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ABSTRACT

Aims: To examine impact of perinatal factors, age at diabetes onset, and glycaemic control on development of
microvascular complications in childhood-onset type 1 diabetes (T1D) over 30 years of follow-up.

Methods: 94 individuals diagnosed with T1D at 0-14 years in Sweden (1981-1992). Follow-up through March
2022 via national registers. Outcomes were diabetic retinopathy (DR), proliferative DR (PDR), and diabetic
nephropathy (DN), assessed as albuminuria and macroalbuminuria. Cox proportional hazards, Poisson regres-
sion, and mixed-effects models were applied. Age at onset was stratified as prepubertal or pubertal.

Results: Median follow-up was 33 years (range 9-40). 85% developed DR, 19% PDR, 45% albuminuria and 12%
macroalbuminuria. Higher HbAlc predicted albuminuria (HR 1.02), DR (HR 1.02), and PDR (HR 1.05). Prior DR
was associated with albuminuria (HR 2.07) and prior albuminuria with DR (HR 1.74). Female sex predicted PDR
(HR 3.28). Poisson models showed that age predicted albuminuria, whereas diabetes duration predicted DR.
Diastolic blood pressure (BP) predicted albuminuria (HR 1.07) and smoking macroalbuminuria (HR 4.81). Both
systolic (HR 1.03) and diastolic BP (HR 1.08) predicted DR. Perinatal factors were not associated with any of the
outcomes.

Conclusions: During more than 30 years of follow-up microvascular complications were frequent although severe
outcomes were infrequent. diabetic retinopathy (DR) and nephropathy (DN) had differential temporal patterns of
development and known modifiable risk factors are important.

Research in context

control, and diabetes duration influence the development of microvas-
cular complications and kidney function decline over time?
What are the new findings?

What is already known about this subject?

The global incidence of type 1 diabetes is increasing, particularly in
young children, raising concerns about lifetime risk of microvascular
complications.

Poor glycaemic control and longer diabetes duration are key risk
factors for retinopathy and nephropathy.

Early-onset type 1 diabetes may delay microvascular complications
in childhood but may accelerate progression in adulthood, with poten-
tial sex differences in outcomes.

What is the key question?

How do perinatal factors, age at diabetes onset, sex, glycaemic

Diabetes duration predominantly drives retinopathy risk, while
chronological age more strongly predicts albuminuria; prepubertal
onset may delay kidney involvement.

Female sex is associated with higher risk of proliferative diabetic
retinopathy, but not kidney outcomes.

Long-term glycaemic control is the strongest predictor of both reti-
nopathy and albuminuria, with early glycaemic control strongly corre-
lating with later outcomes.

How might this impact on clinical practice in the foreseeable future?

Despite contemporary treatment according to guidelines, childhood-
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onset type 1 diabetes carries substantial long-term microvascular risk,
highlighting the need for lifelong, intensified management of glycemia,
blood pressure, lipids, and lifestyle factors to reduce microvascular
complications.

1. Introduction

Type 1 diabetes is a non-communicable chronic disease with peak
age of onset between 10 and 14 years.! The global incidence of type 1
diabetes continues to rise, particularly in children younger than five
years,? raising concerns regarding the lifetime burden of diabetes-
related long-term complications despite advances in medical care.
Microvascular complications, i.e., diabetic retinopathy (DR) and dia-
betic nephropathy (DN), impact quality of life and may progress to vi-
sual loss and end-stage kidney disease (ESKD).® The presence of
microvascular complications is also associated with an increased risk of
cardiovascular disease and mortality.” Poor glycemic control and longer
diabetes duration remain key risk factors for long-term complications.>®
Landmark studies, including the Diabetes Control and Complications
Trial (DCCT) and its follow-up, the Epidemiology of Diabetes In-
terventions and Complications (EDIC) have clearly demonstrated that
intensive glucose management significantly reduces the risk of both
micro- and macrovascular complications.”

Early onset of type 1 diabetes has been associated with a delayed
onset of microvascular complications during childhood and adoles-
cence,® but, potentially, accelerated progression in young adulthood,
and resulting in poorer outcomes.®° Early diabetes onset has also been
associated with reduced life expectancy and an increased risk of car-
diovascular events and mortality, particularly among females.'® In
addition, genetic and perinatal factors, e.g., low birth weight and pre-
term birth, may increase susceptibility to diabetes-related complica-
tions, especially DN.'! Modifiable risk factors including overweight and
tobacco use, have also been shown to influence the risk of DR.'
Furthermore, the development of DN and also a more rapid decline in
kidney function, as reflected by the estimated glomerular filtration
(eGFR) slope, are associated with increased risks of cardiovascular
events, ESKD, and all-cause mortality.13

Despite these advances, important uncertainties remain regarding
how age at onset, cumulative glycaemic exposure, and familial, peri-
natal, and modifiable risk factors interact to influence the development
and progression of microvascular complications over the life course.
Specifically, it remains unclear whether early onset of type 1 diabetes
confers a protective effect through delayed onset of complications, and
whether it may also accelerate progression once complications emerge.
This represents an important knowledge gap that the present study seeks
to address.

The aim of this retrospective observational cohort study incorpo-
rating prospectively collected registry data, with over 30 years of follow-
up, was to examine whether perinatal factors, age at diabetes onset,
early glycemic control, and sex, alongside overall glycemic control and
diabetes duration, influence the risk of developing microvascular com-
plications in childhood-onset type 1 diabetes. In addition, we assessed
kidney function over time, quantified by eGFR slope, to identify risk
factors associated with an accelerated decline in kidney function.

2. Study population

All 94 individuals diagnosed with childhood-onset type 1 diabetes
between 0 and 14 years and initially treated at Ume& University Hospital
between 1981 and 1992, were included. Inclusion criteria were: (i)
diagnosis of type 1 diabetes before age 14, (ii) follow-up within the
Umea University Hospital cohort, and (iii) availability of longitudinal
data from the national quality and health care registries. No exclusion
criteria were applied. The diagnosis was based on clinical presentation
and glucose measurements. All participants were diagnosed with type 1
diabetes by pediatricians at Umea University Hospital. Baseline data and
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10-year follow-up findings have been published previously.® Extended
follow-up data were obtained through the National Diabetes Register
(NDR), the National Patient Register, the Cause of Death Register, and
the Prescribed Drug Register, with follow-up complete through March
2022. Registers were linked using the unique personal identity number
assigned to all Swedish residents, and data were pseudonymised with
study-specific identification codes. The study was approved by the
Swedish Ethical Review Authority (dnr 2021-05327-01). Although
ethical approval was obtained in 2021, the data reflects longitudinal
follow-up collected over several decades.

3. Data collection and sources

Previously collected baseline and 10-year follow-up data were ob-
tained from health care records.® Additional data were obtained from
the National Diabetes Registry (NDR), established in 1996, which in-
cludes adult individuals with type 1 and 2 diabetes across Sweden.
Healthcare providers are required to report data at least annually on
diabetes treatment, metabolic control, and complications (https://ndr.
nu). Individual-level data on all hospital admissions since 1987 and on
specialist outpatient visits since 2001 were obtained from the National
Patient Register (NPR). Information on causes of death were retrieved
from the Cause of Death Register, established in 1961. Data on dispensed
medications were retrieved from the Prescribed Drug Register, estab-
lished in 2005. These national registries have been used in our previous
research.'.

4. Exposures

Early glycemic control was defined as mean HbAlc (mmol/mol; %)
during the first five years, and from five to ten years after diagnosis.®
During the first follow-up period (11.8 years from diagnosis), patients
had median 38 HbAlc measurements (range 8-72) corresponding to
approximately three measurements per year. Perinatal data, including
birthweight and gestational age, were extracted from medical records.
Birthweight was adjusted for gestational week using standardized
growth charts. Age at follow-up and diabetes duration were calculate
from the most recent entry in the NDR. Smoking status, blood pressure,
glycemic control (HbAlc) after ten years, and LDL-cholesterol were
obtained from the NDR, with mean values over time used in the ana-
lyses. Antihypertensive medication use (renin-angiotensin system in-
hibitors; RASi) and causes of death was retrieved from the Prescribed
Drug Register. and the Cause of Death Register, respectively. Insulin
treatment regimen was recorded in the NDR and categorized as either
insulin injection treatment or insulin pump therapy.

5. Outcomes

Complications during the first ten years of diabetes duration were
retrieved from medical records, laboratory reports (albuminuria) and
retinal photos. After age 18, complications were captured via the NDR.
DR was defined as any recorded retinopathy in the NDR and was clas-
sified as non-proliferative or proliferative based on standardized grading
recorded in the register. These recording are made by nurses and phy-
sicians working in outpatient diabetes clinics at hospital based on retinal
imaging from screening (>2 fundus photographs) or clinical assessments
(including ophthalmoscopy and advanced imaging). Severity was clas-
sified according to contemporaneous grading systems when the assess-
ments were made and reflected the worst-affected eye. DN was defined
as presence of albuminuria, i.e., microalbuminuria (urinary albumin-to-
creatinine rate (UACR) 3-30 mg/mmol) or macroalbuminuria (UACR
>30 mg/mmol). Glomerular filtration rate (eGFR) was estimated from
creatinine values in the NDR using the CKD-EPI 2021 equation.'® All
creatinine assessments from age 18 and onwards were included, and the
eGFR slope, a validated surrogate endpoint for kidney disease progres-
sion,'® was calculated as the annual change in eGFR (ml/min/year).
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5.1. Statistical analysis

Descriptive data are presented as frequencies/percentages (categor-
ical) and as means/SD (continuous). Group comparisons were per-
formed using Chi-square/Fisher's Exact Test (categorical) and t-tests/
ANOVA (continuous), with checks for normality/equality of variance;
post-hoc Tukey's HSD tests were applied when appropriate.

Time-to-event outcomes were analyzed using univariable and
multivariable Cox regression models to assess associations with baseline
gestational age, birthweight, age at onset, and sex, as well as time-
dependent variables including HbAlc and prior retinopathy or albu-
minuria. In addition, mean values over time for blood pressure, BMI and
smoking from NDR were used as time-dependent variables. These ana-
lyses included only participants free of these complications at enroll-
ment in NDR. Covariates with p < 0.05 in univariable analyses were
included in multivariable models.

To explore the joint influence of age and diabetes duration, Poisson
regression models were fitted. Follow-up time was divided into 7-day
intervals to approximate a constant hazard, and age at onset was strat-
ified as prepubertal (<11 years) or pubertal (>11 years), corresponding
to median ages of 7 and 13 years, respectively. Age and diabetes dura-
tion were modeled using regression splines with three degrees of
freedom, with knots chosen to ensure an equal number of events be-
tween knots.

HbAlc trajectories were visualized as mean values over time with
95% confidence intervals (CI). For each year of disease duration, group-
specific mean HbAlc and standard errors were calculated. Kaplan-Meier
curves were used to visualize the influence of age at onset and sex on
time-to-event outcomes, with stratification by age groups (0-5, 5-11,
>11 years) and sex; additional models included sex and HbAlc as
covariates. Missing HbA1lc values were imputed using last observation
carried forward (LOCF) or next observation carried backward (NOCB)
for missing baseline values.

Longitudinal eGFR decline was assessed using linear mixed-effects
models (LME), including individuals with >2 creatinine measurements
and adjusting for baseline eGFR. Individual slopes were estimated by
linear regression. To evaluate the individual effects of each factor on
eGFR decline, separate univariate mixed-effects models were fitted for
each predictor, including an interaction term with time; all models were
adjusted for baseline eGFR and its interaction with time.

Analyses were conducted using IBM SPSS Statistics version 28 and R
version 4.4.2 (packages: lme4, Epi, survival, ggplot2).

6. Results

6.1. Clinical and biochemical characteristics at diabetes onset and follow-
up

Of the 94 eligible individuals at baseline, 90 were included in the
follow-up analyses after 10 years; four individuals lacked follow-up data
on microvascular complication (NDR) and were analyzed only at base-
line. During the study period, 6/94 (6%) patients died; three from
hypoglycaemic coma, one from diabetic ketoacidosis, one from acute
myocardial infarction, and one from accidental drug overdose.

Mean age at diabetes onset was 8.9 + 3.7 years, and mean age at end
of follow-up 41 + 6 years, corresponding to a median diabetes duration
of 33 years (range 9-40). HbAlc levels averaged 54 + 15 mmol/mol
(7.1 £ 1.4%) during the first five years, 63 + 16 mmol/mol (7.9 +
1.5%) from years five to ten, and 59 + 12 mmol/mol (7.5 + 1.1%)
overall. Fifty percent of patients (47/94) were male. Baseline charac-
teristics and follow-up risk factors, overall and by sex, are presented in
Supplemental Table S1.

Among the 90 individuals with available NDR data, 47 (52%) initi-
ated pump therapy at some point during the follow-up period, 7 (8%)
were already on pump therapy at their first registration and 42 (47%)
were on pump therapy at the last recorded visit. During follow-up 38 of
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94 individuals (40%) initiated RASi. These individuals had significantly
higher mean systolic and diastolic blood pressure and HbAlc. Clinical
and biochemical characteristics stratified by RASi initiation during
follow-up are presented in Supplemental Table S2.

6.2. Description of microvascular outcomes (retinopathy and
albuminuria)

During a median follow-up of 33 years, 80 individuals (85%)
developed DR, of whom 18 (19%) progressed to PDR. Albuminuria was
present in 42 individuals (45%) at end of follow-up, including 11 (12%)
with macroalbuminuria. The mean age at diagnosis was 27.1 + 9.6 years
for DR and for 25.2 + 8.0 years albuminuria. Both complications co-
occurred in 36 individuals (38%), with albuminuria preceding retinop-
athy in 19 cases (53%).

Six individuals (6%) developed an eGFR below 60 ml/min/1.73rn2,
and four (4%) progressed to ESKD, three initiating dialysis. Kaplan-Meier
curves depicting time from diabetes diagnosis until onset of DR and
albuminuria, stratified by sex and age at onset are shown in Fig. 1 A-H.

Clinical characteristics of individuals with and without DR or albu-
minuria, are summarized in Supplemental Tables S3-S5. Individuals
who developed PDR, albuminuria and macroalbuminuria had signifi-
cantly higher HbAlc levels during the first five years, years five to ten,
and overall compared to those without these complications. A similar,
though non-significant, trend was observed for DR.

Individuals with macroalbuminuria had higher systolic (128 + 7.1
vs. 121 + 8.7 mmHg; p = 0.009) and diastolic blood pressure (79 + 3.7
vs. 75 + 4.5 mmHg; p = 0.006) than those without. PDR and albumin-
uria were more frequent in females, whereas macroalbuminuria was
more common in individuals diagnosed after age 11 (p = 0.049).

All six patients (100%) with eGFR below 60 ml/min/1.73m? at the
end of follow-up had albuminuria, three of whom had macro-
albuminuria; for comparison, 43% of those with eGFR above 60 had
microalbuminuria. These six patients had a lower BMI (21 + 4.3 vs. 26
+ 3.8 kg/m?; p = 0.049) at follow-up and higher mean HbAlc during
years five to ten (82 £ 20 (9.7 £+ 1.8%) vs. 62 £+ 15 (7.8 £+ 1.4%) mmol/
mol; p = 0.049) and overall (76 + 8 (9.0 + 0.7%) vs. 58 + 11 (7.4 +
1.1%) mmol/mol; p = 0.001).

RASi use was significantly more frequent among participants who
developed any of these complications.

6.3. Risk factors for development of microvascular outcomes (retinopathy
and albuminuria)

Table 1 presents uni- and multivariable Cox proportional hazards
models for the development of albuminuria, macroalbuminuria, DR, and
PDR. In univariable analyses, higher HbAlc and prior DR were associ-
ated with increased risk of albuminuria (HR 1.02 95% CI 1.00-1.04, and
HR 2.28, 95% CI 1.13-4.58, respectively). Higher HbAlc was also
associated with the development of macroalbuminuria (HR 1.04, 95% CI
1.00-1.08). For DR, higher HbAlc and prior albuminuria were associ-
ated with a higher risk (HR 1.02, 95% CI 1.01-1.04, and HR 1.76, 95%
CI 1.04-2.98, respectively). Higher HbAlc and female sex were inde-
pendently associated with PDR (HR 1.05, 95% CI 1.03-1.08, and HR
3.13,95% CI 1.11-8.84, respectively). Gestational age, birthweight, and
age at diabetes onset were not associated with increased risk of micro-
vascular complications in any model. All associations identified as sig-
nificant in the wunivariable analyses remained significant in
multivariable models. However, since HbAlc was the only variable
significantly associated with development of macroalbuminuria in the
univariable analysis no multivariable analysis was performed.

Using data from the NDR, univariable Cox proportional hazards
models with systolic and diastolic blood pressure, BMI and smoking
status were applied as time-dependent variables to assess the effects of
on the risk of developing albuminuria, macroalbuminuria, DR and PDR.
Analyses included only participants free of these complications at
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Fig. 1. A-H. Time to event Kaplan-Meier curves visualizing the time until onset of diabetic complications in patients stratified by sex (male vs. female) and age at
diabetes onset (categorized as <5, 5-11, and > 11 years). The complications assessed include (A-B) albuminuria, (C—D) macroalbuminuria, (E-F) diabetic reti-
nopathy (DR), and (G-H) proliferative diabetic retinopathy (PDR). Below each curve are the corresponding risk tables. P-values are displayed in each plot.

enrollment in NDR. Higher diastolic blood pressure was associated with diastolic blood pressure (HR 1.08, 95% CI 1.04-1.13) were associated
increased risk of albuminuria (HR 1.07, 95% CI 1.02-1.12), while with increased risk of retinopathy. No associations were observed be-
smoking was associated with increased risk of macroalbuminuria (HR tween BMI or overweight status and any of the outcomes. Details are
4.81, 95% CI 1.23-18.8). Both systolic (HR 1.03, 95% CI 1.01-1.06) and provided in Supplemental table S6.
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Table 1

Uni- and multivariable Cox proportional hazards models for development of
albuminuria, macroalbuminuria, retinopathy and proliferative diabetic reti-
nopathy (PDR).

Univariable p-value Multivariable p-value
HR (95% CI) HR
(95% CI)
Albuminuria
HbA1lc (mmol/ 1.02 (1.00-1.04) 0.018 1.02 0.035
mol)* (1.00-1.04)
Gestational week at  1.13 (0.94-1.35) 0.273 X X
birth (weeks)
Birthweight' (SD- 1.36 (0.81-2.27) 0.255 X X
score)
Age at onset (years) 1.02 (0.95-1.10) 0.579 X X
Female sex 1.65 (0.87-3.11) 0.118 X X
Prior retinopathy 2.28 (1.13-4.58) 0.018 2.07 0.038
(1.04-4.11)
Macroalbuminuria
HbAlc (mmol/ 1.04 (1.00-1.08) 0.040 X X
mol)”
Gestational week at  1.33 (0.84-2.10) 0.229 X X
birth (weeks)
Birthweight' (SD- 0.54 (0.19-1.59) 0.267 X X
score)
Age at onset (years) 1.10 (0.92-1.31) 0.300 X X
Female sex 2.69 (0.71-10.12) 0.145 X X
Prior retinopathy 2.07 (0.60-7.16) 0.249 X X
Diabetic retinopathy (DR)
HbAlc (mmol/ 1.02 (1.01-1.04) 0.004 1.02 0.005
mol)* (1.01-1.03)
Gestational week at 1.04 (0.88-1.23) 0.634 X X
birth (weeks)
Birthweight' (SD- 1.13 (0.78-1.62) 0520 X X
score)
Age at onset (years) 1.04 (0.98-1.10) 0.223 X X
Female sex 1.10 (0.71-1.71) 0.700 X X
Prior albuminuria 1.76 (1.04-2.98) 0.034 1.74 0.039
(1.03-2.93)
Proliferative diabetic retinopathy (PDR)
HbAlc (mmol/ 1.05 (1.03-1.08) <0.001 1.05 <0.001
mol)* (1.02-1.08)
Gestational week at 1.22 (0.83-1.78) 0.307 X X
birth (weeks)
Birthweight' (SD- 0.45 (0.19-1.06) 0.068 X X
score)
Age at onset (years) 1.07 (0.95-1.21) 0.282 X X
Female sex 3.13(1.11-8.84) 0.031 3.28 0.029
(1.29-9.50)
Prior albuminuria 2.07 (0.78-5.48) 0.144 X X

2 HbA1lc was used as a time-dependent variable. 'Birthweight was adjusted for
gestational week.

6.4. Trajectories of microvascular complications

To further characterize development of microvascular complica-
tions, Poisson regression modeling was applied using diabetes duration
and age as time scales. Age at onset was stratified as prepubertal (<11
years, median 7) or pubertal (>11 years, median 13). Diabetes duration
was a significant predictor of DR and PDR incidence rates (p < 0.001 and
p = 0.007, respectively), whereas age predicted the incidence rate of
albuminuria (p < 0.001; Fig. 2), indicating that prepubertal onset delays
albuminuria by a few years but does not markedly affect DR onset. In an
extended model, including an interaction between sex and age at onset
(Supplementary Fig. S1), female sex modified the association between
pubertal-onset diabetes and albuminuria incidence (p = 0.05), sug-
gesting increased vulnerability among females with post-pubertal onset.
No sex-specific effects were observed for DR or PDR.
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6.5. Longitudinal HbAIc trajectories

Supplemental Fig. S2 A-D illustrates longitudinal trajectories of
HbAlc, stratified by the presence or absence of DR, PDR, albuminuria,
and macroalbuminuria. HbAlc was consistently higher in individuals
with these complications, particularly in those with PDR. In individuals
with macroalbuminuria, HbAlc were elevated from diagnosis and
peaked at approx. five years of diabetes duration.

Given the influence of age and sex, HbAlc trajectories were also
stratified accordingly. Females had non-significantly higher HbAlc than
males during the first five years, years five to ten, and overall (Supple-
mental Table S7, Fig. S3A). Individuals diagnosed before age 5 had
significantly lower HbA1lc compared to those diagnosed at ages 5 and 11 or
after age 11 during both the first five and five to ten years intervals (p <
0.001), with a non-significantly trend for lower overall HbAlc (Supple-
mental Table S2, Fig. S3B). Early glycemic control was a strong predictor
of subsequent HbAlc levels (p = 0.448, 95% CI 0.286-0.611, p < 0.001).

6.6. Annual decline in kidney function (eGFR slope)

Eighty-nine patients with at least two creatinine measurements
during follow-up were included in the eGFR slope analysis. The mean
age at first measurement in the NDR was 25.7 years (range 18-42), with
a median of 11 creatinine measurements per individual (range 2-21).
Mean eGFR was 114 + 5 ml/min/1.73m? at baseline (first creatinine
measurement) and 103 + 18 ml/min/ 1.73m? at the last measurement.
48% of patients had hyperfiltration (eGFR >120 ml/min/1.73m?) at
baseline. eGFR slopes were calculated over a median 15 years (range
6-19) of follow up. The overall annual decline in kidney function was
0.99 ml/min/year (95% CI 1.19 to 0.80), with 60% of individuals
declining <1, 26% between 1 and 2, and 14% >2 ml/min/year. Clinical
and biochemical characteristics at the first creatinine measurement and
at end of follow-up are provided in Supplemental Table S8.

Potential risk factors for eGFR decline were evaluated using separate
linear mixed models, adjusted for time, baseline eGFR, and their inter-
action. Results are summarized in Table 2, with full details in Supple-
mental Table S9.

Higher HbAlc showed a near-significant association with acceler-
ated eGFR decline (—0.10 ml/min/year per 10 mmol increase, 95% CI
-0.210-0.010). No significant associations was found for other baseline
factors, e.g., blood pressure, BMI or smoking.

7. Discussion

In this unique observational cohort with over 30 years of follow-up of
individuals with childhood-onset type 1 diabetes, we show that the
microvascular complications retinopathy and albuminuria seem to be
influenced by distinct temporal determinants. Diabetes duration was the
dominant predictor of development of retinopathy, whereas age was
more strongly associated with development of albuminuria. This
divergence suggests that retinopathy primarily reflects cumulative gly-
cemic exposure, while albuminuria and diabetic kidney disease may be
more closely linked to age-related susceptibility such as puberty.
Notably, these findings indicate a relative delay in the development of
albuminuria among individuals with prepubertal diabetes onset
compared with those diagnosed during or after puberty, whereas no
such delay was observed for retinopathy.

Furthermore, sex-specific differences were observed for retinopathy
but not for kidney outcomes. Female sex was associated with a higher risk
of proliferative diabetic retinopathy (PDR), whereas no sex difference was
detected for albuminuria or kidney function decline. Females in this
cohort exhibited slightly poorer glycaemic control both early and overall,
consistent with previous studies that adolescent girls tend to have higher
HbA1c levels.!” The substantial proportion of the follow-up period coin-
ciding with reproductive years in which pregnancies may have contrib-
uted to retinopathy risk in females, whereas kidney outcomes remained



E. Hornbrinck et al.

1.00 ——
2 075
5
o
L
'c 050
S
T
g
& 025 “|age at T1D diagnosis
— T
0.00 | 5
T T T T
0 10 20 30
Years from T1D diagnosis
10 ----------‘_’\\\__
<2( 0.75
k]
o
L2
e 050
8
=
S
13
& 025 “|age at T1D diagnosis
=1
0.00 s
T T T T
0 10 20 30
Years from T1D diagnosis
100 { —————————— o
& 075
5
o
L
c 050
o
k=1
5
&
& 025 “|age at T1D diagnosis
_
0.00 s
T T T T
0 10 20 30
Years from T1D diagnosis
R B e —— S—
e ——
&
S 075
k)
o
2
£ 0.50
8
L 1
S
g 0.25
a Age at T1D diagnosis
—T
0.00 8
T T T T
0 10 20 30

Years from T1D diagnosis

Journal of Diabetes and Its Complications 40 (2026) 109390

1.00 o —_————

2 075 - S
5 Sl
®

L

'c 0.50

S

k4

5

g

2 025

a - Age at T1D diagnosis

— T
13

0.00

Age, years

Rl - \

Proportion free of MA
o °
Py S
3 &
1 1

o
N
&

“|Age at T1D diagnosis
—_

13

0.00

Age, years

1.00 o

o

b

a
1

0.50 -

Proportion free of DR
o
N
X

“|Age at T1D diagnosis
_
13

0.00 -

Age, years

1.00 EEE— e

Proportion free of PDR
o °
o S
3 &
1 1

o
i
&

“|Age at T1D diagnosis
—_7

13

0.00

Age, years

Fig. 2. A Poisson regression model was used to analyze incidence rates of albuminuria (AU), macroalbuminuria (MA), diabetic retinopathy (DR) and proliferative
diabetic retinopathy (PDR) using age and duration of diabetes as measures of exposure time.

unaffected.'® This is somewhat in contrast to earlier research identifying
male sex as a risk factor for diabetic complications.'®?° This dissociation
underscores sex-specific mechanisms and highlights the need for further
investigation into hormonal, reproductive, and vascular factors influ-
encing risk for retinopathy.

Glycemic control remained the strongest predictor of microvascular
complication risk. Mean HbAlc over the study period was 59 mmol/mol
(7.5%), with lower values during early childhood (54 mmol/mol; 7.1%)
in the first five years and with a pronounced increase during puberty, a
period with physiological and behavioral changes, in line with previous
longitudinal studies.?"**? Early glycemic control strongly associated with
long-term HbAlc, consistent with prior findings that children with the
lowest HbA1c levels in childhood tend to maintain good glycemic control
as young adults.” Together with diabetes duration, glycemic exposure
remained the strongest predictor of both retinopathy and albuminuria,
emphasising the impact of early and sustained glycemic management.

Over the follow-up period, nearly half of the individuals in this
cohort developed albuminuria, predominantly microalbuminuria, and
12% progressed to macroalbuminuria. These findings are broadly
consistent with the VISS study (8%) and the DCCT/EDIC study (6%
intensive arm, 17% conventional arm),>*%° although some differences
in prevalence likely reflect study design, population characteristics,
outcome definitions, and data sources especially with regards to albu-
minuria measurement. A substantial proportion of participants received
renin-angiotensin-aldosterone system inhibitor medication (40%) dur-
ing follow-up, which may have attenuated the progression of albumin-
uria and diabetic nephropathy, as well as masked potential effects of
blood pressure on kidney outcomes.”**”

Importantly, diabetic retinopathy and albuminuria frequently co-
occurred, with approximately 40% of individuals developing both
these complications. Albuminuria frequently preceded retinopathy and
was often the earliest manifestation of microvascular disease. This was
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Table 2
Effects of potential risk factors on decline in kidney function (eGFR-slope over
time).

Estimate ~ 95% CI p-
value
eGFR (ml/min/1.73m?) —0.005 —0.018-0.008  0.428
HbAlc at first creatinine measurement —0.100 —0.210-0.010 0.078
(10 mmol/mol)
Gestational week at birth (weeks) 0.031 —0.105 - 0.168 0.655
Birthweight" (SD-score) —0.033 —0.357-0.291  0.843
Age at onset of diabetes (years) 0.008 —0.043-0.059 0.770
Onset of diabetes after 11 years of age —0.063 —0.309-0.183  0.616
(yes)
Age (years) —0.015 —0.059-0.030  0.522
Duration of diabetes (years) —0.036 —0.090 - 0.017 0.184
Female sex -0.193 —0.575 - 0.191 0.328
Smoking (yes) -0.116 —0.561 - 0.329  0.609
BMI (kg/m?) 0.019 —0.059 - 0-097  0.637
Albuminuria (yes) 0.092 —0.107 - 0.294 0.362
Systolic blood pressure (10 mmHg) 0.109 —0.022 - 0.241 0.107

Baseline for HbA1lc, BMI, age, duration of diabetes, albuminuria and eGFR is the
first available creatinine measurement.

# Birthweight was adjusted for gestational week. Estimates represent in-
teractions with time for each variable and are obtained from separate models,
one for each variable and were also adjusted for time, baseline eGFR and the
interaction between baseline eGFR and time. Model results are presented in full
in Supplemental table S9.

observed in 53% of affected individuals. The development of one
complication was significantly associated with development of the
other, consistent with previous studies.?®° These findings indicate that
these microvascular complications are closely associated and may share
pathogenic pathways, highlighting the need for integrated monitoring of
retinal and kidney outcomes. However, and as previously described,
regression analyses identified determinants of microvascular complica-
tions. Retinopathy was predominantly associated with diabetes dura-
tion, whereas albuminuria showed a stronger association with age.
These findings support partially divergent divergent disease mecha-
nisms and genetic predispositions that may also have important impli-
cations for screening and risk stratificationamong individuals with
childhood-onset type 1 diabetes.

Perinatal factors, including gestational age and birth weight, as well
as age at diabetes diagnosis, were not associated with long-term
microvascular outcomes. While early-onset diabetes has previously
been associated with delayed complication onset,®*! our findings indi-
cate that this apparent early protection does not translate into a more
favourable long-term prognosis in adulthood. Importantly, modifiable
adult risk factors were significantly associated with microvascular out-
comes in this cohort. In addition, modifiable risk factors, such as blood
pressure and smoking, are important for the development of microvas-
cular complications, as we have previously shown®'? In this study
higher diastolic blood pressure was associated with increased risk of
albuminuria, while smoking was associated with increased risk of
macroalbuminuria. Higher systolic and diastolic blood pressure levels
were significantly associated with higher risk of retinopathy, even
though nearly 40% of participants were treated with renin-angiotensin
system inhibitors (RASi). Conversely, neither BMI nor overweight status
was significantly associated with any microvascular outcome studied.
The importance of blood pressure and smoking for the development of
microvascular complications in type 1 diabetes has been consistently
demonstrated in previous large, prospective studies.>? *°

Kidney function, assessed as eGFR, declined at a rate of approxi-
mately 1 ml/min/year overall, which is twice the rate reported in
healthy individuals of similar age.’° However, most participants
remained within a normal eGFR range, and variability in creatinine-
based estimates at higher GFR levels may have limited the ability to
detect any associations with known risk factors for GFR decline. Only six
individuals developed advanced kidney disease (eGFR <60 ml/min/
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1.73 m? Which 5 consistent with previous and recent long-term
studies.”” 8 During follow-up, six patients died, consistent with the
well-documented increased mortality risk associated with type 1 dia-
betes compared with age-matched population controls.®*?

A major strength of this study is the exceptionally long follow-up,
more than 30 years, which enabled capture of the transition from child-
hood through adolescence into young adulthood, a period characterized
by profound hormonal, behavioral, and metabolic changes. This extensive
longitudinal data, mainly obtained from national registers in a real-world
setting, allowed detailed assessment of the natural history of microvas-
cular complications, trajectories of kidney function decline, and temporal
relationships between complications. This depth and duration of follow-
up are rarely achievable and provide unique insights into the initiation
and progression of diabetic complications over more than three decades.

However, this study has several limitations. First, the relatively small
cohort size limits statistical power and may have precluded detection of
modest associations, thereby restricting the generalisability of our
findings. Second, the observational design precludes causal inference.
Perinatal characteristics were largely within the normal range, and
greater exposure heterogeneity might have been necessary to detect
potential effects. In addition, information on several established car-
diometabolic and renal risk factors, including smoking status, blood
pressure, BMI, and lipid profiles, was incomplete or unavailable (e.g.,
waist-to-hip ratio or waist-to-height), and could therefore not be fully
accounted for in the analyses; this is particularly relevant given their
known importance in the development of albuminuria and diabetic
nephropathy. The use of LOCF/NOCB for missing HbAlc values may
also have introduced bias, particularly in cases with longer intervals
between measurements, and alternative approaches such as multiple
imputations might have yielded different estimates. Residual con-
founding by unmeasured factors, such as lifestyle behaviours, socio-
economic status, and medication adherence, cannot be excluded.
Finally, as the study was conducted in a specific population, caution is
warranted in extrapolating these results to broader or more ethnically
diverse populations. It is also important to note that insulin therapy for
type 1 diabetes in Sweden evolved substantially during the study period
from one or two daily injections in the 1980s to intensified multiple
daily injection injections in the 1990s, and to use of insulin pump
therapy and more advanced diabetes technologies from the early 2000s.
Future studies in larger, more diverse cohorts with more comprehensive
phenotyping are warranted to address these limitations.

In conclusion, after more than 30 years of follow-up of individuals
with childhood-onset type 1 diabetesfrequently developed microvas-
cular complications, although severe outcomes remained relatively
infrequent. Diabetic retinopathy and albuminuria followed distinct
temporal patterns suggesting that prepubertal time contributes to
retinopathy risk but not to nephropathy. Female sex was associated
with an increased risk of proliferative retinopathy but not nephropathy.
Modifiable risk factors, including smoking and blood pressure, were
associated with microvascular complications despite use of RAS in-
hibitors in more than 40% of individuals. Despite contemporary care,
substantial long-term microvascular risk persists, underscoring the
need for lifelong intensive management of glycemia and other known
modifiable risk factors. Our results indicate that treatment strategies
potentially could be tailored to individual patient characteristics,
particularly sex and age at diabetes onset, to optimize long-term
microvascular outcomes.
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