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ABSTRACT
Background: Improved glycated hemoglobin (Hb A1c) delays the
progression of microvascular and macrovascular complications in
individuals with type 1 diabetes (T1D). We previously showed that
higher baseline intakes of n–3 (v-3) fatty acids and leucine are
associated with preserved b cell function 2 y later in youth with
T1D.
Objective: In the current study, we extend this work to explore the
longitudinal associations of nutritional factors with Hb A1c in youth
with T1D.
Design: We included 908 T1D youth with baseline and follow-up
Hb A1c measurements. Nutritional factors assessed at baseline were
as follows: breastfeeding status and timing of complimentary food
introduction; intakes of leucine, carbohydrates, protein, fat, and fiber
estimated from a food-frequency questionnaire (FFQ); and plasma
biomarkers for vitamins D and E, eicosapentaenoic acid (EPA), and
docosahexaenoic acid. We fit linear regression models adjusted for
baseline Hb A1c, sociodemographic variables, diabetes-related vari-
ables, time between baseline and follow-up visits, saturated fat, phys-
ical activity, and for FFQ-derived nutrients, total calories. The vitamin
D model was further adjusted for season and body mass index z score.
Results: The mean 6 SD age and diabetes duration at baseline was
10.8 6 3.9 y and 10.1 6 5.8 mo, respectively. A total of 9.3% of
participants had poor Hb A1c (value $9.5%) at baseline, which in-
creased to 18.3% during follow-up (P, 0.0001). Intakes of EPA (b =
20.045, P = 0.046), leucine (b = 20.031, P = 0.0004), and protein
(b = 20.003, P = 0.0002) were significantly negatively associated
with follow-up Hb A1c after adjustment for confounders. Intake of
carbohydrates was significantly positively (b = 0.001, P = 0.003)
associated with follow-up Hb A1c after adjustment for confounders.
Conclusions: Several nutritional factors may be associated with
Hb A1c during early stages of disease progression in youth recently
diagnosed with T1D. In addition to the overall role of major macro-
nutrients such as carbohydrates and protein, leucine and n–3 fatty acid
intakes, such as of EPA, may be important for long-term glycemic
control. Am J Clin Nutr 2015;101:1278–85.
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INTRODUCTION

Improved long-term glycemic control, measured by gly-
cated hemoglobin (Hb A1c),

4 was definitively shown to delay

the progression of microvascular (1) and macrovascular (2)
complications in individuals with type 1 diabetes (T1D). In
addition, the preservation of b cell function, measured by the
fasting C-peptide (FCP) concentration (3), has been associ-
ated with lower Hb A1c and less-frequent microvascular
complications (4). Hence, interventions that target an im-
provement in Hb A1c and sustained b cell function may delay
the development of diabetes-related complications. This ef-
fect is particularly important because of data from the
SEARCH for Diabetes in Youth study that showed w17% of
youth with T1D in the United States have poor Hb A1c (value
$9.5%) (5).

Nutritional factors during early life (breastfeeding and timing
of the introduction of complimentary foods) (6–8) and child-
hood (vitamins C, D, and E and long-chain n–3 fatty acids) (7,
9, 10) have been associated with the development of b cell
autoimmunity, incident T1D, b cell function, and glycemic
control. In addition, we recently showed that long-chain n–3
fatty acid and leucine intakes were significantly positively
associated with FCP concentrations w2 y postdiagnosis in
youth with T1D (11).
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The majority of these findings for the associations of nu-
tritional factors with Hb A1c came from studies done in highly
controlled settings. Less is known about the impact of mi-
cronutrients and macronutrients on Hb A1c in a population-
based setting. Particularly, little is known in terms of diet and
Hb A1c in the early disease-progression period for T1D.
Current dietary guideline for the intensive treatment of T1D
emphasize carbohydrate counting for mealtime bolus calcu-
lations on the basis of the assumption that carbohydrates are
the primary macronutrient that affects postprandial glucose
and, thus, insulin requirements (11, 12). However, very little is
known about the relation between usual dietary intake and
Hb A1c in individuals with T1D.

The aim of the current study was to examine the prospective
association of nutritional exposures with Hb A1c in youth with
recently diagnosed T1D. On the basis of published findings,
including our recent article on the influence of nutritional
factors on b cell function (11), we explored associations of the
following 3 sets of nutritional exposures with Hb A1c: 1) infant
feeding practices (breastfeeding and introduction of compli-
mentary foods), 2) baseline plasma biomarkers of selected
nutrients (vitamins D and E, EPA, and DHA), and 3) baseline
estimated intake of nutrients from a validated FFQ (of carbo-
hydrate, fat, protein, fiber, and leucine).

METHODS

Study sample

Data for this study were from youth with T1D diagnosed
from 2002 through 2005 (incident cases) who participated in
the SEARCH for Diabetes in Youth Study (13). Additional data
were collected as part of the SEARCH Nutrition Ancillary
Study (SNAS). The SEARCH study is a multicenter obser-
vational study that began conducting a population-based as-
certainment of nongestational cases of diabetes in youth,20 y
of age in 2001 and is continuing through the present time.
Data were collected during clinic visits at baseline and 12- and
24-mo follow-up visits. Protocols for the SEARCH study and
SNAS were reviewed and approved by the local institutional
review boards and complied with the Health Insurance Por-
tability and Accountability Act privacy rules. Study partici-
pants ,18 y old provided informed assent and parental or
guardian consent, and participants $18 y old provided in-
formed consent at the start of study visits.

We included youth with provider identified type 1, type 1a,
or type 1b diabetes (incident: 2002–2005) who had a positive
test for at least one diabetes autoantibody (glutamic acid
decarboxylase 65 or insulinoma antigen 2) and a baseline Hb A1c

measurement and at least one follow-up (12- or 24-mo) Hb A1c

measurement (n = 908). We excluded individuals with no follow-
up Hb A1c measurements (n = 396) after verifying that this
group was sociodemographically similar to those with follow-
up data (data not shown). For individuals with 2 follow-up
visits, we used the first measured Hb A1c value; most partic-
ipants (n = 694; 76.4%) had available Hb A1c data from the
12-mo follow-up; 24-mo data were used for the remainder.
Sample sizes for the association of nutritional exposures and
Hb A1c varied depending on the availability of nutritional
exposure data.

Data from the SEARCH study

Fasting blood samples were obtained during in-person clinic
visits and under conditions of metabolic stability (i.e., no episode
of diabetic ketoacidosis during the previous month). Hb A1c was
measured in whole blood by using an automated nonporous ion-
exchange HPLC system (model G-7; Tosoh Bioscience) (5).
FCP was measured by using a 2-site immunoenzymetric assay
(Tosoh AIA; Tosoh Bioscience) (11). Additional details about
laboratory methods are shown elsewhere (11).

Data on sociodemographic characteristics and treatment reg-
imens were obtained by interviewing parents (for participants
,18 y) or from participants (for participants $18 y of age).
Weight and height information were used to calculate normal-
ized BMI (in kg/m2) z scores on the basis of US CDC growth
charts (14).

Usual dietary intake for the previous week was assessed by
using a validated food-frequency questionnaire (FFQ) for youth
$10 y old. Details on the dietary assessment methodology and
validation in the SEARCH study have been published else-
where (15). In brief, the SEARCH FFQ consists of 85 food and
beverage items queried for weekly frequency. Portion size was
estimated as the number of items or in relation to pictures of
food in bowls or plates (small, medium, and large). Nutrient
and portion-size databases were based on the Nutrition Data
Systems for Research (database 3, version 4.05/33 2002; Nu-
trition Coordinating Center, University of Minnesota). The
FFQ was self-administered by participants with support from
the study staff as needed. Physical activity was also assessed in
youth $10 y old in the SEARCH study by using questionnaires
from the Youth Risk Behavior Surveillance Systems. Physical
activity at baseline was classified as vigorous activity 0–2 or
3–7 d/wk.

Data from the SNAS study

Information on infant diet history was based on maternal self-
report and assessed by using a previously validated questionnaire
(16). The questionnaire was designed to capture diet information
at various intervals of the child’s life (first 3 d of life, first week
of life, and each month through 12 mo of age). The question-
naire captured detailed information about breastfeeding and
formula feeding as well as the introduction of various other food
and beverage items such as cow milk, soy milk, fruit and fruit
juice, cereals, vegetables, beef, fish, cod liver oil, and vitamins.
For this study, we focused on breastfeeding and age at the in-
troduction of complementary foods. Breastfeeding was catego-
rized as never, ,6 mo, and $6 mo. Age at the introduction of
complementary foods was defined as any dairy including for-
mula or any solid food other than breast milk. Age (mo) at the
introduction of complimentary foods was noted if the food and
beverage items were introduced at least 1 time/wk on a regular
basis (11).

Nutritional data on vitamins D and E and the long chain n–3
fatty acids EPA and DHAwere assessed in stored serum samples
from the baseline SEARCH visit. Details about laboratory
methods were published elsewhere (11). Briefly, the concen-
tration of 25-hydroxyvitamin D was measured by using the di-
rect competitive chemiluminescence immunoassay developed
by DiaSorin on the basis of a linkage between specific vitamin D
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antibody–coated magnetic particles and an isoluminol derivative
(detectable range: 5–320 nmol/L). Thirteen samples with
25-hydroxyvitamin D values below the detectable limit were set
to 4.9 nmol/L for this analysis. The plasma concentration of
a-tocopherol was assayed by using HPLC. For fatty acid mea-
sures, total lipids were extracted from plasma by using the
Bligh-Dyer method, and phospholipids were separated from all
other lipids by using one-dimensional thin-layer chromatogra-
phy (11). The phospholipid extract was saponified and trans-
methylated. Gas chromatography was performed on samples
dissolved in undecane by using conditions modified from those
of Lemaitre et al. (17). Data were analyzed with ChemStation
Firmware A.01.09 (Agilent). Plasma phospholipid fatty acids
were expressed as the percentage (by weight) of total fatty acids
detected.

Statistical analyses

Descriptive analyses were conducted to examine how socio-
demographic characteristics and nutritional exposures varied
according to baseline Hb A1c categories and to assess threshold
effects. Because threshold effects were not evident (data not
shown), we performed a linear regression analysis with contin-
uous, log-transformed Hb A1c as the outcome.

We fit a series of models with follow-up Hb A1c as the outcome.
We present the results of an unadjusted model (model 1) and
a covariate-adjusted model (model 2). Model 1 included baseline
Hb A1c and the time between baseline and follow-up Hb A1c

measures. Model 2 was further adjusted for potential confounders
expected to be associated with b cell function, Hb A1c, and nu-
tritional exposures. These covariates were demographic charac-
teristics (age, sex, race-ethnicity, parental education, and study
site), diabetes-related variables (duration, insulin regimen, in-
sulin dose per kilogram of body weight, and fasting glucose),
and saturated fat intake (FFQ saturated fat for FFQ-derived
nutritional exposures; plasma phospholipid saturated fat other-
wise). Exposures from the FFQ were further adjusted for caloric
intake and physical activity. Models with vitamin D as the ex-
posure were also adjusted for season of the year in which
samples were collected and BMI z score.

As a sensitivity analysis, we also explored associations of
non-FFQ nutritional exposures with Hb A1c by further adjusting
for physical activity along with the covariates included in
model 2. Because physical activity data were available only in
youth 10–19 y of age, additional adjustment for physical ac-
tivity in model 2 for non-FFQ nutritional exposures (which
included youth 0–19 y of age) reduced our sample size by
almost 40%.

We considered P , 0.05 as the level of significance for our
analysis. All analyses were conducted with SAS 9.3 software
(SAS Institute).

RESULTS

The majority of participants (n = 908) were non-Hispanic
whites and had at least one parent with a college degree (Table
1). Their mean 6 SD age and diabetes duration at baseline
were 10.8 6 3.9 y and 10.1 6 5.8 mo, respectively. A total of
9.3% of participants had poor Hb A1c (i.e., $9.5%) at the
baseline visit, and the proportion increased to 18.3% at the

follow-up visit (follow-up occurred, on average, 17.9 mo after
baseline). Similarly, a decrease in b cell function from base-
line to follow-up was observed, whereby the mean 6 SD FCP
decreased from 0.6 6 0.6 to 0.4 6 0.4 mg/L. Changes in both
Hb A1c and FCP from baseline to follow-up were significant
(both P , 0.0001).

The longitudinal associations, which were adjusted for
baseline Hb A1c and the time between baseline and follow-up
visits, indicated that higher plasma vitamin D at baseline was
significantly associated with lower concentrations of follow-
up Hb A1c (Table 2, model 1). This association was no longer
significant after adjustment for potential confounders (Table
2, model 2). Similarly, after adjustment for baseline Hb A1c

and the time between visits, higher plasma phospholipid EPA
at baseline was significantly associated with lower concen-
trations of follow-up Hb A1c (Table 2, model 1). This asso-
ciation remained significant after adjustment for additional
confounders (Table 2, model 2). Associations of vitamin E
and DHA with follow-up Hb A1c were NS in either model.
Estimated intake of total carbohydrate at baseline was sig-
nificantly positively associated with follow-up Hb A1c, and
estimated intakes of leucine and total protein at baseline were
significantly negatively associated with follow-up Hb A1c in
both models (Table 2, models 1 and 2). These associations
strengthened after adjustment for potential confounders in-
cluding saturated fat intake. Models with animal and vege-
table proteins also suggested significant negative associations
of both protein types with Hb A1c. The strength of the asso-
ciation between vegetable protein and Hb A1c was slightly
stronger (b = 20.005, P = 0.0003) than that for animal pro-
tein (b = 20.002, P = 0.0007), but the direction of association
was the same. Higher estimated intake of total fat tended to
be associated with lower Hb A1c at follow-up only in model 1
(Table 2); the association was NS once adjusted for potential
confounders in model 2 (Table 2). No significant associations
were observed between early life infant feeding exposures or
dietary fiber intake and follow-up Hb A1c. Adjustment for
FCP in all longitudinal models did not attenuate the asso-
ciation between nutritional exposures and Hb A1c (data not
shown).

To put the significant findings into clinical context, we esti-
mated the difference in follow-up Hb A1c predicted by a 1-SD
difference in the nutritional exposure at baseline in the fully
adjusted model (Table 2, model 2). A 1-SD higher total leucine
and 1-SD higher protein intake at baseline were associated with
an 8.2% lower Hb A1c percentage and 9.6% lower Hb A1c

percentage at follow-up, respectively. Similarly, a 1-SD higher
carbohydrate intake at baseline was associated with a 10.0%
higher follow-up Hb A1c percentage. These results showed that
a predicted Hb A1c of 8% became 7.3%, 7.2%, or 8.8% with a
1-SD increase in leucine, total protein, or total carbohydrate in-
takes, respectively. The effect of EPA was more modest, with a
1-SD increase in EPA that corresponded to a 1.1% decrease
in the follow-up Hb A1c percentage; a predicted Hb A1c of
8% dropped to 7.9% with a 1-SD increase in plasma EPA
concentration.

In the sensitivity analysis, additional adjustment for physical
activity along with model 2 covariates did not change the di-
rection and significance of associations between non-FFQ ex-
posures and Hb A1c (data not shown).
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TABLE 1

Characteristics of youth with type 1 diabetes diagnosed in 2002–2005: the SNAS1

Characteristic n Value

Sociodemographic and clinical characteristics

Age at visit, y 908 10.8 6 3.92

Female, % 433 47.7

Race-ethnicity, %

Non-Hispanic white 707 77.9

African American 82 9.0

Hispanic 102 11.2

Other 17 1.9

Parental education,3 %

Less than high school 35 3.9

High school graduate 126 13.9

Some college/associate’s degree 316 34.5

Bachelor’s degree or more 426 47.2

Duration of diabetes, mo 908 10.1 6 5.8

Insulin regimen, %

Pump 81 9.0

Long + short/rapid insulin, $3 times/d 303 33.7

Long + any other combination, $2 times/d 72 8.0

Any combination of insulin excluding long, $3 times/d 130 14.5

Any insulin used 1 time/d or any insulin combination

Excluding long, twice/d 312 34.7

Insulin dose, units/kg 871 0.6 6 0.3

Fasting glucose, mmol/L 856 9.6 6 4.3

Hb A1c value,
4 %

Baseline Hb A1c 908 7.6 6 1.4

Follow-up Hb A1c 908 8.6 6 1.6

Baseline Hb A1c category, %

,8.5 570 62.8

8.5–9.4 254 28.0

$9.5 84 9.3

Follow-up Hb A1c category, %

,8.5 533 58.7

8.5–9.4 209 23.0

$9.5 166 18.3

FCP,4 mg/L

Baseline FCP 854 0.6 6 0.6

Follow-up FCP 853 0.4 6 0.4

BMI z score 882 0.5 6 0.9

Physical activity (vigorous activity d/wk),5 %

0–2 190 36.7

3–7 515 63.1

Infant feeding exposures

Breastfeeding, %

Never 188 27.2

,6 mo 204 29.5

$6 mo 299 43.3

Age at introduction of complimentary foods, mo

Any solid food 726 4.6 6 2.1

Any dairy (including formula) 656 4.8 6 4.2

Any vegetable (excluding potatoes) 700 6.5 6 2.1

Gluten-containing cereal 710 6.7 6 2.7

Baseline nutritional exposures: biomarkers

Vitamin D [plasma 25(OH)D], nmol/L 807 61.1 6 34.9

Vitamin E (plasma a-tocopherol), mg/L 704 6.02 6 3.0

EPA, plasma phospholipid percentage weight 603 0.4 6 0.2

DHA, plasma phospholipid percentage weight 605 2.4 6 0.8

Baseline nutritional exposures: estimated from FFQ (g/1000 kcal)5

Leucine 470 3.2 6 0.5

Total carbohydrate 470 115.5 6 18.5

Total fat 470 43.3 6 6.7

Total protein 470 40.0 6 5.6

Total fiber 470 7.2 6 2.5

1Data are for 908 participants, not all of whom had available data on all variables. FCP, fasting C-peptide; FFQ, food-frequency

questionnaire; Hb A1c, glycated hemoglobin; SNAS, SEARCH Nutrition Ancillary Study; 25(OH)D, 25-hydroxyvitamin D.
2Mean 6 SD (all such values).
3Parental education was defined as the highest level of education attained by the father or mother of study participants.
4Paired t tests indicated that Hb A1c and FCP changes from baseline to follow-up were significant (P , 0.0001 for both).
5Physical activity and nutritional exposures from the FFQ were available only for youth aged $10 y in the SEARCH study.
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DISCUSSION

Our findings suggest that nutritional factors such as n–3 fatty
acids, particularly EPA, and nutrients, particularly carbohy-
drates, protein, and leucine, may be significantly associated with
Hb A1c over a period of about 2 y after the clinical diagnosis of
T1D in youth. These findings are particularly important because
of poor dietary habits in the population of youth with diabetes
compared with in the general youth population (18), which ul-
timately intensifies the risk of early life, aggressive microvas-
cular and macrovascular complications (19).

A few published studies suggested associations of breast-
feeding and the introduction of solid food with b cell autoim-
munity and development of T1D, particularly in individuals at
increased genetic risk of T1D (6, 8). In this study, we showed no
significant association of infant feeding exposures such as
breastfeeding and the timing of introduction of complimentary
foods with Hb A1c. It is possible that these early nutritional
factors play an important role in the pathophysiology of de-
velopment of T1D but may be less influential during the pro-
gression of extant T1D.

Increased intake of long-chain n–3 fatty acids may reduce risk
of the development of islet autoimmunity and risk of T1D as
well as improve glycemic control, possibly through their anti-
inflammatory effects (9, 20–24) or other aspects of glucose

transport (25). Our finding of the inverse association of the n–3
fatty acid EPA with follow-up Hb A1c supports the beneficial
effects of long-chain fatty acids on Hb A1c in youth recently
diagnosed with T1D. We also recently reported that this nutri-
tional exposure was associated with sustained b cell function
after the clinical diagnosis of T1D (11). The active form of vi-
tamin D enhances insulin-mediated glucose transport (26). In
addition, vitamin D receptors are expressed in skeletal and ad-
ipose tissue (27), which are the main sites of peripheral glucose
uptake. A study in individuals with T1D showed that the re-
pletion of vitamin D in deficient individuals improved Hb A1c

(10). We showed that higher baseline vitamin D intake was
significantly associated with lower follow-up Hb A1c but only in
the partially adjusted model, and in the SEARCH study, we
previously showed no association between vitamin D status and
insulin sensitivity (28). It is possible that the null prospective
association observed for vitamin D in the fully adjusted model
was due to our inability to measure the active form of vitamin
D3, 1a,25-dihydroxyvitamin D3 [1,25(OH)2D3], vitamin D re-
ceptors, or vitamin D receptor genes, which can directly in-
fluence glucose transport and uptake and ultimately influence
glycemic control. Vitamin E, particularly a-tocopherol, has been
suggested to reduce oxidative stress and decrease blood glucose
concentrations through improved insulin secretion, thereby

TABLE 2

Longitudinal associations of nutritional exposures with log Hb A1c for youth with type 1 diabetes (incident: 2002–2005):

the SNAS1

Nutritional exposures

Model 1 Model 2

b 6 SE P b 6 SE P

Infant feeding exposures

Breastfeeding

Never 0.020 6 0.013 0.38 0.004 6 0.020 0.97

,6 mo 0.007 6 0.013 — 0.003 6 0.016 —

$6 mo Reference — Reference —

Age at introduction of complimentary foods, mo

Any solid food 0.0005 6 0.002 0.84 20.0009 6 0.003 0.77

Any dairy (including formula) 20.002 6 0.001 0.06 20.001 6 0.002 0.51

Any vegetable (excluding potatoes) 0.0004 6 0.002 0.87 20.002 6 0.003 0.58

Gluten-containing cereal 0.001 6 0.002 0.59 0.003 6 0.002 0.25

Baseline nutritional exposures: biomarkers

Vitamin D [plasma 25(OH)D], nmol/L 20.0006 6 0.0001 ,0.0001 20.00004 6 0.0002 0.82

Vitamin E (plasma a-tocopherol), mg/L 20.002 6 0.002 0.27 20.0009 6 0.002 0.64

EPA (plasma phospholipid percentage weight) 20.060 6 0.023 0.01 20.045 6 0.023 0.046

DHA (plasma phospholipid percentage weight) 0.001 6 0.007 0.85 20.004 6 0.007 0.59

Baseline nutritional exposures: estimated from FFQ, g

Leucine 20.021 6 0.008 0.01 20.030 6 0.009 0.0005

Total carbohydrate 0.0006 6 0.0002 0.01 0.001 6 0.0003 0.002

Total fat 20.001 6 0.001 0.07 20.001 6 0.001 0.17

Total protein 20.002 6 0.001 0.003 20.003 6 0.001 0.0002

Total fiber 20.0003 6 0.002 0.84 20.0004 6 0.002 0.85

1Analysis consisted of multiple regression models for log Hb A1c at follow-up. Model 1 was adjusted for baseline

Hb A1c value and the duration between baseline and follow-up Hb A1c assessments because of the longitudinal design.

Model 2 represents the fully adjusted model and included adjustment for demographic characteristics (age at follow-up, sex,

race-ethnicity, parental education, and study site), diabetes-related variables at follow-up (duration, insulin regimen, insulin

dose, and fasting glucose), and saturated fat at baseline (plasma SFAs; saturated fat from the FFQ if exposure from the FFQ),

baseline Hb A1c value, and the duration between baseline and follow-up Hb A1c assessments. Exposures from the FFQ were

adjusted for caloric intake and physical activity. The vitamin D model was further adjusted for BMI z score and the season in

which samples were collected. The sample size varies by exposure and model covariates, ranging from n = 435 in model 2 for

FFQ exposures, which were measured only in children aged$10 y, to n = 807 in model 1 for vitamin D. FFQ, food-frequency

questionnaire; Hb A1c, glycated hemoglobin; SNAS, SEARCH Nutrition Ancillary Study; 25(OH)D, 25-hydroxyvitamin D.
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lowering Hb A1c (29). However, in our study, vitamin E intake
was not significantly associated with follow-up Hb A1c. A
similar nonsignificant association was reported for b cell
function in this cohort (11), and thus, it is unlikely that vita-
min E enhances glycemic control in this population of youth
with T1D.

Carbohydrate intake is one of the primary determinants of
postprandial glucose concentrations and, therefore, may in-
fluence glycemic control (30). The findings from our longi-
tudinal analyses suggested that increased total carbohydrate
intake is associated with increased Hb A1c, similar to the
results of a large European cross-sectional study (31). There
has been an increased interest in the role of dietary fiber in
the management of diabetes and its complications. A few
studies showed that fiber intake was associated with im-
proved daily blood glucose concentration or long-term gly-
cemic control represented by Hb A1c (32–34). However, our
study showed no evidence of an association between fiber
intake and Hb A1c, which was consistent with findings from
the Diabetes Control and Complications trial (35). Our study
population of youth with T1D had substantially lower fiber
intakes relative to the American Diabetes Association rec-
ommendation of 14 g/1000 kcal (36). It is possible that the
low fiber intake in this population may not have been suffi-
cient to influence Hb A1c.

The consumption of higher- compared with lower-fat meals
(with similar carbohydrate and protein amounts) in T1D adults
has been suggested to increase blood glucose concentrations and
insulin requirements (37). In addition, in the Diabetes Control
and Complications trial, a diet higher in fat and saturated fat was
associated with worse Hb A1c (35). In contrast, metabolic studies
suggested that higher-fat diets that contained a greater pro-
portion of unsaturated fat may rather result in better glucose
metabolism than does a high-carbohydrate diet (38). Our study
showed that higher baseline fat intake was marginally associated
with lower follow-up Hb A1c only in the partially adjusted
model.

Dietary protein and leucine intakes can stimulate insulin
secretion (39, 40). Animal studies also suggested an improved
glucose concentration and Hb A1c because of protein or
leucine supplementation (41, 42). A beneficial effect of leu-
cine on the preservation of b cell function was recently re-
ported in this cohort (11). Our study findings also suggested
that increased intakes of protein and leucine are associated
with better Hb A1c. Leucine supplementation was previously
suggested to increase postprandial insulin secretion and in-
sulin response (41). In addition, leucine supplementation may
significantly decrease adipose tissue inflammation and, thus,
lead to improved glucose metabolism (41). More studies are
required to explore and confirm the beneficial role of leucine
intake on Hb A1c.

A few strengths of this study are worth mentioning. We used
data from a large cohort of youth with well-characterized T1D
to assess the prospective associations of nutritional factors with
Hb A1c. Most previous research that assessed the roles of nu-
tritional factors on Hb A1c have assessed only one dietary ex-
posure and used cross-sectional designs. To our knowledge, our
study is the first to assess the relations of various types of nu-
tritional exposures with Hb A1c in the high-risk group of youth
with T1D. Current research findings in this area have been

dominated by findings in type 2 diabetes populations, which
have limited generalizability to T1D populations.

Our study had a few limitations. Nutritional exposure data
including infant feeding exposures and baseline dietary intakes
from the FFQ relied on a retrospective self-report and,
therefore, may have been prone to error. In addition, nutritional
exposure data were available only for the baseline visit, and we
assumed that diet remained unchanged over the period of 1–2 y.
Data on longitudinal changes in diet in T1D youth are lacking.
A study from Finland (43) showed that diet quality decreased
over the 24-mo period after diagnosis in youth with T1D.
However, a previous analysis of our study population showed
no significant change in diet quality by using the Dietary
Approaches to Stop Hypertension index over the 5-y period
after diagnosis (44). Hence, our assumption of little to no
dietary change over the 2-y period after diagnosis is relevant.
Moreover, if the quality of diet in our population had de-
creased as reported in the aforementioned Finnish study (43),
our point estimates would have been attenuated toward the
null because of underestimation. Our study considered Hb A1c

as a marker of long-term glycemic control. The findings may
not applicable to the issue of prevention or treatment of short-
term hypoglycemia or hyperglycemia. We did not have data on
daily glucose measures to capture day-to-day glycemic fluc-
tuations, which have recently been suggested as a strong
predictor of overall glycemic control (45). Future studies are
needed to explore the relations of nutritional exposures with
short-term glycemia. This analysis was not within the scope of
our study. Our study explored the associations between nu-
tritional exposures and Hb A1c in youth with an early age at
the onset of diabetes. Future studies should explore whether
these nutritional effects are consistent across different ages of
onset and disease durations.

In conclusion, several nutritional factors may influence
Hb A1c after the clinical diagnosis of T1D in youth. In addition
to the overall role of major macronutrients such as carbohydrate
and protein, leucine and n–3 fatty acid intake, such as of EPA,
may significantly affect Hb A1c. These findings inform nutri-
tion intervention strategies in terms of usual dietary patterns
particularly during the early disease-progression period and
complement strategies focusing on an insulin regimen for the
management of day-to-day glycemia. Findings regarding in-
creased carbohydrate intake related to increased Hb A1c in this
population of youth with T1D speak to the need for continuous
education on carbohydrate portioning and distribution and
insulin-to-carbohydrate management. Findings can be used to
design future studies to assess the efficacy of nutritional ap-
proaches for long-term glycemic control in youth diagnosed
with T1D.
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