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OBJECTIVE — The “accelerator hypothesis” predicts that fatness is associated with an earlier
age at onset of type 1 diabetes. We tested the hypothesis using data from the SEARCH for
Diabetes in Youth study.

RESEARCH DESIGN AND METHODS — Subjects were 449 youth aged <20 years at
diagnosis who had positive results for diabetes antibodies measured 3—12 months after diagnosis
(mean 7.6 months). The relationships between age at diagnosis and fatness were examined using
BMI as measured at the SEARCH visit and reported birth weight, both expressed as SD scores
(SDSs).

RESULTS — Univariately, BMI SDS was not related to age at diagnosis. In multiple linear
regression, adjusted for potential confounders, a significant interaction was found between BMI
SDS and fasting C-peptide (FCP) on onset age (P < 0.0001). This interaction remained un-
changed after additionally controlling for number and titers of diabetes antibodies. An inverse
association between BMI and age at diagnosis was present only among subjects with FCP levels
below the median (<0.5 ng/ml) (regression coefficient —7.9, P = 0.003). A decrease of 1 SDS in
birth weight (639 g) was also associated with an ~5-month earlier age at diagnosis (P = 0.008),
independent of sex, race/ethnicity, current BMI, FCP, and number of diabetes antibodies.

CONCLUSIONS — Increasing BMI is associated with younger age at diagnosis of type 1
diabetes only among those U.S. youth with reduced B-cell function. The intrauterine environ-

ment may also be an important determinant of age at onset of type 1 diabetes.
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he “accelerator hypothesis” postu-
lates that obesity-associated insulin
resistance accelerates the disease
process of type 1 diabetes. The marker is
an earlier age at onset of type 1 diabetes

associated with increased BMI (1).
In contemporary societies, increasing

childhood obesity may account for the in-
creasing incidence and younger age at on-
set of type 1 diabetes (2) and for the
difficulty in distinguishing between type
1 and type 2 diabetes (3,4). The accelera-
tor hypothesis suggests that the increased
incidence of type 1 diabetes may be
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caused by an accelerated progression
rather than by an increase in the absolute
lifetime risk (1). In support of accelerated
progression, the incidence of type 1 dia-
betes rose in children (0-14 years) but
fell later in life (15-34 or 39 years) in Swe-
den (5,6) and Belgium (7).

Obesity-induced insulin resistance
may upregulate the B-cells, which be-
come susceptible to an autoimmune at-
tack (8). If this is correct, we can
hypothesize that the association between
BMI and onset age, if present, may be me-
diated through an intensified autoim-
mune response.

Studies have linked in utero growth
restriction with an increased risk for fu-
ture chronic diseases, including obesity
and insulin resistance. The association be-
tween birth weight and age at onset of
type 1 diabetes has not been systemati-
cally studied.

We aimed to test aspects of the accel-
erator hypothesis using data from the
SEARCH for Diabetes in Youth (9). We
hypothesized that higher BMI in the 1st
year after diagnosis and lower birth
weight would be associated indepen-
dently with earlier age at diagnosis of type
1 diabetes. BMI measured in youth with
type 1 diabetes 6 months after onset cor-
relates well with prediagnosis measure-
ments (r = 0.64, P < 0.0001) (10). We
also hypothesized that these associations,
if present, would be mediated through an
intensified autoimmune response, as re-
flected by higher number or titers of dia-
betes antibodies (11).

RESEARCH DESIGN AND
METHODS — SEARCH for Diabetes
in Youth is a six-center, population-based
study focusing on physician-diagnosed
diabetes in youth in the U.S. (9). SEARCH
sought to identify all existing cases of di-
abetes in youth <20 years old in 2001
and all newly diagnosed cases subse-
quently. Youth were invited to a study
visit while metabolically stable, defined as
no episode of diabetic ketoacidosis dur-
ing the previous month. The visit oc-
curred after an overnight fast, and all
medication except long-acting insulin
was discontinued the night before.
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Table 1—Characteristics of the 449 study participants by age-group at diagnosis

Dabelea and Associates

Age-group at diagnosis (years)

0-4 5-9 10-14 15-19 P value
n (%) 50 (11.1) 159 (35.4) 189 (42.1) 51 (11.4)
Diabetes duration (months) 77 *27 7627 7627 73*25 0.3
Insulin dose (units - kg71 . dayfl) 0.6 0.6 0.6 0.2 0.6 04 05=*0.2 0.6
FCP (ng/ml) 0.35 = 0.26 0.52 = 0.47 1.01 £1.09 1.69 = 1.53 <0.0001
A1C (%) 80=*x1.0 75*13 75%x15 69=*14 0.002
Fasting blood glucose 183.4 = 85.6 164.8 = 76.7 173.8 = 80.0 1552 = 65.0 0.5
GADG65 titer 0.61 = 1.44 0.55 £ 0.95 0.43 £ 0.54 0.40 = 0.45 0.1
IA2 titer 0.47 £ 041 0.58 = 0.52 0.57 = 0.43 0.38 = 0.45 0.2
% 1:2 DA positive 44:56 1:49 45:55 63:37 0.5

Data are means = SD unless otherwise indicated. P values are from testing the correlation between each variable and continuous age at diagnosis; for %1:2 diabetes
antoantibody (DA) positive, Spearman’s rank correlation, using continuous age at diagnosis vs. the number of positive DAs, was used to assess significance.

Blood specimens were processed lo-
cally and shipped within 24 h to the cen-
tral laboratory. Samples were analyzed for
GAD65 and insulinoma-associated pro-
tein 2 (IA2) diabetes autoantibodies in ra-
dioligand-binding assays (12). The levels
were expressed as relative indexes, using
positive and negative control samples.
The positive control sample was the
World Health Organization standard for
islet cell antibodies. The negative control
samples were prepared from a pool of
normal sera. A signal-to-noise ratio of
=10 was required. Fasting C-peptide
(FCP) was measured by radioimmunoas-
say (13). Assay precision was excellent,
with a coefficient of variance between 6.6
and 10.7% and a sensitivity limit of 0.15
ng/ml.

The average of two weight and height
measurements was used to calculate BMI
(weight in kilograms divided by the
square of height in meters). Self-reported
birth weight was obtained from mothers
of the study participants. Maternal recall
of birth weights of their children is con-
sidered to be reasonably accurate (14).
Weight and height were compared with
standards published by the National Cen-
ter for Health Statistics (15). This allows
each individual’s deviation from the ref-
erence value to be calculated in terms of a
normalized SD score (SDS) (z score).

The study group included all patients
aged <20 years with newly diagnosed di-
abetes between 2001 and 2004 who had
positive results for diabetes autoantibod-
ies (either GAD65 or 1A2) measured at a
research visit 3—12 months after diagnosis
(n = 449). To minimize error due to de-
hydration at presentation, subjects whose
research visit occurred <3 months from
the clinical diagnosis of diabetes were ex-
cluded (n = 164).

Statistical analyses

All statistical analyses were conducted us-
ing SAS version 8.2. The relationships be-
tween age at diagnosis of type 1 diabetes
and both BMI and birth weight SDSs were
first explored in univariate analyses look-
ing for both linear and nonlinear associa-
tions. Multiple linear regression analyses,
with age at diagnosis as the dependent
variable, were conducted separately to ex-
plore the relationship with BMI SDS and
the relationship with birth weight SDS,
after controlling for each other and for
other potential confounding variables (di-
abetes duration, sex, race/ethnicity, and
FCP levels). To test the hypothesis that an
intensified autoimmune response medi-
ates the associations of interest, a series of
linear regression models were fit, regress-
ing in model 1 age at diagnosis on explan-
atory variables (BMI SDS or birth weight
SDS), as detailed above, and in model 2
age at diagnosis on both mediator (diabe-
tes autoantibodies number/titers) and ex-
planatory variables. A change in the
estimate of the effect of BMI SDS or birth
weight SDS on age at diagnosis from
model 1 to 2 was considered evidence of
mediation (16). Because a significant in-
teraction between BMI SDS and FCP on
age at diagnosis was noted, the relation-
ship between BMI SDS and onset age was
further explored, stratified by FCP levels.
Because BMI was measured at variable in-
tervals from diagnosis (from 3 to 12
months, 7.6 = 2.7 [mean * SDJ), all
models were adjusted for the duration of
diabetes from onset to BMI measurement.
All analyses were also repeated in strata of
diabetes duration (3—6 months [n = 186
subjects], 5-9 months [n = 131 subjects],
and 9-12 months [n = 132 subjects]).

RESULTS — A total of 449 youths
(231 boys and 218 girls, 74% non-
Hispanic white) with new-onset diabetes
atage <20 years (mean age 9.6 years) and
positive results for diabetes autoantibod-
ies were included. Of the participants,
51% had positive results for both GAD65
and A2 autoantibodies and 49% had pos-
itive results for one type of diabetes auto-
antibody only, usually GAD65. Of the
participants, 50% had FCP values <0.5
ng/ml and 20% undetectable FCP values
(=0.15 ng/ml). Mean * SD BMI SDS was
0.7 = 1.1 and birth weight SDS was
0.03 = 1.2.

Characteristics of study participants
are presented in Table 1 and suggest that
this population is typical of youths with
type 1 diabetes. Importantly, duration of
diabetes from onset to the research visit
was similar in all age-groups. Younger
participants had lower FCP (P < 0.0001)
and higher HbA, . levels (A1C) (P <
0.002 for trend) than older subjects, but
no significant pattern with age in terms of
diabetes autoantibody number/titers was
noted. Blood glucose levels were similar,
suggesting that age-related FCP differ-
ences are not due to glucotoxicity but
rather reflect more aggressive B-cell de-
struction in younger youth.

Figure 1 shows the mean age at diag-
nosis of type 1 diabetes by quartiles of
BMI SDS (A) and quartiles of birth weight
SDS (B). The hypothesized association of
younger age at onset with increasing BMI
was not observed (P = 0.14 for linear
trend), and nonlinear associations were
not significant. A significant association
between lower birth weight SDS and
younger age at diagnosis was noted (P =
0.002). No associations were found be-
tween onset age and height or weight
change since birth (data not shown).
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Testing the accelerator hypothesis
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Figure 1—Age at diagnosis of type 1 diabetes by quartiles of BMI SDS (A) and quartiles of birth weight SDS (B). Quartiles are numbered from 1
(lowest) to 4 (highest). A: Means = SD (ranges) for BMI SDS are as follows: quartile 1, —0.7 = 0.6 (—3.5 to —0.04); quartile 2, 0.4 = 0.2 (—0.04
to 0.8); quartile 3, 1.1 = 0.2 (0.8—1.4); and quartile 4, 2.0 = 0.5 (1.4—4.7). P (trend) = 0.14 for the association between age at diagnosis and BMI
SDS. B: Means = SD (ranges) for birth weight SDS are as follows: quartile 1, —1.5 = 0.7 (=3.6 to —0.7); quartile 2, —0.3 = 0.2 (—0.7 to 0.01);
quartile 3,0.3 = 0.2 (0.01-0.7); and quartile 4, 1.6 = 0.7 (0.7-3.9). P (trend) = 0.002 for the association between age at diagnosis and birth weight

SDS.

BMI SDS was not a determinant of age
at onset, even when controlled for poten-
tial confounders (Table 2, model 1). Sim-
ilar results were noted in stratified
analyses by sex, ethnicity (non-Hispanic
white/other), and diabetes duration (data
not shown). An interaction between dia-
betes duration and BMI SDS on age at on-
set was tested and found not to be
significant. There was a very strong inter-
action (model 2) between BMI SDS and
FCP on age at diagnosis (P < 0.0001),
suggesting that the relationship between
BMI and onset age is modified by FCP
level: the lower the B-cell function, the
stronger an inverse relationship between
BMI and onset age. The interaction be-

tween FCP and BMI SDS on onset age was
observed in all diabetes duration strata
(3—6months, P =0.01; 6—9 months, P =
0.005; 9—12 months, P = 0.02), suggest-
ing that the effect of FCP on the relation-
ship between BMI and onset age is similar
for participants whose research visit oc-
curred anytime between 3 and 12 months
from diagnosis.

In addition, when controlling for po-
tential confounders, birth weight SDS was
still a significant predictor of age at onset
of type 1 diabetes, independent of current
BMI SDS (model 1) and FCP level (model
2). A decrease of 1 SDS in birth weight
(639 g) was associated with an ~5-month
earlier presentation with diabetes.

In model 3 (Table 2), we examined
whether addition of the proposed media-
tor altered the relationships between BMI
SDS or birth weight SDS and age at onset
of diabetes. None of the regression coeffi-
cients for the relationships of interest in
model 2 were altered by the addition of
diabetes autoantibody number in model
3. Identical results were obtained when
diabetes autoantibody number was re-
placed with diabetes autoantibody titers.

Figure 2 shows the relationship be-
tween BMI SDS and age at diagnosis,
stratified by FCP levels and adjusted for
sex, race/ethnicity, birth weight, diabetes
duration, and number of positive diabetes
autoantibodies. Among subjects with

Table 2—Association between age at diagnosis of type 1 diabetes and predictor variables in sequential multiple linear regression analysis

models
Model 1 Model 2 Model 3
Estimate P Estimate P Estimate P

BMI SDS 1.3 0.51 2.2 0.4 23 0.3
Birth weight SDS 53 0.004 5.5 0.0009 5.5 0.001
Sex

Girls vs. boys —-6.8 0.1 —-3.6 0.3 —-3.7 0.3
Ethnicity

Non-Hispanic white vs. other -9.0 0.06 —3.2 0.5 —3.2 0.5
Diabetes duration —-0.9 0.3 0.3 0.7 0.3 0.7
FCP (per 1 ng/ml) 41.9 <0.0001 42.0 <0.0001
BMI SDS*FCP —11.1 <0.0001 —11.1 <0.0001
Diabetes autoantibody number (1 vs. 2) —1.8 0.6

Model 1: adjusted for birth weight, sex, race/ethnicity, and diabetes duration. Model 2: model 1 + FCP and BMI SDS#FCP interaction. Model 3 (explains 35% of
variability in age at diagnosis): model 2 + number of positive diabetes antibodies. Coefficients can be interpreted as months of age; if the coefficient is negative, the

association is with younger onset in months.
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Figure 2—The relationship be-
tween BMI SDS and age at diagno-
sis of type 1 diabetes by FCP levels
(below and above the median)
from two multiple linear regres-
sion models, adjusted for sex, race/
ethnicity, birth weight SDS,
diabetes duration, and number of
positive diabetes autoantibodies.
FCP median is 0.5 ng/ml. P <
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FCP below the median (<0.5 ng/ml) an
inverse association was found (regression
coefficient: —7.9, P = 0.003). Inclusion
of diabetes autoantibody titers or number
of positive diabetes autoantibodies in
these models did not alter the relationship
of interest. This suggests that the inverse
association between BMI SDS and onset
age observed in subjects with reduced
B-cell function is not mediated through
an intensified autoimmune process.

For patients with FCP above the me-
dian no association emerged between
BMI SDS and onset age (regression coef-
ficient 0.5, P = 0.8). Further adjustment
for differences in FCP levels within this
group did not change this finding.

CONCLUSIONS — Among U.S.
youth with newly diagnosed autoimmune
diabetes, the hypothesized inverse rela-
tionship between BMI and onset age is
present only among subjects with re-
duced FCP levels (Fig. 2). These patients
have compromised pancreatic B-cell
function and can no longer compensate
for the additional metabolic demands as-
sociated with higher BMI. Whether the
reduced B-cell function is solely due to an
autoimmune-mediated attack or whether
nonautoimmune factors also contribute is
adistinction that we are unable to make in
this study. Our data suggests that “accel-
eration” occurs late during the natural
evolution of type 1 diabetes, when B-cell
function is already compromised by an
autoimmune attack.

The other 50% of participants had
relatively preserved B-cell function (=0.5
ng/ml), despite having autoimmune dia-
betes. This group was older (P < 0.001)
and had higher BMI SDS (P < 0.001) but
diabetes autoantibody levels/numbers
similar to those for the group presenting

) 0.0001 for the interaction between
3 BMI SDS and FCP on age at onset.
- - - -, FCP = median; X
FCP < median.

with low FCP. In this group, the statistical
association between BMI and onset age
was not apparent. Although the reason for
this finding is not clear, it is possible that
diabetes was diagnosed in these patients
before complete decompensation could
occur. Importantly, duration of diabetes
from onset to the research visit was simi-
lar in the group presenting with FCP
above and below the median (7.3 vs. 7.9
months).

Data from Middlesbrough, U.K.,
showed a relationship between younger
age at diagnosis of type 1 diabetes and
higher BMI (17), but the relationship was
not replicated among children from Bir-
mingham, U.K (18). These U.K. studies
involved a similarly small number of pa-
tients (94 and 95, respectively) with sim-
ilar age and sex ratios. Both U.K. studies
lacked serologic data, and neither as-
sessed residual insulin secretion. By con-
trast, SEARCH participants were typed
according to a biochemical algorithm,
and FCP was used as a marker of residual
insulin secretion. Beyond simply replicat-
ing the previous studies, our data show
that the association between BMI and age
at onset is observed only among subjects
with substantially reduced B-cell func-
tion. This may explain the conflicting re-
sults from previous studies that did not
measure residual insulin secretion.

Metabolically upregulated B-cells in
obese persons can be destroyed through
autoimmune (8) and nonautoimmune
(19) mechanisms that can occur indepen-
dently or in concert, as predicted by the
subjects’ genetic makeup. Our results
suggest that the association between BMI
and age at onset of type 1 diabetes ob-
served among youth with reduced 8-cell
function is not mediated through an in-
tensified autoimmune response, at least as

Dabelea and Associates

reflected by higher number or titers of
positive diabetes autoantibodies. In sup-
port of this statement, no association was
noted between BMI SDS and GAD65 an-
tibody level, and a significant but weak
correlation (r = 0.04, P = 0.05) was
found between BMI SDS and IA2 anti-
body level.

The other main finding of this study is
that lower birth weight may accelerate the
type 1 diabetes onset. Khan and Couper
(20) also noted that low birth weight in-
fants (<2.5 kg) showed an earlier age at
onset of type 1 diabetes. Similarly, Kibi-
rige et al. (17) found a trend of younger
onset age with lower birth weight among
U.K. youths with type 1 diabetes. The as-
sociation between lower birth weight and
younger age at onset does not seem to be
accounted for by increased 3-cell autoim-
mune destruction, and no correlation was
found between birth weight and diabetes
autoantibody titers. Lower birth weight
could be a marker of fetal exposures that
result in either increased insulin resis-
tance or reduced pancreatic 3-cell mass
later in life. Alternatively, certain genes
may be associated with both reduced fetal
growth and later risk of type 1 diabetes
(21). Whether the association between
lower birth weight and younger onset age
is a consequence of fetal environment, in-
herited susceptibility genes, or both re-
quires further investigation.

This study has several limitations.
Most important, the cross-sectional de-
sign precludes conclusions about causal-
ity or the order of events. BMI was
measured after the diagnosis of diabetes,
at variable intervals within the 1st year, as
were FCP and diabetes autoantibodies.
To minimize error due to the presumed
weight loss associated with diabetes on-
set, we restricted the analyses to youth
examined between 3 and 12 months after
diagnosis, when stable growth trajectories
are likely to have been reestablished. In
addition, we controlled for diabetes dura-
tion, we ruled out a potential interaction
between diabetes duration and BMI on
onset age, and we noted identical results
in analyses stratified by diabetes duration.
We thus conclude that our findings are
not influenced by the fact that BMI was
obtained at variable time intervals after
diagnosis. Recent studies also suggest that
B-cell function and diabetes autoantibody
positivity (22,23) are fairly stable within
the 1st year after diagnosis. Another lim-
itation is the absence of information on
length of gestation, which may have
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Testing the accelerator hypothesis

helped the interpretation of the relation-
ship between birth weight and onset age.

Longitudinal studies using serial
measurements of diabetes autoantibod-
ies, BMI, insulin resistance, and insulin
secretion before diabetes onset, in addi-
tion to HLA genotype, are needed to fully
explore the accelerator hypothesis. They
will also shed light on the likely mecha-
nism(s) and critical period(s) during the
pre-diabetes state, by which and when in-
creased insulin resistance may “acceler-
ate” the type 1 diabetes process. Recently,
the Melbourne Pre-Diabetes Study (11)
reported that diabetes autoantibody-
positive relatives of type 1 diabetes pro-
bands who progress most rapidly to
diabetes have greater insulin resistance
for their level of insulin secretion. Our
finding that BMI is associated with an ear-
lier presentation of type 1 diabetes only
when FCP is substantially reduced is con-
sistent with the Australian data.

In summary, among U.S. youths, in-
creasing BMI appears to accelerate the
disease process leading to type 1 (autoim-
mune) diabetes only among individuals
with reduced B-cell function, which can
no longer compensate for the increasing
demands associated with larger body size.
The importance of this finding at the in-
dividual level is still to be determined;
however, the increasing prevalence of
childhood obesity (24) may substantially
account for the younger age at onset of
type 1 diabetes observed in various pop-
ulations. Lower birth weight also acceler-
ates the disease process, suggesting that
the intrauterine environment may be a
determinant of age at onset of type 1
diabetes.
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