
The Journal of Clinical Endocrinology & Metabolism, 2022, 107, 1520–1528
https://doi.org/10.1210/clinem/dgac121
Advance access publication 04 March 2022
Clinical Research Article

Received: 8 November 2021. Editorial Decision: 1 March 2022. Corrected and Typeset: 26 March 2022
© The Author(s) 2022. Published by Oxford University Press on behalf of the Endocrine Society.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), 
which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

Childhood Height Growth Rate Association With the Risk 
of Islet Autoimmunity and Development of Type 1 Diabetes
Zhiguo Li,1,  Riitta Veijola,2 Eileen Koski,1 Vibha Anand,1 Frank Martin,3 Kathleen Waugh,4 
Heikki Hyöty,5 Christiane Winkler,6,7,8 Michael B. Killian,9 Markus Lundgren,10,11 Kenney Ng,1 
Marlena Maziarz,10,* and Jorma Toppari12,*,

1Center for Computational Health, IBM T.J. Watson Research Center, Yorktown Heights, 10598 NY, and Cambridge, 02142 MA, USA
2Department of Pediatrics, PEDEGO Research Unit, University of Oulu, 90014 Oulu, and Oulu University Hospital, 90029 Oulu, Finland
3JDRF, New York, 10281 NY, USA
4Barbara Davis Center for Diabetes, University of Colorado, Denver, 80440 CO, USA
5Department of Virology, Faculty of Medicine and Health Technology, Tampere University, and Fimlab Laboratories, Pirkanmaa Hospital District, 
33520 Tampere, Finland
6Institute of Diabetes Research, Helmholtz Zentrum München, German Research Center for Environmental Health, 85764 Munich-Neuherberg, 
Germany
7Forschergruppe Diabetes e.V. at Helmholtz Zentrum, München, German Research Center for Environmental Health, 85764 Munich-Neuherberg, 
Germany
8Forschergruppe Diabetes, Technical University Munich, at Klinikum rechts der Isar, 80934 Munich, Germany
9Pacific Northwest Research Institute, Seattle, 98122 WA, USA
10Department of Clinical Sciences, Lund University Diabetes Center, 21428 Malmö, Sweden
11Department of Pediatrics, Kristianstad Hospital, 29133 Kristianstad, Sweden 
12Institute of Biomedicine, Research Centre for Integrative Physiology and Pharmacology, and Centre for Population Health Research, 
University of Turku, and Department of Pediatrics, Turku University Hospital, 20520 Turku, Finland
Correspondence: Jorma Toppari, MD, PhD, Institute of Biomedicine, Research Centre for Integrative Physiology and Pharmacology, and Centre for Population 
Health Research, University of Turku, and Department of Pediatrics, Turku University Hospital, 20520 Turku, Finland. Email: jortop@utu.fi; or Zhiguo Li, PhD, 
Center for Computational Health, IBM T.J. Watson Research Center, Yorktown Heights, 10598 NY, USA. Email: lizh@us.ibm.com
*M.M. and J.T. contributed equally.

Abstract
Context: Rapid growth has been suggested to promote islet autoimmunity and progression to type 1 diabetes (T1D). Childhood growth has not 
been analyzed separately from the infant growth period in most previous studies, but it may have distinct features due to differences between 
the stages of development.
Objective: We aimed to analyze the association of childhood growth with development of islet autoimmunity and progression to T1D diagnosis 
in children 1 to 8 years of age.
Methods: Longitudinal data of childhood growth and development of islet autoimmunity and T1D were analyzed in a prospective cohort study 
including 10 145 children from Finland, Germany, Sweden, and the United States, 1-8 years of age with at least 3 height and weight measure-
ments and at least 1 measurement of islet autoantibodies. The primary outcome was the appearance of islet autoimmunity and progression 
from islet autoimmunity to T1D.
Results: Rapid increase in height (cm/year) was associated with increased risk of seroconversion to glutamic acid decarboxylase autoantibody, 
insulin autoantibody, or insulinoma-like antigen-2 autoantibody (hazard ratio [HR] = 1.26 [95% CI = 1.05, 1.51] for 1-3 years of age and HR = 1.48 
[95% CI = 1.28, 1.73] for >3  years of age). Furthermore, height rate was positively associated with development of T1D (HR = 1.80 [95% 
CI = 1.15, 2.81]) in the analyses from seroconversion with insulin autoantibody to diabetes.
Conclusion: Rapid height growth rate in childhood is associated with increased risk of islet autoimmunity and progression to T1D. Further work 
is needed to investigate the biological mechanism that may explain this association.
Key Words: type 1 diabetes, autoantibodies, prospective cohort, child growth
Abbreviations: GADA, glutamic acid decarboxylase autoantibodies; HLA, human leukocyte antigen; IA-2A, islet antigen 2 antibodies; IAA, insulin autoanti-
bodies; IGF-1, insulin-like growth factor 1; T1DI, Type 1 Diabetes Intelligence study.

Rapid linear growth has been suggested as a risk factor for 
type 1 diabetes (1). According to the accelerator hypothesis 
(2-4), obesity and rapid weight gain could contribute to de-
velopment of type 1 diabetes via insulin resistance (5). There 
are some results supporting this hypothesis (6-8). Rapid 

linear growth in infancy has been associated with increased 
risk of islet autoimmunity and type 1 diabetes. The ongoing 
TEDDY study (8) recently analyzed distinct infant and child-
hood growth phases in relation to the risk of type 1 diabetes 
and found that a lower height growth rate in infancy (hazard 
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ratio [HR] = 0.79 [95% CI = 0.70, 0.90] per 1 cm/year) and 
higher rate in early childhood (after inflection point between 
infant and childhood growth periods that occurs around 
7-10 months of age) (HR = 1.48 [95% CI = 1.22, 1.79] per
1 cm/year) was associated with increased risk of progression
from islet autoimmunity to type 1 diabetes. This suggests that
growth rates in distinct childhood growth phases might be as-
sociated differently with development of islet autoimmunity
and progression to clinical type 1 diabetes. The infancy-
childhood-puberty (ICP) growth model recognizes different
regulatory mechanisms of growth in successive phases (9).

Taking these findings into account, our study focused spe-
cifically on the childhood growth phase, for which we have 
had a unique opportunity to examine the Type 1 Diabetes 
Intelligence study (T1DI) cohort (10), a large cohort of children 
prospectively followed for development of islet autoimmunity 
and diagnosis of type 1 diabetes. Longitudinal data in this 
cohort represents child growth patterns in the United States 
and Europe. Infants and toddlers in the T1DI cohort were sys-
tematically followed for development of islet autoantibodies 
starting at very young ages, often as early as 6 months of age. 
While previous work sheds light on development of islet auto-
immunity in early childhood, including infancy, those analyses 
were restricted to the period up to 4 years of age (7). In this 
study, we analyze the association of rapid growth during the 
growth period from early childhood to pre-adolescence, which 
we define as the growth period from 1 to 8 years of age.

We hypothesized that rapid growth rate in childhood is 
associated with both development of islet autoimmunity 
and progression to type 1 diabetes. To test this hypothesis, 
we analyzed data on 10 145 children from 1 to 8  years of 
age to evaluate the association between 4 main predictors 
(height, weight, and rates of change in height and weight) and 
2 main outcomes (seroconversion [with 4 types of serocon-
version events] or type 1 diabetes) in 3 analysis timeframes 
(from 1 year of age to confirmed seroconversion to islet auto-
immunity; from one year of age to onset of type 1 diabetes; 
and from seroconversion to onset of type 1 diabetes).

Methods
Study Population
The prospective T1DI study cohort consists of 24 662 chil-
dren who have been followed in 5 natural history studies of 
type 1 diabetes including 2 in the United States, DAISY (11) 
and DEW-IT (12), and 3 in Europe, specifically, Germany 
(BABYDIAB) (13), Sweden (DiPiS) (14), and Finland (DIPP) 
(15). The focus of these ongoing studies is development of 
islet autoimmunity and progression to type 1 diabetes in chil-
dren at high genetic or familial risk. All 5 studies have fol-
lowed children at least up to 15 years of age or until diagnosis 
with type 1 diabetes, whichever occurred first.

Supplementary Figure S1 describes the formation of the 
present study cohort (16). From the full T1DI cohort, we pre-
viously analyzed (10) an infant-toddler subcohort restricted 
to children with first autoantibody measurement by 2.5 years 
of age (n = 16 709). From this infant-toddler subcohort, we 
selected children 1.0 to 8.0 years of age who had at least 3 
height and weight measurements and at least 1 measurement 
of each of the 3 islet autoantibodies we considered (those 
against insulin [IAA], glutamic acid decarboxylase [GADA] 
and insulinoma-like antigen-2 [IA-2A]). Children diagnosed 

with type 1 diabetes before 1 year of age were excluded from 
our analyses. The final dataset, comprising 10 145 children, 
is hereafter referred to as the “childhood growth cohort.” Of 
these, 131 (1.3%) developed type 1 diabetes by 8 years of age 
during follow-up. Baseline data on sex, harmonized human 
leukocyte antigen (HLA) risk group (10), and study site were 
available for each subject. Since very few children in DEW-IT 
were recruited early enough to have the necessary growth and 
autoantibody data, they were not included in the analysis.

In all studies from which data were included in this ana-
lysis, height and weight were measured by trained staff such as 
clinicians, clinical staff, or research personnel. Measurements 
were taken using appropriate professional equipment, such as 
stadiometers or infantometers, and scales with a high degree 
of precision. In most cases, height was measured with chil-
dren standing as soon as they were able to do so, which was 
generally between 1 and 2 years of age.

Statistical Methods
The HLA typing data was divided into 4 groups based on 
previously assessed risk of type 1 diabetes (17) and treated as 
a categorical variable with “HLA group A” being the highest 
risk group and “HLA group D” the lowest, with the latter 
treated as the reference in the analyses. Study site was treated 
as a categorical variable, and sex as binary (1 = male, 0 = fe-
male). The missing height (cm) and weight (kg) measurements 
were first imputed based on multiple imputation method-
ology using CDC reference which yielded low estimates of 
error (18). Imputations were then further refined with the 
best linear unbiased predictors for each subject estimated by 
linear mixed effects models with height or weight as the out-
come, age and quadratic age as the fixed effects, with random 
intercepts and slopes, and adjusted for sex and study site 
(Supplementary Materials Supplement 2) (16). We compared 
the observed and estimated growth trajectories to evaluate 
the appropriateness of the imputation model (Supplementary 
Figures S2-S3) (16). Growth rate measurements, specifically, 
rates of change in height (cm/year) and weight (kg/year), were 
estimated using the first derivatives of the polynomials in the 
fitted models. Autoantibody status (1 = positive, 0 = negative) 
for IAA, GADA, and IA-2A was available from each study site 
using positivity thresholds appropriate for the assays used in 
each study. Missing autoantibody status information was im-
puted for some of the visits based on autoantibody status at 
previous or later visits in a given timeframe (Supplementary 
Materials Supplement 3) (16).

The outcomes of interest were events defined in detail 
below. An event was said to be observed (event = 1) if the 
outcome of interest was documented for a given subject 
within the analysis timeframe, otherwise, the observation 
was censored (event = 0) at the time of the last observed visit 
within the analysis timeframe or at 8 years of age. The main 
outcomes were seroconversion and type 1 diabetes, which 
were used in 3 sets of analyses differing by start time (t0) 
and outcome: (1) 1  year of age (t0) to seroconversion; (2) 
1 year of age (t0) to type 1 diabetes diagnosis; and (3) sero-
conversion (t0) to type 1 diabetes diagnosis. The age at sero-
conversion with a given autoantibody (or autoantibodies) 
was defined as the age at the first of 2 consecutive samples 
positive for that autoantibody (or autoantibodies). In our 
analysis, we considered 4 seroconversion events: (A) sero-
conversion to the first of any of IAA, GADA, or IA-2A; (B) 
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seroconversion to IAA; (C) seroconversion to GADA; and 
(D) seroconversion to multiple autoantibodies, defined as
seroconversion with a given autoantibody when at least 1
additional autoantibody was also detected at either or both
visits. Note that these 4 seroconversion events are not mu-
tually exclusive. For example, a subject who seroconverted
to IAA and GADA in the same visit (ie, became positive for
IAA and GADA in the same visit and remained positive for
both at least until the next visit), would be present in the 4
analyses for the 4 seroconversion events we considered. We
did not analyze seroconversion to IA-2A as the number of
subjects with this outcome was too small. Diagnosis of clin-
ical type 1 diabetes was defined according to the American
Diabetes Association (ADA) criteria (19) and age at diag-
nosis was recorded.

To evaluate whether height, weight, rate of change in 
height, or rate of change in weight were associated with islet 
autoimmunity or type 1 diabetes during the childhood growth 
phase, we used Cox regression with time-varying covariates 
and time-varying coefficients. The 9 models, grouped by the 3 
analysis timelines, are defined below and are summarized in 
Table 1. Further details of subjects in each analysis are given 
in Supplementary Tables S1-S9 (16).

One year of age (t0) to seroconversion with seroconversion 
events A to D
Model 1A. Cox model with 1 year of age as the start time of 
the analysis and seroconversion with the first of any of IAA, 
GADA, or IA-2A as the outcome, time-dependent covariates 
for height (cm), weight (kg), rate of change in height (cm/
year), rate of change in weight (kg/year), adjusting for sex, 
HLA, and stratifying by study site.
Model 1B to 1D. As Model 1A, but with seroconversion with 
IAA (Model 1B), GADA (Model 1C), or multiple autoanti-
bodies (Model 1D) as the outcome.

One year of age (t0) to type 1 diabetes diagnosis
Model 2. Cox model with 1 year of age as the start time of 
the analysis and type 1 diabetes diagnosis as the outcome, 
time-dependent covariates for height (cm), weight (kg), rate 
of change in height (cm/year), rate of change in weight (kg/
year), adjusting for autoantibody status (binary) of IAA, 
GADA, and IA-2A modeled as time-dependent covariates, as 
well as sex, HLA, and stratifying by study site.

Age at seroconversion (t0) with seroconversion events A to D 
to type 1 diabetes diagnosis
Model 3A. Cox model with age at seroconversion with the 
first of any of IAA, GADA, or IA-2A as the start time of the 
analysis and type 1 diabetes as the outcome, time-dependent 
covariates for height (cm), weight (kg), rate of change in 
height (cm/year), rate of change in weight (kg/year), adjusting 
for age at seroconversion, autoantibody status (binary) of 
each of IAA, GADA, and IA-2A modeled as time-dependent 
covariates, as well as sex, HLA, and stratifying by study site.
Model 3B to 3D. As Model 3A, but with the age at serocon-
version with IAA (Model 3B), GADA (Model 3C), or multiple 
autoantibodies (Model 3D) as the start time of the analysis, 
and type 1 diabetes diagnosis as the outcome.

After fitting these models, we assessed the validity of the 
proportional hazards assumption using a proportional haz-
ards test (20). The covariates for which the proportional 
hazards assumption failed were investigated by plotting 
Schoenfeld residuals. We noted that the associations between 
HLA group B and C (vs group D), height, rate of change of 
height, weight, and the rate of change of weight were asso-
ciated piecewise-linearly with the outcome in at least one of 
the models starting from 1 year of age. Specifically, we noted 
a changepoint in the associations between the outcomes and 
these covariates around 3 years of age in models 1A to 1D 
and model 2. For models 3A to 3D, that is, starting at sero-
conversion, the associations between height, weight, and 
weight rate and type 1 diabetes were piecewise-linear with a 
changepoint at 3.3 years from seroconversion. Therefore, we 
also performed all analyses separately for ages 1-3 years and 
3-8 years for models 1A to 1D and 1-3.3 years and 3.3+ years
from seroconversion for model 3. The reported P values are
nominal and not adjusted for multiple comparisons. P values
below 0.01 were considered statistically significant, and those
between 0.01 and 0.05 as marginally statistically significant.
All analyses were performed in R v3.6.1 (www.r-project.org),
using packages survival (v3.1-8) and survminer (v0.4.6) for
the survival analysis.

Results
The characteristics of the full dataset used in this manuscript 
are summarized in Table 2. There were 10 145 participants, 
61% from Finland and 12% to 13% each from Sweden, 

Table 1. Characteristics of 9 models

Model Start (t0) Outcome Islet Autoantibody 
seroconversion event 

Adjustments Subjects 
(events) (n) 

1A Age = 1 year Seroconversion Any (IAA, GADA, or 
IA-2A)

Sex, HLA 10 008 (592)

1B IAA 10 045 (361)

1C GADA 10 086 (458)

1D Multiple 10 070 (359)

2 Age = 1 year Type 1 diabetes n/a Sex, HLA, islet autoantibody 
seroconversion event

10 144 (131)

3A Seroconversion Type 1 diabetes Any (IAA, GADA, or 
IA-2A)

Sex, HLA 720 (92)

3B IAA 458 (77)

3C GADA 508 (70)

3D Multiple 428 (92)

http://www.r-project.org
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Germany, and the United States. The majority of the children 
had the HLA genotype belonging to risk group B (n = 4941, 
48.7%) while 2300 (22.7%) belonged to HLA group D, 
which served as the reference group in the analysis. The mean 
(SD) duration of follow-up was 6.9 (1.6) years. During that 
time the average number of height and weight measurements 
available per subject was 8.1 (5.1) and 8.2 (5.0), respectively. 
Additionally, on average, we imputed 1.2 (2.0) measurements 
for height and 1.1 (2.0) for weight.

One Year of Age (t0 in the analysis) to 
Seroconversion (Fig. 1)
Overall, in this part of the analyses, we noted a statistically 
significant positive association between each of the outcomes 
and rate of change in height over time in cm/year (height rate) 
for children in both the 1-3 years and 3-8 years age groups 
(Fig. 1A-D). Height was negatively associated with serocon-
version with any of IAA, GADA, or IA-2A (Fig. 1A) as well 
as with GADA (Fig. 1C). The rate of change in weight over 
time in kg/year (weight rate) in children from 1 to 3 years of 
age tended to be negatively associated with seroconversion, as 
evidenced by the HR estimates being consistently < 1, albeit 
not statistically significantly. In all 4 analyses, we noted stat-
istically significant positive associations between HLA group 
A (highest risk of type 1 diabetes) vs D (lowest risk) and all 
outcomes, as well as HLA group B vs D for 2 outcomes with 
multiple autoantibodies (Fig. 1A and 1C). Additional details 
on the main results from each of the 4 models (Fig. 1A-1D) 
are provided below.

The Cox regression analysis from 1  year of age to 
seroconversion with the first of any of GADA, IAA, or 
IA-2A as the outcome was based on a sample size of 
10 008 and 592 events (Fig. 1A). The estimated HR and 
the associated 95% CI of the association between height 
(cm) and the outcome was HR = 0.95 (95% CI = 0.93,
0.97), P < 0.001. The rate of change in height (cm/year)
was associated with the outcome in children 1-3 years of
age (HR = 1.26 [1.05, 1.51], P = 0.014) and in children
3-8  years of age (HR = 1.48 [1.28, 1.73], P < 0.001)
(Fig. 1A).

The analysis from 1 year of age to seroconversion with 
IAA was based on n = 10 045 and 361 events (Fig. 1B). 
The rate of change in height (cm/year) was positively 
associated with seroconversion with IAA in children 
1-3 years of age (HR = 1.32 [1.08, 1.63], P = 0.008), but
not for children 3-8 years of age (HR = 1.13 [0.90, 1.43],
P = 0.283) (Fig. 1B).

The analysis from 1  year of age to seroconversion with 
GADA as the outcome was based on n = 10 086 and 458 
events (Fig. 1C). Seroconversion with GADA was nega-
tively associated with height (cm) (HR = 0.97 [0.94, 
0.99], P = 0.008), and positively associated with the 
rate of change in height (cm/year) in children 1-3  years 
of age (HR = 1.30 [1.05, 1.61], P = 0.015), and in chil-
dren 3-8  years of age (HR = 1.52 [1.28, 1.81], P < 0.001)  
(Fig. 1C).

Lastly, the analysis from 1 year of age to seroconversion 
with multiple autoantibodies as the outcome was based on 
n = 10 070 and 359 events (Fig. 1D). The rate of change in 
height (cm/year) was positively associated with this out-
come in children 1-3  years of age (HR = 1.47 [1.19, 1.82], 
P < 0.001), and in children 3-8 years of age (HR = 1.33 [1.07, 
1.65], P = 0.009) (Fig. 1D).

One Year of Age (t0) to Type 1 Diabetes (Fig. 2)
The Cox regression analysis from 1  year of age to type 1 
diabetes as the outcome was based on n = 10  144 subjects 
and 131 events (Fig. 2). The direction of the association be-
tween height (cm) and the outcome was positive, though not 
statistically significant (HR = 1.05 (1.00, 1.10), P = 0.072). 
The results for the height rate and the weight rate were con-
sistent with those summarized above in “One Year of Age (t0 
in the analysis) to Seroconversion” for seroconversion as the 
outcome. Specifically, the HR estimates for height rate (cm/
year) for ages 1-3 and 3-8 were > 1, and those for the weight 
rate (kg/year) were < 1. However, none of these associations 
were found to be statistically significant. As before, HLA 
group A  vs D was positively associated with the outcome. 
Additionally, a positive association between IAA positivity (vs 
negativity) and development of type 1 diabetes by age 8 years 
was observed (HR = 3.91 [2.41, 6.22], P < 0.001), and simi-
larly between IA-2A positivity (vs negativity) and type 1 dia-
betes (HR = 39.5 [21.3, 73.3], P < 0.001) (Fig. 2).

Seroconversion With Seroconversion Event A-D (t0) 
to Type 1 Diabetes (Fig. 3)
The results in the analyses starting from age at seroconversion 
up to type 1 diabetes as the outcome were relatively consistent 
regardless of the type of seroconversion (Fig. 3). The HR es-
timate for the height rate was > 1 in all 4 analyses but was 
only marginally statistically significant. The rate of change in 

Table 2. Characteristics of the T1DI Study growth rate analysis 
dataset (n = 10 145)

Participants by study and country, n (%)

BABYDIAB, Germany 1324 (13.1) 

DAISY, United States 1373 (13.5)

DiPiS, Sweden 1233 (12.2)

DIPP, Finland 6215 (61.3)

Duration of follow-up from 1 to 8 years of age 
(years), mean (SD)

6.94 (1.61)

Number of growth measures available per subject, mean (SD)

 Height 8.12 (5.05)

 Weight 8.24 (5.01)

Number of imputed growth measures per subject, mean (SD)

 Height 1.24 (1.95)

 Weight 1.13 (1.96)

HLA group, n (%)

 A 1369 (13.5)

 B 4941 (48.7)

 C 1535 (15.1)

 D 2300 (22.7)

Number of events (n (%))

Seroconversion with IAA, GADA, or IA-2A 592 (5.8)

Seroconversion with IAA 361 (3.6)

Seroconversion with GADA 458 (4.5)

Seroconversion with multiple persistent 
autoantibodies

359 (3.5)

Type 1 diabetes 131 (1.3)
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weight (in kg/year) was negatively associated with risk of type 
1 diabetes, especially for children older than 3.3 years from 
seroconversion, with HRs ranging from 0.21 to 0.26 in the 4 
analyses. The association between a lower rate of weight gain 
and diagnosis of type 1 diabetes was estimated at HR = 0.21 
(0.09, 0.5), P < 0.001 after 3.3  years after seroconversion 
with any of GADA, IAA, IA-2A (Fig. 3A); HR = 0.25(0.09, 
0.70), P = 0.009 after 3.3 years after seroconversion with IAA 
(Fig. 3B); HR = 0.25 (0.09, 0.72), P = 0.010 after 3.3 years 
after seroconversion with GADA (Fig. 3C); and HR = 0.26 
(0.11, 0.63), P = 0.003 after 3.3  years after seroconversion 
with multiple autoantibodies (Fig. 3D). For all analyses, 
subjects positive for IA-2A were more likely to be diagnosed 
with type 1 diabetes compared with those who were negative 
(Fig. 3A-3D). Similar associations between IAA positivity and 

development of type 1 diabetes were also seen (Fig. 3A-C). In 
this analysis, the HLA risk group was not found to be associ-
ated with development of type 1 diabetes (Fig. 3).

Discussion
In this analysis, specifically focusing on the age range 1.0 to 
8.0 years, rapid childhood growth was associated with both 
onset of islet autoimmunity and progression from that to clin-
ical type 1 diabetes. Although the strength of the association 
varied slightly depending on the type of the first appearing 
autoantibody, rapid height rate consistently predicted islet 
autoimmunity, as well as development of diabetes from islet 
autoimmunity, although less significantly compared with the 
islet autoimmunity endpoint. The well-known association of 

Figure 1. One year of age (t0 in the analysis) to seroconversion. Summary of the results of Cox regression analyses to estimate the association 
between height (cm), weight (kg), and rate of change in height (cm/year) and weight (kg/year), and age at seroconversion with 4 seroconversion types 
(panels A-D) starting at 1 year of age, adjusting for sex and HLA risk group, and stratifying by study site. The forest plots are a visual representation of 
log-transformed hazard ratios (HR) and their associated 95% CI reported to the left of the plot in each panel. The panels differ by the outcome. In the 
top-left panel (Model 1A), the outcome is seroconversion with the first of any of IAA, GADA, or IA-2A; in the top-right panel (Model 1B) the outcome is 
seroconversion with IAA; in the bottom-left panel (Model 1C), the outcome is seroconversion with GADA; and in the bottom-right panel (Model 1D), the 
outcome is seroconversion with multiple autoantibodies.
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HLA class  II genotype with the risk of islet autoimmunity 
and type 1 diabetes was also evident (21) and was taken 
into account in our analysis of the putative growth effect. 
Interestingly, height was inversely associated with the risk of 
autoimmunity, suggesting that subsequent catch-up growth is 
connected to the risk. This is also consistent with the findings 
in the TEDDY study, in which lower height rate in infancy 
and higher height rate in early childhood were associated 
with more rapid progression from autoimmunity to diagnosis 
of type 1 diabetes (8). In most previous studies, infant and 
childhood growth periods have been analyzed together rather 
than separately, which may explain many inconsistencies in 
the previous findings.

In contrast to height rate, weight rate was inversely as-
sociated with the rate of progression to type 1 diabetes. We 
hypothesize that this phenomenon is caused by the typical 
weight loss before the clinical diagnosis. Otherwise, we should 
expect weight to increase together with height. On the other 
hand, here the association of rapid linear growth with the 
disease process cannot be explained by an increase in body 
weight. It is typical that development of overweight is asso-
ciated with slightly accelerated height rate, but here the chil-
dren experienced weight loss due to deteriorating endogenous 
insulin secretion and gradual development of hyperglycemia 
and polyuria before the diagnosis. However, there was also an 
inverse association with weight rate and onset of islet auto-
immunity, which cannot be explained by preclinical weight 

loss and needs further investigation. This was also different 
from the result of the German Fr1da study which showed that 
obesity but not overweight was associated with an increased 
risk of islet autoimmunity (22).

Regulation of growth is described by an infancy-childhood-
puberty (ICP) growth model which refers to differential regu-
latory mechanisms in infancy, childhood, and puberty (9). 
Infant growth is often considered a continuation of fetal 
growth that rapidly decelerates during the first year of life, 
whereafter childhood growth continues until the end of pu-
berty and the pubertal growth spurt overlaps it during the 
last few years before adult stature is achieved. Nutrition is 
the main driver of growth in infancy, while growth hormone 
is the most important factor affecting height development 
in childhood, and sex hormones induce the pubertal growth 
spurt (23). Most previous studies on the association of 
growth with the risk of islet autoimmunity and type 1 dia-
betes have analyzed infant and childhood growth together. 
This approach may have obscured features that were specific 
to these distinct growth periods. The present data strongly 
point to a link between childhood growth and risk of islet 
autoimmunity and diabetes. Our results are in agreement 
with those from the TEDDY study that showed a positive as-
sociation of accelerated childhood growth with progression 
to diabetes (8). Interestingly, the same study showed an in-
verse association between rapid infant growth and progres-
sion to diabetes, emphasizing the importance of analyzing 

Figure 2. One year of age (t0) to type 1 diabetes diagnosis. Summary of the results of Cox regression analysis to estimate the association between 
height (cm), weight (kg), and rate of change in height (cm/year) and weight (kg/year), and time to type 1 diabetes diagnosis starting at 1 year of age, 
adjusting for sex, HLA risk group, IAA, GADA, and IA-2A status, and stratifying by study site. The forest plot is a visual representation of log-transformed 
hazard ratios (HR) and their associated 95% CI reported to the left of the plot.
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growth rates at distinct time periods. It is also in agreement 
with our finding of negative association of height and devel-
opment of islet autoimmunity by age 8 years. In the TRIGR 
study, the risk of islet autoimmunity with multiple autoanti-
bodies was positively associated with the child’s height vel-
ocity during the first 2 years of life (24). In the DAISY study, 
greater height growth velocity of children over 2 years of age 
was associated with both increased risk of islet autoimmunity 
and type 1 diabetes (2). Blom et al reported that linear growth 

was positively associated with diabetes risk in Swedish boys, 
while the association remained nonsignificant in girls albeit 
the trend was similar (1). In our analyses, male sex was asso-
ciated with an earlier onset of islet autoimmunity, but growth 
rate association was independent of sex.

We do not know whether there is a causal relationship be-
tween a rapid growth rate and the risk of islet autoimmunity 
and further progression to type 1 diabetes. However, rapid 
growth usually comes with high growth hormone and 

Figure 3. Time of seroconversion (t0 in the analysis) to type 1 diabetes diagnosis. Summary of the results of Cox regression analyses to estimate 
the association between height (cm), weight (kg), and rate of change in height (cm/year) and weight (kg/year), and time to type 1 diabetes diagnosis, 
starting from the age at seroconversion with 4 seroconversion types (Models A-D), adjusting for sex, HLA risk group, IAA, GADA, and IA-2A status, age 
at seroconversion, and stratifying by study site. The forest plots are a visual representation of log-transformed hazard ratios (HR) and their associated 
95% CI reported to the left of the plot in each panel. The analyses results summarized in each panel differ by the starting point of the analysis, the 
outcome in all panels is time to type 1 diabetes. In the top-left panel (Model 3A), the analysis start time is seroconversion with the first of any of 
IAA, GADA, or IA-2A; in the top-right panel (model 3B), the analysis starts at the time of seroconversion with IAA; the bottom-left panel (Model 3C) 
summarizes an analysis starting from the age of seroconversion with GADA; and in the bottom-right panel (Model 3D) the analysis start time is age at 
seroconversion with multiple autoantibodies.
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insulin-like growth factor 1 (IGF-1) levels, which may interact 
with insulin and glucose metabolism. The roles of growth 
hormone and IGF-1 are not similar in infancy and child-
hood, as infant growth is less dependent on growth hormone 
than childhood growth. We do not have data for IGF-1 in 
the T1DI cohort in order to evaluate whether there were any 
associations between IGF-1 levels and the risk of islet auto-
immunity or type 1 diabetes. Beyerlein et al measured IGF-1 
and insulin-like growth factor binding protein-3 (IGFBP-3) 
in a subset of children but found no association with the risk 
of islet autoimmunity (25). In their study, early age at infant 
peak body mass index (BMI) was inversely associated with 
the risk of islet autoimmunity, whereas height growth rate 
from infancy forward was not. In further analyses, rapid in-
crease of BMI from infancy to 3 years of age was positively 
associated with an increased risk of islet autoimmunity, 
whereas a pattern of higher height SD score at birth followed 
by a decrease to average values after 3 years was associated 
with a reduced rate of islet autoimmunity (26). These latter 
findings are in agreement with our results, although the study 
combined data from infancy and childhood growth. In the 
T1DBIT and DIABIMMUNE studies, lower IGF-1 levels were 
reported in children with islet autoimmunity and type 1 dia-
betes than in autoantibody-negative children (27, 28), which 
may be caused by decreased intraportal insulin levels leading 
to growth hormone resistance in the liver and thereby to 
lower IGF-1 production (29). This leads to increased growth 
hormone secretion due to declined negative feedback by IGF-
1, and consequently growth hormone can stimulate paracrine 
secretion of IGF-1 in the growth plate to stimulate growth. 
While we speculate that this may be true in this setting, it 
is known that severe long-standing hyperglycemia and con-
comitant high levels of growth hormone may be associated 
with impaired growth, so-called Mauriac syndrome.

Rapid growth presents a high metabolic demand to the 
beta cells causing endoplasmic reticulum stress and oxida-
tive stress, which have been hypothesized to originate beta 
cell demise and subsequent autoimmunity (30). This is diffi-
cult to measure in vivo and remains therefore hypothetical. 
However, the clear association between childhood growth 
rate and the risk of islet autoimmunity and progression to 
type 1 diabetes gives us an insight into further research needs. 
New biomarkers of beta cell stress and apoptosis need to be 
identified and validated.

The strengths of the study are prospective systematic col-
lection of data, its large study population and representation 
of multiple nationalities, which makes the findings more gen-
eralizable. Our study also has some limitations. We were not 
able to analyze the infant growth phase, which limits com-
parability to earlier studies covering growth from birth on-
wards. The T1DI cohort comprises 5 studies, each of which 
had its own study protocol. Visit schedules varied, as well as 
inclusion criteria (HLA criteria or family history). Despite 
these differences, it was possible to combine and harmonize 
the data to make the analyses described in this manuscript 
possible.

In conclusion, rapid height growth rate in childhood is 
associated with increased risk of islet autoimmunity and, 
among subjects who seroconverted with IAA, with rapid pro-
gression to type 1 diabetes. Including rapid childhood growth 
in risk score models may improve the prediction accuracy 
of time to islet autoimmunity and type 1 diabetes. Further 
work is needed to investigate how much improvement in the 

risk score can be gained, as well as to elucidate the biological 
mechanism that may explain these associations.
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