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OBJECTIVE

Type 1 diabetes is described to have an acute onset, but autoantibodies can
appear several years preceding diagnosis. This suggests a long preclinical phase,
which may also include metabolic parameters. Here we assessed whether eleva-
tions in glycemic, lipid, and other metabolic biomarkers were associated with
future type 1 diabetes risk in adults.

RESEARCH DESIGN AND METHODS

We studied 591,239 individuals from the Swedish AMORIS cohort followed from
1985–1996 to 2012. Through linkage to national patient, diabetes, and prescrip-
tion registers, we identified incident type 1 diabetes. Using Cox regression mod-
els, we estimated hazard ratios for biomarkers at baseline and incident type 1
diabetes. We additionally assessed trajectories of biomarkers during the 25 years
before type 1 diabetes diagnosis in a nested case-control design.

RESULTS

We identified 1,122 type 1 diabetes cases during follow-up (average age of
patient at diagnosis: 53.3 years). The biomarkers glucose, fructosamine, triglycer-
ides, the ratio of apolipoprotein (apo)B to apoA-I, uric acid, alkaline phosphatase,
and BMI were positively associated with type 1 diabetes risk. Higher apoA-I was
associated with lower type 1 diabetes incidence. Already 15 years before diagno-
sis, type 1 diabetes cases had higher mean glucose, fructosamine, triglycerides,
and uric acid levels compared with control subjects.

CONCLUSIONS

Alterations in biomarker levels related to glycemia, lipid metabolism, and inflam-
mation are associated with clinically diagnosed type 1 diabetes risk, and these
may be elevated many years preceding diagnosis.

Type 1 diabetes accounts for 99% of all diabetes in children and adolescents but
can develop at any age. Notably, a recent study based on data from UK biobank
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estimated that 42% of all cases are
diagnosed among patients between
ages 30 and 60 years (1). Research
regarding the pathogenesis of type 1
diabetes with adult onset is limited, but
it has been shown that adult patients
often present with only one autoanti-
body, whereas children tend to be posi-
tive for multiple autoantibodies. Patients
with onset in adulthood are also des-
cribed to have less severe decline in
insulin secretion and a longer asymptom-
atic period compared with children and
adolescents (2,3). Furthermore, it has
been proposed that insulin resistance
contributes to the development of auto-
immune diabetes in adults, especially for
the subgroup with latent autoimmune
diabetes in adults (4,5).
Type 2 diabetes is known to develop

over a long period of time through a pre-
diabetes stage with elevated blood
glucose levels. In line with this, we previ-
ously found that individuals who devel-
oped type 2 diabetes differed from those
who did not in terms of several glycemia-
and lipid-related biomarkers up to 25
years prior to diagnosis (6). Type 1 diabe-
tes, on the other hand, is described to
have an acute onset, and symptoms can
develop quickly over a few weeks or
even days. However, the first autoanti-
body indicating an autoimmune reaction
typically occurs several years prior to
manifestation of type 1 diabetes, suggest-
ing a long preclinical phase (7). Similarly,
it has been shown that adults who
develop diabetes can have autoantibodies
10 years prior to diagnosis (8–10).
It is possible that other metabolic

processes are operating in parallel, or
perhaps even prior, to appearance of
autoantibodies. Metabolic alterations,
including lipid species and amino acids,
have indeed been found in asymptom-
atic children who later develop type 1
diabetes (11,12). Corresponding studies
in adults are, however, lacking. The aim
of the current study was to describe
alterations in biomarkers reflecting gly-
cemia and lipid metabolism, as well as
inflammatory markers, and the risk of
adult-onset type 1 diabetes and to assess
their temporal relationship with the dev-
elopment of type 1 diabetes. This knowl-
edge could increase our understanding of
metabolic changes that occur during the
development of type 1 diabetes in adults.

RESEARCH DESIGN AND METHODS

Study Population
The Swedish AMORIS (Apolipoprotein-
related MOrtality RISk) cohort has previ-
ously been described (13). In brief, this
longitudinal cohort consists of 812,073
individuals who predominantly lived in
Stockholm, Sweden, and who underwent
health examinations through either occu-
pational health checkups or outpatient
visits between 1985 and 1996 (baseline
period). The AMORIS cohort included
�35% of people living in the greater
Stockholm area at the inclusion time,
and sociodemographic characteristics
were comparable with the general work-
ing population in Stockholm (13), whereas
the mortality rate was lower than for the
general population as a whole (6). Eligible
for the current study were all individuals
with at least one biomarker measure-
ment of interest in the baseline period
(n = 623,152). We excluded all individuals
with a documented diagnosis of diabetes
at baseline in any of the registers des-
cribed below, or suspicion of diabetes at
baseline (glucose >7.8 mmol/L or fructos-
amine >2.3 mmol/L or HbA1c >6.4%)
(n = 31,913), resulting in an analytical
sample of 591,239 individuals. Using the
unique Swedish personal identity number,
study participants were followed until 31
December 2011 by linkage to the Swedish
Cause of Death Register, the National
Patient Register (PR), the National Diabe-
tes Registry (NDR), and the Prescribed
Drug Register (PDR). Country of birth and
occupational status were ascertained
from the Swedish Censuses from 1970
to 1990—whichever was closest to the
first measurement. Gainfully employed
individuals were classified as manual and
lower nonmanual workers or higher non-
manual workers, representing low and
high socioeconomic status, respectively.

This study complied with the Declara-
tion of Helsinki and was approved by
the regional ethics committee at Karo-
linska Institutet, Stockholm, Sweden
(registration no. 2010/1:7).

Biomarkers
All laboratory analyses were performed
on fresh blood samples at the accredited
CALAB laboratory (Stockholm, Sweden)
using standardized, automated, and well-
documented methodologies (6,13,14). In
the current study, we included informa-
tion on date of health examination (blood

sampling), fasting status, and blood levels
regarding glucose, fructosamine, triglycer-
ides, total cholesterol, apolipoprotein
(apo)A-I, and apoB and the apoB–to–
apoA-I ratio. In addition, we included
information from haptoglobin, uric acid,
albumin, C-reactive protein, leukocyte
count, urea, g-glutamyl transferase, and
alkaline phosphatase. The majority of
these biomarkers were part of a stan-
dard analysis package, which repre-
sented regular health screenings (13),
and have previously been studied in rela-
tion to type 2 diabetes (6). Furthermore,
we obtained information on BMI from
health examinations for a proportion of
the study population (25%). Information
on HbA1c was only available for 13,811
(2.3%) of the cohort population and
could not be used in the current study.
Fructosamine was available for most
study participants, has been shown to
correlate well with HbA1c in subjects
with type 1 diabetes, and does not
require fasting samples (15).

Identification of Incident Type 1
Diabetes
For identification of incident type 1 dia-
betes cases, we used information from
NDR (16), PR (17), and PDR (18). In
total, 2,534 individuals had a record of
type 1 diabetes in NDR or PR during fol-
low-up. Individuals with a type 2 diabe-
tes record at any time, in either register,
were not included. To additionally exclude
any potentially misclassified type 2 diabe-
tes cases, we specified that patients with
type 1 diabetes have an age of diagnosis
of <30 years, a record of insulin prescrip-
tion, or a combination of these (n =
1,122) (Supplementary Fig. 1). Further
details can be found in Supplementary
Material.

Statistical Analyses
Baseline characteristics for the full study
population and for case and control sub-
jects in the nested case-control setup
are displayed as mean values and SD for
continuous variables and as proportions
for categorical variables.

In the prospective cohort analysis, we
estimated hazard ratios (HR) with 95%
CI for type 1 diabetes in relation to bio-
markers using Cox proportional hazards
regression models. Age was the under-
lying time scale to obtain flexible, non-
parametric adjustment for age (19), and
person-years were accumulated from
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age at baseline until age at diabetes
diagnosis, death, or end of follow-up,
31 December 2011. These models were
adjusted for sex, age (timescale), calen-
dar time, fasting status (overnight fasting
vs. nonfasting), socioeconomic status,
and country of birth. We investigated
the assumption of proportional hazards
by applying the x2 test based on Schoen-
feld residuals. If the assumption was vio-
lated regarding a confounder, we applied
Cox models with interaction between
the confounder and age in the model. To
estimate and evaluate nonproportional
effect and dependence on age, we addi-
tionally performed analysis stratified by
median and quartiles of age at bio-
marker measurement.

In these analyses, we used the stan-
dardized, continuous variable values to
allow that a 1-unit change in HR corre-
sponds to the change of 1 SD in the
standardized variable. We additionally
dichotomized variables to estimate the
HR associated with high compared with
low levels of the biomarkers; cutoffs for
the high levels were set according to
published guidelines or previous publi-
cations on the AMORIS cohort (6,15,20).
We performed a logarithmic transforma-
tion of the continuous variables triglycer-
ides and BMI to approximate nor-
mally distributed values.

In addition, we conducted a nested
case-control analysis within the cohort
for all biomarkers. In this analysis, all
incident type 1 diabetes cases were
included, as well as 25 randomly sel-
ected control subjects per cases based
on incidence density sampling through
calendar year (21) and individual match-
ing by sex and age-group (5-year inter-
val). We defined the index date based
on the date of type 1 diabetes diagnosis
for case subjects and the date of selec-
tion for the control subjects. We per-
formed conditional logistic regression and
estimated associations between the bio-
markers and type 1 diabetes with odds
ratios (ORs) and 95% CI. All models were
adjusted as described above.

To compare biomarker values between
case and control subjects at given time
points, we created population trajectories
using mean biomarker values for each
year, up to 25 years prior to diagnosis.
These trajectories were based on a single
measurement per individual and, hence,
represent not alterations of biomarker
levels for an individual over time but,

rather, the mean value of case and con-
trol subjects, respectively; the methodol-
ogy has previously been described (22).
For each biomarker, we estimated wei-
ghted means and 95% confidence bands
based on matching criteria as described
above, for both case and control subjects
and for each year prior to type 1 diabetes
diagnosis.

All analyses were performed in R
Studio with R, version 3.6.2; for details
on packages used, see Supplementary
Material.

Sensitivity Analysis
To exclude any potentially misclassifica-
tion of subjects with type 2 diabetes, we
repeated the main analyses including
only individuals age <30 years and <40
years, respectively, at end of follow-up;
8.9% and 22.6% of type 1 diabetes case
subjects had an age of onset #30 and
#40 years, respectively. Furthermore, we
performed additional analyses excluding
individuals prescribed any oral glucose-
lowering therapy, as well as requiring
insulin prescription for all case subjects
within 1 year of diagnosis.

We additionally performed stratified
analyses by running separate models
for women and men, and younger and
older individuals (with median age or
age quartiles of age at blood sampling
as cutoffs), to assess the potential varia-
tion by sex and age. For details on anal-
ysis both limited to fasting samples and
adjusted for BMI, see Supplementary
Material.

RESULTS

Cohort Analysis
Overall, average age of cohort patients
was 44 years at blood sampling. The
cohort consisted of slightly more males
than females, and the majority of indi-
viduals were nonmanual workers. During
the follow-up period, 1,122 individuals
were diagnosed with type 1 diabetes,
with an incidence rate of 10.2 per
100,000 person-years.

Average age of type 1 diabetes case
subjects was 53 years at disease onset
(age ranging from 8 to 94 years), and
8.4% of all case subjects had a recorded
disease onset of <30 years of age. Fur-
thermore, there was a higher propor-
tion of men and a higher proportion of
nonmanual workers among type 1 dia-
betes cases compared with indivi-

duals without type 1 diabetes (Table 1).
The average time from blood sampling
to diagnosis was 11 years.

In using biomarkers as continuous
variables, the glycemia-related markers
glucose and fructosamine, as well as
the markers of lipid metabolism trigly-
cerides, apoB, and apoB–to–apoA-I ratio,
were positively associated with risk of
developing type 1 diabetes (Table 2). In
addition, we found a positive association
with type 1 diabetes risk for BMI, uric
acid, haptoglobin, C-reactive protein, and
leukocyte count, as well as the bio-
markers g-glutamyl transferase and alka-
line phosphatase. For apoA-I, on the
other hand, we found a negative associa-
tion with type 1 diabetes risk (Table 2).
Overall, we found somewhat stronger
associations in older individuals (Supple-
mentary Table 1). Among these bio-
markers, the associations for glucose,
fructosamine, triglycerides, apoA-I, uric
acid, and alkaline phosphatase were
independent of age and sex (Table 3 and
Supplementary Table 1). Sensitivity anal-
ysis using only biomarker values obt-
ained from blood samples drawn after
overnight fasting did not change the
results (Supplementary Table 1).

To exclude potential misclassification
of type 2 diabetes, we repeated the
analyses including only individuals with
age of onset <30 years. For this sub-
group, the associations with type 1 dia-
betes risk for the biomarkers glucose,
fructosamine, apoB–to–apoA-I ratio, and
alkaline phosphatase remained (Table 3).
Restricting the analysis to case subjects
without any oral glucose-lowering ther-
apy yielded similar associations for the
majority of biomarkers (Supplementary
Table 1). Finally, in repeating the analysis
including only case subjects with insulin
prescribed within 1 year of diagnosis
(only possible for 28.3% of cases, diag-
nosed from 2005 onward when the PDR
was started), the associations with glu-
cose, triglycerides, and uric acid remained
significant (Supplementary Table 1).

We obtained similar results when
comparing high with low levels of bio-
markers (Supplementary Table 2). Simi-
lar to biomarkers used as continuous
variables, the associations for high lev-
els of glucose, fructosamine, triglycer-
ides, apoA-I, uric acid, g-glutamyl
transferase, and alkaline phosphatase
were independent of age and sex of
the individuals, and overall, we found
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more pronounced associations in indi-
viduals with older age (Supplementary
Table 3 and Supplementary Table 4).

Nested Case-Control Study Analysis
The case-control analyses yielded bio-
marker–type 1 diabetes associations sim-
ilar to those obtained with the full
cohort (Supplementary Table 5). By plot-
ting mean biomarker levels by time to
index year, we found that type 1 diabe-
tes case subjects had consistently higher
levels of glucose, fructosamine, triglycer-
ides, and uric acid up to 15 years before
diagnosis compared with control sub-
jects (Fig. 1). The mean levels of other
biomarkers did not differ significantly
between case and control subjects prior
to diagnosis (Supplementary Fig. 2);
spikes occurring in some of the plotted
biomarker levels are likely due to small
numbers of case subjects at certain time
points.

Glucose levels were higher in type 1
diabetes case subjects, with an average
of 5.42 mmol/L (95% CI 5.16–5.68) at 15
years before diagnosis and an average dif-
ference of 0.57 mmol/L in comparison
with control subjects. Two years prior
to diagnosis, the average glucose levels

reached 5.67 mmol/L (95% CI 4.94–6.39),
indicating prediabetes. Fructosamine lev-
els were elevated in type 1 diabetes cases
15 years prior to diagnosis (average 2.17
mmol/L [95% CI 2.11–2.22]), and the dif-
ference between case and control sub-
jects increased inversely to time of
diagnosis (average difference 5 years
prior to diagnosis 0.08 mmol/L [95% CI
0.03–0.14]).

Triglyceride levels were elevated in
type 1 diabetes case subjects up to two
decades prior to diagnosis, with average
levels of 2.09 mmol/L (95% CI 1.70–2.49)
and an average difference of 0.81 mmol/L
(95% CI 0.46–1.15) compared with control
subjects 16 years prior to diagnosis. Simi-
larly, levels of uric acid were elevated in
type 1 diabetes cases 15 years prior to
diagnosis compared with control subjects
(average difference 42.34 mmol/L [95% CI
18.83–65.84]), but these differences bet-
ween case and control subjects decreased
again and leveled off in the years preced-
ing type 1 diabetes diagnosis.

To account for the influence of BMI
on biomarkers of lipid metabolism, we
repeated the analysis for the biomarkers
triglyceride, apoA-I, and the apoB–to–
apoA-I ratio with additional adjustment

for BMI; the HRs were comparable, but
the CIs were wider (Supplementary
Table 5B).

CONCLUSIONS

In our population-based, longitudinal
study, we found that biomarkers related
to glycemia, lipid metabolism, and inflam-
mation were associated with future type
1 diabetes risk. Furthermore, the levels of
glucose, fructosamine, triglycerides, and
uric acid were elevated in case subjects
up to 15–20 years prior to diagnosis com-
pared with randomly selected population
control subjects. These results indicate
that metabolic conditions influencing the
development of type 1 diabetes in adults
may operate decades before disease
manifestation.

We found increased incidence of
type 1 diabetes associated with higher
levels of triglycerides, apoB, and espe-
cially elevated apoB–to–apoA-I ratio.
Studies in childhood type 1 diabetes
also found dysregulation of lipid metab-
olism prior to diagnosis (11,12,23); con-
sistent with our findings, data from the
German BABYDIAB study showed inc-
reased levels of triglycerides and other
lipids in autoantibody-positive children

Table 2—HRs and 95% CIs of type 1 diabetes for continuous biomarkers

Biomarker Person-years Case subjects, n (%)

HR (95% CI)

Model 1 Model 2

Biomarkers related to glycemia
Glucose (mmol/L) 9,887,018 987 (0.19) 1.66 (1.59–1.73) 1.72 (1.65–1.80)
Fructosamine (mmol/L) 7,956,801 813 (0.19) 1.50 (1.40–1.61) 1.45 (1.35–1.56)

Biomarkers of lipid metabolism

Triglycerides (mmol/L) 10,196,681 1,040 (0.19) 1.49 (1.41–1.58) 1.49 (1.40–1.58)
Total cholesterol (mmol/L) 10,227,990 1,040 (0.19) 1.05 (0.98–1.12) 1.06 (0.99–1.13)
ApoB–to–apoA-I ratio 2,810,460 305 (0.19) 1.36 (1.25–1.49) 1.35 (1.23–1.48)
ApoA-I (g/L) 3,306,276 348 (0.19) 0.65 (0.58–0.73) 0.67 (0.59–0.76)
ApoB (g/L) 3,035,459 332 (0.19) 1.20 (1.08–1.34) 1.17 (1.05–1.31)

Biomarkers related to inflammation

Haptoglobin (g/L) 8,145,669 823 (0.20) 1.16 (1.09–1.24) 1.16 (1.09–1.24)
Uric acid (mmol/L) 9,537,617 964 (0.19) 1.43 (1.35–1.52) 1.46 (1.36–1.57)
Albumin (g/L) 9,202,623 930 (0.19) 1.02 (0.95–1.09) 0.97 (0.90–1.04)
C-reactive protein (mg/L) 5,964,550 582 (0.17) 1.05 (1.01–1.09) 1.04 (1.01–1.08)
Leukocytes (109 cells/L) 3,138,493 323 (0.17) 1.08 (1.05–1.12) 1.08 (1.05–1.12)

Other biomarkers

Urea (mmol/L) 7,276,004 745 (0.19) 1.10 (1.03–1.18) 1.05 (0.97–1.14)
g-glutamyl transferase (mkat/L) 9,844,951 1,001 (0.19) 1.09 (1.07–1.11) 1.09 (1.07–1.11)
Alkaline phosphatase (mkat/L) 9,238,047 952 (0.19) 1.16 (1.14–1.19) 1.16 (1.13–1.19)
BMI (kg/m2) 2,387,455 230 (0.17) 1.31 (1.15–1.48) 1.28 (1.12–1.46)

HRs were estimated using adjusted Cox models with attained age as the underlying timescale and date of birth as the time origin. We used
standardized, continuous variable values to allow that a 1-unit change in HR corresponds with the change of 1 SD in the standardized vari-
able. Model 1 was not adjusted for any additional confounders; model 2 was adjusted for sex, age at first blood sampling, fasting status
(overnight fasting vs. nonfasting), occupation, and country of birth.
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(11), whereas downregulated lipid lev-
els, including triglycerides, were found
in children progressing to type 1 diabe-
tes in the Finnish Type 1 Diabetes
Prevention and Prediction Study (DIPP)
(12,23). Notably, these differences were
primarily detected in early infancy prior
to the appearance of autoantibodies
(11,12). High triglycerides and apoB–to–
apoA-I ratio and low apoA-I levels have
been described to be associated with
insulin resistance and adiposity (24,25),
and our findings could thus reflect that
elevated lipid levels contribute to devel-
opment of type 1 diabetes in adults via
adverse effects on insulin sensitivity. In
addition, alkaline phosphatase and uric
acid levels were elevated in individuals
who later developed type 1 diabetes,
and these biomarkers are also associ-
ated with reduced insulin sensitivity,
adiposity, and the metabolic syndrome
(26,27). Finally, we observed a positive
association between BMI and the risk of
type 1 diabetes, which is in line with
previous findings regarding type 1 dia-
betes in children (28,29), including a
recent Mendelian randomization study
(30). Taken together, these results pro-
vide support for the contribution of
reduced insulin sensitivity, adiposity,
and other elements of the metabolic
syndrome to the development of type 1
diabetes in adults. Hypothetically, this
implies that the onset of type 1 diabe-
tes may be delayed by efforts to contain
insulin sensitivity, e.g., weight loss or
increased physical activity. Our findings
differ somewhat from observations in
children, which could reflect that insulin
resistance plays a less crucial role in the
development of childhood type 1 diabe-
tes compared with type 1 diabetes with
adult onset. To our knowledge, this is
the first prospective study investigating
glycemic, lipid, and other metabolic
markers in relation to type 1 diabetes
with adult onset, and validation studies
are clearly warranted.

In theory, the moderate elevations in
biomarkers observed in individuals who
subsequently develop diabetes may
reflect genetic susceptibility. It is indeed
possible that individuals with HLA risk
genotypes or family history of diabetes
have a phenotype that is inherently
more diabetogenic than that of others
(31,32), including higher glucose or lipid
levels. On the contrary, most previous
studies indicate that sporadic type 1
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diabetes is associated with more severe
metabolic disturbances compared with
familial type 1 diabetes (33,34), but these
characteristics have primarily been ass-
essed at time of diagnosis; prospective
data, on the other hand, are scarce.
Notably, the downregulation of lipids
observed before type 1 diabetes diagno-
sis in children was found to be indepen-
dent of HLA genotype (23). Furthermore,
the influence of environmental factors
may also be exerted through alterations
of lipid metabolism or inflammation, and
such factors could potentially include die-
tary factors or virus infections in addition
to overweight and obesity. Since we did
not have information on either genetic or
lifestyle factors, these hypotheses will
need to be explored in future studies.

We previously reported on positive
associations between these biomarkers
(e.g., glucose, fructosamine, triglycer-
ides, apoB–to–apoA-I ratio, and uric
acid) and incidence of type 2 diabetes

in the AMORIS cohort (6). Our findings
regarding type 2 diabetes were strik-
ingly similar to those seen with type 1
diabetes, but biomarker associations
with type 2 diabetes were generally
stronger and with indications of an
even longer preclinical phase. This pro-
vides support for the hypothesis of a
partly shared pathogenesis of diabetes
with adult onset (35), with and without
an autoimmune component. In terms of
genetic background, it should, however,
be noted that the overlap between type
1 and type 2 diabetes appears to be
minor (36).

The strengths of our study include
the population-based design and the
size of the study, including >500,000
individuals and up to 1,000 type 1 dia-
betes cases and the long follow-up
period of up to 25 years. Furthermore,
the biomarker measurements were per-
formed on fresh blood samples in the
same laboratory with a well-docu-

mented and consistently implemented
methodology, assuring high quality of
the biomarkers. The use of the PR in
combination with the NDR and the PDR
allowed a high coverage of all patients
with type 1 diabetes (37) and, together
with the Swedish Cause of Death Regis-
ter and population registers, ensured
minimal loss to follow-up. Our approach
to defining type 1 diabetes cases was
rigorous and included several steps to
ensure exclusion of type 2 diabetes.
Notably, we could verify a type 1 diabe-
tes diagnosis using multiple sources and
exclude all individuals who at any time,
in any register, received a type 2 diabe-
tes diagnosis. In addition to being exclu-
sively registered with type 1 diabetes,
the additional criteria of insulin treat-
ment or age #30 years at diagnosis was
used. It should be noted that a diagno-
sis of type 1 diabetes based on informa-
tion in NDR has been shown to be
accurate in 97% of cases with age of

Figure 1—Trajectories of biomarker values during the 20 years before the diagnosis of type 1 diabetes.Weighted mean biomarkers values and 95%
confidence bands are plotted by time to index date for type 1 diabetes case subjects (red) and control subjects (blue). Graphs for additional bio-
markers can be found in Supplementary Fig. 1.
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onset <30 years (16). We additionally
performed sensitivity analyses restricted
to 1) samples obtained after overnight
fasting, 2) case subjects both age <30
years and age <40 years at end of fol-
low-up, and 3) case subjects without
any record of oral glucose-lowering
drugs; most associations were compara-
ble between the main and the res-
tricted analysis, although there was less
precision due to smaller numbers in the
sensitivity analyses. Furthermore, in
separate analyses including only case
subjects with a record of insulin dis-
pensed during the year of diagnosis, the
associations with glucose, triglycerides,
and uric acid remained. In support of
our method, incidence of type 1 diabe-
tes with onset at ages between 15 and
29 years ranged between 5 and 13 per
100,00 person-years (2), which aligns
well with our cohort (10 per 100,000
person-years). It is possible that diagno-
sis was timed incorrectly; this would
most likely lead to an overestimation of
the time between biomarker assess-
ment and diagnosis. To circumvent this,
we used three different national regis-
ters for identification of cases, using the
first recording as time of diagnosis.
The limitations of this study include

the lack of repeated measurements for
the biomarkers. We did not have infor-
mation on family history of diabetes,
genetic susceptibility toward HLA, meas-
urements of autoantibodies, and insulin
and C-peptide levels with which to esti-
mate insulin resistance and b-cell func-
tion. We did not have complete data on
BMI; thus, our additional analyses with
adjustment for BMI are based on a
smaller number of individuals. Due to
the nature of the available data, it is
possible that our findings could at least
partly be explained by the presence of
individuals with misclassified type 2 dia-
betes within our population with type 1
diabetes. These could, for instance,
include the insulin-deficient subgroup of
adult-onset diabetes as defined by
Ahlqvist et al. (38), who were autoanti-
body negative but whose clinical fea-
tures were similar to those of patients
with autoimmune-deficient diabetes.
Furthermore, we were unable to sepa-
rate type 1 diabetes case subjects with
adult onset from case subjects with
latent autoimmune diabetes in adults.
We acknowledge that the moderate
effect sizes and the similarity with

previous findings in a cohort with type
2 diabetes suggest that potential mis-
classification of subjects may have con-
tributed to the observed associations.
Future studies with an even stricter
case definition, e.g., including autoanti-
body testing, are clearly needed to con-
firm our findings.

In conclusion, elevated levels of vari-
ous biomarkers related to glycemia, lipid
metabolism, and inflammation are asso-
ciated with an increased risk of develop-
ing type 1 diabetes in adulthood, and
these biomarkers may be elevated
already 15–20 years preceding diagnosis.
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