice (servings per week)

1.0±2.5
5.9±7.2

1.1±2.7
6.9±7.6

Values are presented as median (IQR) or mean±SD, unless stated otherwise
a

Number of visits: 13,735 and 787 for those not developing and developing IA, respectively; comparisons were not tested for dietary variables

*

p<0.05 (χ2 test for categorical variables) T1D, type 1 diabetes

We also identified a significant interaction between sugarsweetened beverage intake and HLA-DR,DQ genotype (interaction p value=0.02). Specifically, increased sugar-sweetened
beverage intake was significantly associated with type 1 diabetes development in children with IA who had high genetic risk
for type 1 diabetes, but not in children with IA who had low/
moderate genetic risk for type 1 diabetes (Table 4). No other
sugars variables demonstrated a significant effect modification
by HLA genotype in the association with type 1 diabetes risk.

Discussion
This prospective analysis of children at increased genetic risk
for type 1 diabetes is a follow-up of a previous analysis in the
Table 2 Associations between
sugar intake and islet autoimmunity development

DAISY cohort in which dietary glycaemic index was found to
be associated with type 1 diabetes risk [7]. This follow-up
analysis investigates in detail which nutrients and sugarcontaining foods most strongly influence IA and type 1 diabetes risk. The results suggest that sugar intake may not affect
the early stage of the type 1 diabetes disease process, prior to
IA development. However, once the immune system has been
activated by other genetic or environmental factors and the
body has begun the autoimmune attack on the beta cells, the
total amount of sugar that a child consumes may increase type
1 diabetes risk.
Our results show that a higher total sugar intake increases a
child’s risk of progressing to type 1 diabetes once they develop IA, regardless of HLA genotype. Two previous case–control studies have also suggested that sugar intake may play a

Diet variablea

HRb, c

95% CI

p value

Total carbohydrates
Total sugars
Fructose
Sucrose
Sugar-sweetened beverage
Beverage sweetened with non-nutritive sweetener
Juice

0.84
1.01
1.03
0.76
1.08
1.07
0.93

0.50, 1.41
0.75, 1.36
0.83, 1.26
0.56, 1.02
0.92, 1.26
0.96, 1.20
0.77, 1.13

0.51
0.95
0.41
0.81
0.07
0.38
0.21

a

All dietary variables tested in separate models

b

Adjusted for total energy, FFQ type, HLA-DR,DQ genotype, family history of type 1 diabetes and ethnicity

c

HR represents a 1SD difference in the diet variable; SDs used in the calculation of HRs were: total carbohydrates, 99.9 g; total sugars, 58.1 g; fructose, 15.7 g; sucrose, 24.2 g; sugar-sweetened beverage, 4.8 servings per
week; beverage sweetened with non-nutritive sweetener, 2.5 servings per week; and juice, 7.2 servings per week
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Table 3 Descriptive characteristics of the type 1 diabetes analysis
cohort
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Variable

Did not develop T1D

Developed T1D

(n=100)

(n=42)

High-risk HLA-DR3/4,DQB1*0302 genotype (%)
Family history of T1D (%)

30
57

48*
69

Female (%)
Non-Hispanic white ethnicity (%)
Length of follow-up between first positive visit to either
last visit or T1D diagnosis (years)
Total energyb

51
72
7.9 (4.4–9.7)

45
90*
4.8 (3.5–7.1)a

2,038.8±759.8
261.4±103.0
130.6±57.2
26.8±14.1
46.0±23.1
3.7±4.7
1.4±3.4

2,130.4±572.0
271.2±79.9
145.3±49.7
31.0±14.0
49.6±16.4
3.7±4.6
1.0±1.7

4.9±4.7

7.4±7.6

b

Total carbohydrate
Total sugars (g)b
Fructose (g)b
Sucrose (g)b
Sugar-sweetened beverage (servings per week)b
Beverage sweetened with non-nutritive sweetener
(servings per week)b
Juice (servings per week)b

Values are presented as median (IQR) or mean±SD, unless stated otherwise
a
Median (IQR) length of follow-up between first positive visit to type 1 diabetes diagnosis was 4.1 (2.6–6.2)
years in children with the high-risk HLA-DR,DQ genotype and 5.8 (3.9–7.7) years in children without the highrisk HLA-DR,DQ genotype
b

Diet measured at the first IA-positive visit; we did not test comparisons on dietary variables

*

p value<0.05 (χ2 test)

T1D, type 1 diabetes

role in type 1 diabetes development. Dahlquist et al found an
association between intake of carbohydrate, as well as
mono- and disaccharides, and type 1 diabetes risk [6].
A more recent Swedish study also found that carbohydrates, and in particular, disaccharides and sucrose, were
Table 4 Associations between
sugar intake and progression to
type 1 diabetes in children with
IA

associated with type 1 diabetes risk [5]. While our study
did not find a significant association between sucrose or
carbohydrates and type 1 diabetes risk specifically, our
prospective cohort study results generally support these
case–control reports.

Variablea/interaction

HRb, c

95% CI

p value

1.55b, c
1.75b, c
1.33b, c
1.28b, c
1.02b, c
1.13b, c

0.73, 3.29
1.07, 2.85
0.91, 1.94
0.83, 1.97
0.69, 1.49
0.83, 1.54

0.26
0.03
0.14
0.26
0.94
0.45
0.02

1.07c, d

0.78, 1.50

1.84c, d

1.25, 2.71

Diet
Total carbohydrates
Total sugars
Fructose
Sucrose
Beverage sweetened with non-nutritive sweetener
Juice
Interaction with sugar-sweetened beverage
Low/moderate-risk HLA-DR,DQ genotypee
e

High-risk HLA-DR,DQ genotype
a

Diet measured at the first IA-positive visit

b

Adjusted for age at first autoantibody positivity, total energy, FFQ type, HLA-DR,DQ genotype, family history
of type 1 diabetes, and ethnicity

c

HR represents a 1SD difference in the diet variable. SDs used in the calculation of HRs were: total carbohydrates, 96.1 g; total sugars, 54.8 g, fructose, 14.1 g; sucrose, 21.1 g; sugar-sweetened beverage, 4.6 servings per
week; beverage sweetened with non-nutritive sweetener, 3.0 servings per week; and juice, 5.8 servings per week

d

Adjusted for age at first autoantibody positivity, total energy, FFQ type, family history of type 1 diabetes, and
ethnicity

e

Low/moderate, non- HLA-DR3/4, DQB1*0302 genotype; high, HLA-DR3/4, DQB1*0302 genotype
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The association between increased total sugars consumption and more rapid type 1 diabetes progression in children
with IA may be driven by direct or indirect biological mechanisms. Sugar may be toxic to the beta cell, and intermittent
exposure to high levels of dietary sugars may directly induce
beta cell apoptosis and reduce normal beta cell proliferation
[21]. Similarly, frequent hyperglycaemic episodes may increase cytokine toxicity and oxidative stress, which may increase beta cell apoptosis [21, 22]. Alternatively, greater sugar
intake may indirectly speed type 1 diabetes development due
to the resulting greater insulin demand, overloading the beta
cell that is already under autoimmune attack. This beta cell
overload may accelerate beta cell apoptosis by making the
beta cell more active and thus more visible to the immune
system [23, 24], possibly upregulating the autoimmune attack
[3, 25]. It is also possible that increased sugar intake is the
result, and not the cause, of an already compromised beta cell
function, via increased craving for sugars. Our focus on dietary intake early in the autoimmune period (i.e. at the time of
first IA positivity) and removal of all diet data collected within
3 months prior to type 1 diabetes diagnosis should largely
eliminate this effect.
Sugar-sweetened beverage consumption was associated
with increased risk of progression to type 1 diabetes in children, but only in children possessing the high-risk HLA-DR,
DQ genotype. Sugar-sweetened beverages have been explored for their association with type 1 diabetes risk in other
studies, with varying results. A Swedish study found no association between soft drink intake and type 1 diabetes risk [5],
while a Canadian case–control study identified a dose–response association between soft drink consumption and type
1 diabetes risk [26]. Neither study had HLA-DR,DQ genotype
information available. Our results align with another study
that found the introduction of sugar-sweetened beverages in
the first year of life was associated with an earlier age at type 1
diabetes diagnosis, independent of HLA-DR,DQ genotype
[27].
Our observation that sugar-sweetened beverages negatively affect the children at the very highest risk of developing
type 1 diabetes may suggest that the genetic susceptibility to
type 1 diabetes is exacerbated by this particular dietary exposure. Alternatively, it may be easier to see the association
between sugar-sweetened beverages and type 1 diabetes risk
only in the highest-risk children, because sugar-sweetened
beverages are not consumed as frequently or in as great a
quantity as total sugars, and do not completely represent sugar
intake. Finally, we note that this interaction between sugarsweetened beverages and genetic type 1 diabetes risk may
reflect other, unmeasured, lifestyle factors related to sugarsweetened beverage intake.
We did not find an association between fruit juice consumption and either IA development or progression to type
1 diabetes, despite high-sugar fruit juices being consumed
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more frequently than sugar-sweetened beverages in our cohorts (shown in Tables 1 and 3). A Canadian study also did
not find an association between fruit juice and type 1 diabetes
risk [26]. The lack of association between fruit juice and either
IA or type 1 diabetes risk may reflect that fruit juice, while
having a high sugar content, often contains components that
benefit health, and also may have fewer artificial components,
thus making it a complicated food by which to measure the
effects of sugar.
In agreement with our hypothesis and previous findings in
the DAISY cohort [7], we did not find significant associations
between any of the sugars variables examined and IA risk.
Due to the subclinical nature of the IA outcome, very
few studies have been able to examine dietary risk factors for IA development. Virtanen et al found no association between sweet and sugar consumption and risk
of advanced beta cell autoimmunity [28]. It is possible
that these dietary factors do not initiate the autoimmune
process, but may only exacerbate an autoimmune process that has already begun.
The strengths of this study include the availability of HLADR,DQ genotype information and the prospective longitudinal nature of the data collection at frequent intervals, with
monitoring for both the appearance of IA and progression to
type 1 diabetes in the same cohort. Our analysis was limited
by the structure of the FFQs, which at the time of collection
did not separate out added sugars or distinguish between highfructose corn syrup and fructose from fruit and fruit juice. We
also could not estimate starch consumption from the available
dietary data. Also, while the semi-quantitative FFQ suggested
portion sizes for all beverages, it did not specify the number of
ounces or grams in a portion, thus limiting our ability to quantify beverage intakes. The FFQ (and YAQ) data are inherently
limited by being self-reported and by the long time period
(1 year) over which we asked an individual to report dietary
intake. Finally, the DAISY cohort was selected for having
increased genetic risk of developing type 1 diabetes, and
therefore our results are not generalisable to the US paediatric
population.
Sugar intake may influence the later stage of the type 1
diabetes development process, and genetic factors may interact with dietary factors to exacerbate type 1 diabetes disease
risk. These results suggest that dietary changes may delay or
prevent type 1 diabetes development in a child with IA. Future
studies should collect and examine more detailed dietary data,
especially on all forms of carbohydrates, in order to confirm
and expand these findings and to aid the design of potential
intervention studies.
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