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Abstract

Background The empirical evidence remains inconclusive for an association between diabetes mellitus (DM) in chil-
dren and early-onset kidney disease later in life, and little is known about the effects of DM types (i.e, type 1 diabetes

[T1DM] and type 2 diabetes [T2DM]) in childhood on type-specific kidney diseases. We aimed to evaluate the associa-
tion of childhood DM with overall and type-specific early-onset kidney diseases later in life.

Methods The population-based matched cohort study included 9356 individuals with DM (T1DM: 8470, T2DM: 886)
diagnosed in childhood (< 18 years) who were born between 1977 and 2016, and 93,560 individuals without DM
matched on sex and year of birth in Denmark. The main outcomes were overall and type-specific early-onset kidney
diseases. The follow-up period of all included participants was from the date of DM diagnosis in the exposure group
until the first diagnosis of kidney disease, emigration, or 31 December 2018, whichever came first.

Results During a median follow-up of 13 years, children with DM had a 154% increased risk of early-onset kidney
diseases than children without DM (adjusted hazard ratios 2.54, 95% confidence intervals 2.38-2.72), and TIDM (2.48,
2.31-2.67) and T2DM (2.75, 2.28-3.31) showed similar results. Children with DM also had a higher risk of multiple spe-
cific kidney diseases including glomerular diseases, renal tubulo-interstitial diseases, renal failure, and urolithiasis. The
risks of type-specific kidney diseases including glomerular diseases and renal failure tended to be higher for children
with T2DM (glomerular diseases: 5.84, 3.69-9.24; renal failure: 14.77, 8.53-25.59) than those with T1DM (glomerular
diseases: 3.14, 2.57-3.83; renal failure: 8.24, 6.66-10.20).

Conclusions Children with DM had a higher increased risk of early-onset overall and specific kidney diseases later in
life. Early prevention and treatment of both TIDM and T2DM in childhood may significantly reduce the risk of kidney
diseases later in life.
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Background

Diabetes mellitus (DM) is one of the leading chronic
medical disorders among children and adolescents [1].
The prevalence of type 1 diabetes mellitus (T1DM) and
type 2 diabetes mellitus (T2DM) during childhood has
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aged <19 years increased from 1.48 per 1000 youths in
2001 to 2.15 in 2017 [5]. In Denmark, the prevalence of
T1DM has been increasing in childhood from ~0.20 per
1000 person-years in 1996 to~0.35 per 1000 person-
years in 2016 [6]. Although the prevalence of T2DM
among Danish youth in 2014 was 0.6 per 100,000 inhabit-
ants, T2DM was highly associated with overweight and
obesity which has a significant increase in Danish youth
[7, 8]. DM in children and adolescents poses a major
public health burden and clinical challenges to pediatric
and adult DM services [1, 9].

Youth-onset T2DM may cause longer exposure to the
adverse effects of hyperglycemia than DM diagnosed in
adulthood, thus leading to higher odds of progression
to short-term and long-term detrimental complications,
such as kidney lesions and cardiovascular diseases [10,
11]. Although several studies have suggested an asso-
ciation between DM (T1DM or T2DM) in children and
early-onset kidney disease later in life, the empirical evi-
dence remains inconclusive due to a relatively small num-
ber of DM cases, the representation of participants only
recruited from diabetes centers, cross-sectional study
design, and crude definition of nephropathy defined only
according to the presence of microalbuminuria [12-20].
Besides, limited research on type-specific kidney diseases
mainly focused on renal failure [15] and several studies
have addressed end-stage renal disease in particular [19,
21-27]. However, the findings on the association between
ages of diagnosis of DM (5-9 years vs. 10—14 years) and
rate of end-stage renal disease were inconsistent [19,
23, 24]. Moreover, little is known about the effects of
DM types in childhood on other type-specific kidney
diseases, such as glomerular diseases and renal tubulo-
interstitial diseases later in life, particularly taking into
consideration the age of DM diagnosis, sex, and dura-
tion of DM. A better understanding of such association
is imperative to prevent and control subsequent adverse
kidney complications.

In this large-scale population-based cohort study, we
aimed to assess the associations of childhood T1DM and
T2DM with subsequent overall and type-specific early-
onset kidney diseases including glomerular diseases,
renal tubulo-interstitial diseases, renal failure, urolithi-
asis, injury of kidney, and other disorders of kidney and
ureter, taking into consideration sex, age at diagnosis of
DM, and duration of DM.

Methods

Study population and procedures

The unique personal identification number in the Danish
Civil Registration System was used to accurately merge
individual data from all national registers in Denmark
[28]. A total of 102,916 participants aged 0—17 years born
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between January 1977 and December 2016 were included
in this study, i.e., 9356 children with DM (8470 for TIDM
and 886 for T2DM) from the Danish National Patient
Register and 93,560 randomly selected children without
DM (a ratio of 1:10 individually matched by sex and birth
year) from the general population. Additional file 1: Fig.
S1 shows the flow chart of inclusion and exclusion of
study participants. The study was approved by the Data
Protection Agency (record number 2013-41-2569). By
Danish law, no informed consent is required for a regis-
ter-based study of anonymized data.

We performed sibling comparison analyses to con-
trol for the influence of unmeasured familial and shared
genetic characteristics [29, 30]. A sub-sample of 6908
families including 17,315 siblings born to the same
mother discordant for both DM and subsequent kidney
diseases contributed to the effect estimate. The date of
diagnosis of siblings in the DM exposure group was used
as the start date for both groups. The follow-up period of
all included participants was from the date of DM diag-
nosis in the exposure group until the first diagnosis of
kidney disease, emigration, or 31 December 2018, which-
ever came first.

Exposure

Data on DM were from the Danish National Patient
Registry, the Danish National Diabetes Register, and
the Danish National Prescription Registry. We defined
T1DM and T2DM as any first inpatient or outpatient
visit with the diagnosis based on the International Clas-
sification of Disease (ICD) codes and prescription of anti-
diabetic medicine by Anatomical Therapeutic Chemical
(ATC) classification codes (T1DM: ICD-10 E10-E10.9,
024.0; ICD-8 249, ATC A10A; T2DM: ICD-10 E11-
E119, 024.1; ICD-8 250, ATC A10B) (Additional file 1:
Table S1). If one was diagnosed with both T1DM and
T2DM, he/she was classified as the first type diagnosed
DM. It should be noted that 91.0% of children with diabe-
tes (T1DM or T2DM) had been mainly treated with insu-
lin and its analogs, biguanides, and other drugs. Among
all treated pediatric patients with T1DM, the proportions
were 99.0% for the use of insulin and its analogs, 0.4% for
biguanides, and 0.6% for other drugs. Among all treated
pediatric patients with T2DM, the proportions were
43.6% for the use of insulin and its analogs, 50.4% for
biguanides, and 6.0% for other drugs.

Outcome of interest

Early-onset kidney disease in childhood or adulthood
was identified at the first hospital diagnosis of glomeru-
lar diseases, renal tubulo-interstitial diseases, renal fail-
ure, urolithiasis, injury of the kidney, and other disorders
of the kidney and ureter based on the Danish National



Sun et al. BMC Medicine (2022) 20:428

Patient Register by using ICD-8 and ICD-10 codes (Addi-
tional file 1: Table S1).

Covariates

Potential covariates used for adjustment included birth-
weight category (low, high, normal, or unknown), pre-
term birth (yes vs. no), parity (1, 2, or > 3), singleton status
(yes vs. no), residence (Copenhagen, cities with 100,000
or more inhabitants, or others), maternal marital status
(unmarried, married, or unknown), maternal and pater-
nal education levels (0-9 years, 10-14 years,>15 years,
or unknown), and maternal and paternal history of DM
(yes vs. no).

Statistical analyses

Continuous variables were presented as mean =+ stand-
ard deviation (SD) or median with interquartile range
(P25-P75) and mean rank, and categorical variables
were presented as frequency (percentage). Consider-
ing non-kidney disease deaths as the competing event,
competing risk analysis was used to calculate the cumu-
lative incidence between children with and without DM.
Stratified Cox proportional regression analysis with
inverse probability of treatment weighting was used to
estimate the associations of childhood TIDM/T2DM
with kidney diseases later in life after adjustment for
the aforementioned covariates. We performed subgroup
analyses stratified by sex, child age at diagnosis of DM
(0-5, 6-12, and 13-17 years), diabetic duration (0-10,
11-20, and >21 years), calendar periods (1977-1985 vs.
1986-2016), and DM complications (>1 complications
vs. 0 complications). We performed sensitivity analyses
to examine these associations including (1) the use of sib-
ling sub-cohort design with stratified Cox proportional
regression analyses to take into account the influence
of unmeasured genetic and environmental characteris-
tics [29], (2) the exclusion of 1-year, 3-year, and 5-year
duration of DM from exposed the group to examine the
potential detection bias of DM [18]; (3) the exclusion of
DM patients in childhood without the use of hypoglyce-
mic drugs (9.0%) to examine whether this therapy influ-
enced the association; and (4) further adjustment for the
use of nephroprotective therapy to examine whether this
variable influenced the association. We used multiple
imputation procedures to impute missing values of all
covariates of interest for final data analyses. All analy-
ses were performed using SAS version 9.4. A two-sided
p-value <0.05 was considered statistically significant.

Results

Table 1 shows the baseline characteristics of participants
by DM type. Children with DM were more likely to have
low and high birth weight, preterm birth, lower maternal
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and paternal educational level, and parental history of
DM before childbirth compared with children without
DM. Similar results were found for most of these vari-
ables in children with T2DM compared with those with
T1DM.

Associations of childhood DM with overall

and type-specific early-onset kidney diseases

During a median follow-up of 13 years, 340 children with
DM (T1DM: 283, T2DM: 57) and 1376 children without
DM were diagnosed with kidney disease. The cumulative
incidence of any kidney diseases among individuals with
DM was higher than those without DM, and the cumu-
lative incidence seemed slightly higher in T2DM than in
T1DM (Fig. 1). Children with DM had a 154% increased
risk of early-onset kidney diseases, compared with chil-
dren without DM (adjusted hazard ratios [aHR] 2.54, 95%
confidence intervals 2.38—2.72). Both T1IDM (2.48, 2.31—
2.67) and T2DM (2.75, 2.28-3.31) were associated with
an increased risk of overall kidney diseases. The risks for
type-specific kidney diseases, in particular for glomerular
disease (aHR=3.56, 95% CI=2.97-4.27), renal tubulo-
interstitial diseases (aHR=2.74, 95% CI=2.48-3.02),
renal failure (aHR=9.13, 95% CI=7.49-11.14), and uro-
lithiasis (aHR=1.39, 95% CI=1.20-1.61) among children
with DM, were also increased (Table 2). Similar patterns
were found for TIDM and T2DM while the magnitude
of associations seemed slightly stronger in children with
T2DM than in those with TIDM (Table 2). Analyses
stratified by sex showed similar results for any kidney
diseases, glomerular disease, renal tubulo-interstitial dis-
ease, and renal failure. We observed an increased risk of
urolithiasis among females with DM (1.93, 1.61-2.31) but
not among males with DM (0.92, 0.71-1.19) (Additional
file 1: Table S2).

Associations of childhood DM with early-onset kidney
diseases by calendar years, age of DM diagnosis, DM types,
DM duration, and DM complications

The results for DM and overall and specific types of early-
onset kidney diseases were stable during different calen-
dar periods (1977-1985 vs. 1986—-2016) (Additional file 1:
Table S3). When we stratified the age of DM diagnosis,
older exposed children at 612 years or 13—17 years were
more likely to have a higher rate of kidney disease than
younger children at 0-5 years (Fig. 2 and Additional file 1:
Table S4). Similar results were found according to DM
types (Additional file 1: Fig. S2 and Fig. S3). We found
that children with longer DM duration (10-20 years
and >21 years vs. 0—10 years) were at a higher increased
risk of kidney diseases (Additional file 1: Table S5). Chil-
dren with DM in combination with more than one dia-
betic complications (vs. without diabetic complication)
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Table 1 Baseline characteristics of included participants by diabetes status
Normal DM P-value (DM T1DM T2DM P-value
vs. normal) (T2DM vs.
T1DM)
Overall 93,560 9356 8470 886
Birthweight, g, mean +SD
Mean+SD 34488+632.8 34479+ 669.9 0.900 34624 +667.3 3309.5+679.3 <0.001
Median (P25-P75) 3500.0 (3100.0-3830.0) 3500.0 (3100.0-3850.0) 0.709 3500.0 (3100.0-3850.0) 3350.0 (3000.0-3740.0)
Mean rank 51,456.2 51,4815 4740.1 4089.9
Birth weight catego- 0.001 <0.001
ries, n (%)
Normal 72,166 (77.1) 7100 (75.9) 6419 (75.8) 681 (76.9)
Low 4746 (5.1) 548 (5.9) 469 (5.5) 79 (8.9)
High 15,928 (17.0) 1653 (17.7) 1529 (18.1) 124 (14.0)
Unknown 720(0.8) 55(0.5) 53(0.6) 2(0.2)
Gestational age, weeks
Mean +SD 394420 392422 <0.001 393+2.1 39.0+23 0.005
Median (P25-P75) 40.0 (39.0-41.0) 40.0 (38.0-40.0) <0.001 40.0 (38.0-40.0) 40.0 (38.0-40.0) 0.033
Mean rank 51,7294 48,749.6 46779 4684.0
Preterm birth, n (%) <0.001 <0.001
Yes 5034 (5.4) 637 (6.8) 556 (6.6) 81(9.1)
No 83,211 (88.9) 8203 (87.7) 7479 (88.3) 724 (81.8)
Unknown 5315(5.7) 516 (5.5) 435 (5.1) 81 (9.1)
Age at follow-up, years
Mean +SD 23.79+£9.28 2349+9.17 <0.003 22.94+9.16 28.80+7.31 <0.001
Median (P25-P75) 23.0(17.0-31.0) 23.0(17.0-30.0) 0.005 22.0(16.0-29.0) 29.0 (24.0-34.0) <0.001
Mean rank 51,5415 50,628.2 4508.5 6303.8
Age at baseline, n (%) 1.000
0-5 years 21,840 (23.3) 2184 (233) 2017 (23.8) 167 (18.8)
6-12 years 43,210 (46.2) 4321 (46.2) 4083 (48.2) 238 (26.9)
13-17 years 28,510 (30.5) 2851 (30.5) 2370 (28.0) 481 (54.3)
Duration of diabetes, - 12.26 (6.23-19.59) 11.99 (5.87-19.20) 14.57 (8.95-26.27) <0.001
years, median (P25-
P75)
Mean rank - - 4582.1 5600.2
Calendar year, n (%) 1.000 <0.001
1977-1985 18,380 (19.6) 1838 (19.6) 1544 (18.2) 294 (33.2)
1986-1995 30,650 (32.8) 3065 (32.8) 2638 (31.1) 427 (48.2)
1996-2016 44,530 (47.6) 4453 (47.6) 4288 (51.7) 165 (18.6)
Sex, n (%) 1.000 <0.001
Male 48,850 (52.2) 4885 (52.2) 4528 (53.5) 357 (40.4)
Female 44,710 (47.8) 4471 (47.8) 3942 (46.5) 529 (59.7)
Parity, n (%) 0.134 0.233
1 41,463 (44.3) 4066 (43.5) 3675 (43.4) 391 (44.1)
2 35,013 (37.4) 3512 (37.5) 3200 (37.8) 312(35.2)
>3 17,084 (18.3) 1778 (19.0) 1595 (18.8) 183 (20.7)
Singleton status, n (%) 0.641 0.051
Yes 90,622 (96.9) 9071 (97.0) 8202 (96.8) 869 (98.1)
No 2938 (3.1) 285 (3.0) 268 (3.2) 17(1.9)
Paternal education <0.001 <0.001
level, n (%)
0-9 years 21,758 (23.3) 2202 (24.6) 2017 (23.8) 285 (32.2)
10-14 years 49,820 (53.2) 5044 (53.9) 4583 (54.1) 461 (52.0)
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Table 1 (continued)
Normal DM P-value (DM T1DM T2DM P-value
vs. normal) (T2DM vs.
T1DM)

>15 years 18,249 (19.5) 1697 (18.1) 1596 (18.8) 101 (11.4)

Unknown 3733 (4.0) 313 (34) 274 (3.2) 39 (44)
Maternal education <0.001 <0.001
level, n (%)

0-9 years 26,556 (28.4) 2790 (29.8) 2408 (28.4) 382 (43.1)

10-14 years 41,646 (44.5) 4195 (44.8) 3848 (45.4) 347 (39.2)

> 15 years 24,217 (25.9) 2287 (24.4) 2142 (25.3) 145 (16.4)

Unknown 1141 (1.2) 89(0.9) 72(0.9) 12(14)
Residence, n (%) 0.004 <0.001

Copenhagen 9665 (10.3) 877 (9.4) 759 (9.0) 118(13.3)

Cities with 100,000 11,903 (12.7) 1149 (12.3) 1052 (12.4) 97 (10.9)
or more inhabitants

Others 71,992 (76.9) 7330 (78.3) 6659 (78.6) 671 (75.8)
Maternal marital status, 0.089 0.002
n (%)

Unmarried 40,985 (43.8) 4054 (43.3) 3714 (43.8) 340 (38.4)

Married 52,535 (56.2) 5302 (56.7) 4756 (56.2) 546 (61.6)

Unknown 40 (0.0) 0(0.0) 0 0
Maternal history of <0.001 <0.001
diabetes before child-
birth, n (%)

Yes 1412 (1.5) 449 (4.8) 376 (4.4) 73(8.2)

No 93,048 (98.5) 8907 (95.2) 8094 (95.6) 813(91.8)
Paternal history of <0.001 0.008
diabetes before child-
birth, n (%)

Yes 558 (0.6) 423 (4.5) 399 (4.7) 24.(2.7)

No 93,002 (99.4) 8933 (95.5) 8071 (95.3) 862 (97.3)
Maternal age at child- 0.572 <0.001
birth (years)

<20 2333(2.5) 217 (2.3) 181 (2.1) 36 (4.1)

20-24 17,373 (18.6) 1700 (18.2) 1481 (17.5) 219(24.7)

25-29 34,975 (37.4) 3501 (374) 3171 (374) 330(37.3)

30-34 27,325(29.2) 2790 (29.8) 2584 (30.5) 206 (23.3)

>35 11,554 (12.4) 48 (12.3) 1053 (12.4) 95 (10.7)

T1DM, type 1 diabetes mellitus; T2DM, type 2 diabetes mellitus

tended to have a higher risk of kidney diseases later in life
(Additional file 1: Table S6).

Sensitivity analyses

The results from the sibling cohort were similar to the
main results from the general population cohort (Addi-
tional file 1: Table S7). After excluding children with fol-
low-up after a diagnosis of DM less than 1 year, 3 year,
and 5 year, the results also remained stable (Additional
file 1: Table S8). After further excluding DM patients in
childhood without the use of hypoglycemic drugs also
did not substantially change the findings (Additional

file 1: Table S9). After further adjustment for the use of
nephroprotective therapy, the results also remained con-
sistent (Additional file 1: Table S10).

Discussion

Our study showed that children with TIDM or T2DM
had an increased risk of overall and type-specific early-
onset kidney diseases than those without DM. Older chil-
dren who received a diagnosis of DM at 6-17 years (vs.
younger children with DM diagnosed at 0-5 years) and
children with longer DM duration (vs. shorter DM dura-
tion) were more likely to have overall and type-specific



Sun et al. BMC Medicine (2022) 20:428 Page 6 of 12
T1DM
0.154 — T2DM
Unexposed
3
2 0.10-
D
=
<
£
3
2
=
E
g
=
S)
0.05
0 -
] ] ] ] ] ] ]
0 6 12 24 30 36 42
Number at risk Follow-up time (years)
T1DM 8470 6295 4229 2435 1087 322 80 0
T2DM 886 810 542 323 254 138 23 0
Unexposed 93560 71737 48734 28904 14469 4960 1115 0

Fig. 1 Cumulative incidence of overall early-onset kidney diseases later in life among children divided into three groups (without DM, with TIDM,
and with T2DM). DM, diabetes mellitus; TIDM, type 1 diabetes mellitus; T2DM, type 2 diabetes mellitus

early-onset kidney diseases later in life. Females with DM
were more likely to have urolithiasis, whereas males were
not.

Several previous studies have reported that the overall
risks of kidney diseases increased in young people with
DM [15, 17, 31]. However, little is known about the asso-
ciation of DM with type-specific kidney diseases later
in life. A cohort study based on 342 Canadian youths
showed that DM was associated with an increased risk
of renal failure compared with non-DM [15]. However,
only a small number of individuals (365 with T1DM
and 56 with T2DM) were followed up for more than
10 years. Although several previous studies in Norway,
Sweden, and Finland showed that children or young peo-
ple with DM had an increased risk of end-stage renal
disease [19, 23-25], evidence is scarce on the cumula-
tive risks of other kidney diseases for young people with
DM. In this study, we used nationwide data in Denmark
and confirmed that children with DM had an increased
overall risk of kidney diseases, and we firstly reported
that children with either type of DM had an increased

risk of type-specific kidney diseases including glomeru-
lar disease, renal tubulo-interstitial disease, renal failure,
and urolithiasis. Exposure to hyperglycemia could drive
the loss of kidney function, influencing both renal tubu-
lointerstitial and glomerular filtration barriers through
increased oxidative stress, cell apoptosis, tissue fibrosis,
and inflammation [32]. Our findings support that it is
imperative to achieve and maintain glycemic control in
youths [33] to prevent overall and type-specific early-
onset kidney outcomes later in life. It is documented
that improved glucose control may be useful for delaying
the onset and progression of early complications of DM
(including T1IDM and T2DM) [34, 35]. Parental involve-
ment in school and social settings, anticipation of poorer
adherence and glucose control in youth with DM, a con-
cern of depression symptoms, and appropriate health
care services may help manage glucose more optimally
[36].

The study based on 4555 children and adolescents from
a young diabetes registry showed that the incidence rate
of nephropathy per 1000 person-years increased with the
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Fig. 2 Cumulative incidence of overall early-onset kidney diseases later in life among children by age of diagnosis of diabetes mellitus (0-5, 6-12,

and 13-17 years)

duration of T1DM and T2DM [31]. However, this study
was only based on a tertiary care private DM center in
India, which might not be generalized to other popula-
tions [31]. Moreover, the effects of youth-onset DM on
type-specific kidney diseases were not investigated. Two
previous studies showed that both young and old peo-
ple with a longer duration of DM had an increased risk
of end-stage kidney disease [19, 27], but data on other
type-specific kidney diseases are lacking. In this study, we
found that the risks of kidney diseases overall and specific
types (including renal failure, glomerular diseases, renal
tubulo-interstitial disease, and urolithiasis) increased
with the DM duration. Besides, we found that renal tub-
ulo-interstitial disease and renal failure may occur with a
short DM duration of fewer than 10 years, which suggest
that it is important to keep healthy blood glucose level
earlier to prevent these kidney diseases later in life.
Interestingly, similar to previous studies on the asso-
ciation between T2DM and long-term end-stage kidney
disease in Canadian and Australian young adults [27,
37], we found that DM diagnosed at 0-5 years afforded

lower cumulative incidence of all kidney diseases than
DM diagnosed at 6—12 years and 13—-17 years, independ-
ent of types of DM. Data from the Swedish Childhood
Diabetes Register showed that the cumulative incidence
of end-stage kidney disease for T1IDM diagnosed at
0-9 years was lower than that diagnosed at 10-19 years
[19]. However, this study did not compare the rate of
end-stage kidney disease between T1DM diagnosed at
0-5 years and that at 5-9 years. In Norwegian children,
the cumulative incidence of end-stage kidney disease for
T1DM diagnosed at 0-5 years and 5-9 years was lower
than that diagnosed at 10—14 years [24], whereas in Finn-
ish children, the cumulative incidence of end-stage kid-
ney disease for TIDM diagnosed at 0—4 years was lower
than that diagnosed at 5-9 years and 10-14 years [23].
Our findings on the age of diagnosis of DM and cumula-
tive incidence of all kidney diseases were similar to the
latter one. The higher cumulative incidence of kidney
diseases for diagnosed DM at 6-17 years compared with
diagnosis at 0—5 years might be due to that sexual matu-
ration caused by psychological and endocrine factors at
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puberty appears to accelerate the progress of DM, reflux
nephropathy, and posterior urethral valves [38]. Moreo-
ver, the large psychological changes in puberty might
influence the adherence to DM treatment [39], which
poses a challenge to achieving good DM care for youths
with DM. Besides, other risk factors including a rapid
increase in body weight and blood pressure and altered
endocrine during the puberty period also influence the
development of chronic kidney disease [38]. In general,
detecting DM in early childhood might be important
for physicians helping them improve glycemic control,
increase monitoring intensity, and delay long-term DM
complications. It has been demonstrated that DM diag-
nosed at a young age might contribute to a delay in the
development of end-stage kidney disease [23, 24].

Although several studies reported a higher or similar
incidence of renal complications in T1DM than that in
T2DM [12, 40, 41], a large number of emerging studies
have shown that youths with T2DM had a higher bur-
den of renal complications (especially end-stage kidney
diseases or renal failure) and poor prognosis than those
with T1DM [15, 17, 31, 40, 42]. The discrepancy of pre-
vious studies might be due to the differences in age and
ethnicity/race of study participants, study sample size,
the definition of DM, duration of follow-up years, and
various renal complications (such as kidney risk profile,
renal failure, and diabetic kidney diseases). In this study,
we found that children with TIDM or T2DM had a simi-
lar increased overall risk of kidney disease, renal tubulo-
interstitial disease, and urolithiasis compared with those
without DM. The similarity in the risks of type-specific
kidney diseases due to TIDM and T2DM implies shared
pathological mechanisms between both types of DM in
the development of kidney diseases [32]. However, the
odds of glomerular disease and kidney failure among
children with T2DM were nearly twice the odds among
those with TIDM. Our findings might partly explain the
discrepancy of previous findings. Although the potential
mechanisms have not been elucidated, obesity, which
causes T2DM, might play an important role in the forma-
tion of these kidney diseases [43, 44]. Besides, it might be
driven by other major risk factors such as hypertension
and dyslipidemia [45].

We found a similar risk of glomerular disease for
youth-onset DM among both males and females, which
was in line with the finding on the association between
childhood-onset T1IDM and end-stage kidney disease
in a nationwide study in Sweden [25], but inconsistent
with the finding of a markedly higher risk of end-stage
kidney disease for the onset of DM among Australian
males at 10-29 years vs. females and among Swedish
males at 20—34 years vs. females [25, 27]. We addition-
ally observed that females with DM were more likely
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to have urolithiasis, whereas males were not. Previous
evidence has indicated that pediatric nephrolithiasis
was more common in females than in males [46]. These
findings might be explained by the fact that females had
more acquisition of bone mineralization driven by estro-
gen, which might cause the formation of urine chemis-
try and stone [47]. At the start of puberty, females had
higher levels of urinary citrate than males [48]. These
findings imply that sex plays a vital role in the develop-
ment of urolithiasis among children with DM, and fur-
ther studies are warranted to understand the mechanism.
However, we could not assess the sex effect on the asso-
ciation between childhood DM types and type-specific
kidney diseases due to limited cases when stratified by
sex, which needs further exploration.

To our knowledge, this was the first nationwide pro-
spective study that offered new insights into the incidence
of type-specific kidney diseases later in life for children
with T1DM or T2DM. Additionally, we performed sib-
ling design to assess the influence of unmeasured genetic
and environmental characteristics, which are difficult to
adjust using a conventional cohort study design. Several
limitations deserved consideration. First, the small num-
bers of some type-specific kidney outcomes precluded us
from performing subgroup analyses. Second, although
several confounders have been adjusted in this study,
confounding effects of some unadjusted factors cannot
be ruled out, such as obesity status and lifestyles in child-
hood or adulthood. Third, the same code (ICD-8, 205)
of T1IDM and T2DM before 1986 might cause potential
misclassification bias because children with T2DM who
required insulin treatment might be misclassified as
T1DM. However, our subgroup analyses stratified by cal-
endar periods yielded a similar association between DM
and the overall risk of kidney diseases between 1977-
1985 and 1986-2016. Fourth, the use of ICD codes might
underestimate the incidence of chronic kidney disease
in administrative data because of inadequate documen-
tation in discharge summaries and/or inaccurate coding
practice [49]. However, we used both Danish-modified
ICD-10 codes, ICD-8 codes, and ATC codes to capture
kidney diseases. Fifth, we only examined the risk of kid-
ney diseases in childhood and early adulthood because
of the short follow-up duration (median: 13 years), and
limited follow-up duration in our study might omit
young children born in 1996-2016 who had a high risk of
T2DM in adolescence. Future well-designed cohort stud-
ies with longer follow-up duration are warranted.

Conclusions

In conclusion, we found that childhood DM (both
T1DM and T2DM) could lead to an increased risk of
early-onset kidney diseases overall and a number of
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specific types, such as glomerular disease, renal tubulo-
interstitial disease, and renal failure later in life. Older
children who received a diagnosis of DM during later
childhood were at a higher risk of developing kidney
diseases compared with those during early childhood.
Youth-onset DM with a longer duration was associated
with a higher increased risk of overall and type-specific
early-onset kidney diseases later in life. These findings
highlight the significance of early detection and pre-
vention of TIDM and T2DM among children at high
risk because of prolonged exposure and stress and the
importance of strict control of DM in the life course to
reduce the high burden of kidney disease later in life.
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