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Abstract

Assessment of beta-cell function in type 1 diabetes (T1D) has important implications in both clinical and research settings.
Studies demonstrating the extent to which puberty influences C-peptide levels are scarce. The aim of this study was to evaluate
the influence of pubertal stage, along with age and body mass index (BMI), on multiple C-peptide measures at T1D diagnosis.
This study included 275 consecutive children aged between 1 and 18 years with newly diagnosed T1D. Fasting, prandial, and
area under the curve (AUC) C-peptide, estimated using fasting and prandial C-peptide levels, were analyzed. Generalized
linear regression models were utilized. Median age at diagnosis was 7.9 (1.1-17.3) years, and mean BMI standard deviation
score (SDS) was — 0.4 + 1.4. Of the patients, 66% were prepubertal. Median fasting and prandial C-peptide levels at diagno-
sis were 0.26 (0.05-1.8) ng/mL and 0.43 (0.05-3) ng/mL, respectively. Fasting C-peptide was almost perfectly correlated
with prandial C-peptide (r,=0.80, P <0.001). Fasting, prandial, and AUC C-peptide were positively related with BMI SDS,
age, and pubertal stage at diagnosis (P <0.001 for all). All the associations persisted when the variables were included as
independent variables in regression models. Conclusions: Pubertal stage significantly and independently impacts C-peptide
levels at T1D diagnosis along with body mass index and age. The adjustments demonstrating the extent to which puberty
influences C-peptide levels in new-onset T1D are presented. Our observations underline the existence of distinct endotypes
of T1D characterized by differing immunopathological courses.

What is Known:
o Throughout the evaluation of beta-cell function at T1D diagnosis, it is essential to consider the factors influencing C-peptide levels.
What is New:

o While age and BMI at diagnosis are associated with beta-cell function, our findings set the stage for a greater understanding of the disease
process with additional findings regarding puberty, supporting the existence of endotypes of TI1D.
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Introduction

Assessing beta-cell function in type 1 diabetes (T1D) has
important implications in clinical and research settings.
C-peptide indices are the widely accepted measure of the
efficacy of disease-modifying therapies and the primary
endpoint measure in clinical trials [1, 2]. Classification
schemes define T1D as a situation of insulin deficiency
and type 2 diabetes as insulin resistance combined with
relative insulin deficiency [3]. While current criteria of
T1D diagnosis remain the presence of diabetes auto-anti-
bodies with dysglycemia parameters [3], clinicians may
use C-peptide levels to orientate toward type 1 or type 2
diabetes [4].

Throughout the evaluation of beta-cell function at T1D
diagnosis, it is essential to consider the factors influenc-
ing C-peptide levels to make a precise interpretation.
Although it’s known that age and body mass index (BMI)
influence beta-cell function, the extent of the associa-
tions is not clear. Recently, T1D endotypes, defined by
distinct pathophysiological mechanisms, have been dis-
covered with consequences for disease prediction, preven-
tion, diagnosis, and treatment [5]. It was shown that chil-
dren < 12 years old with overweight/obesity have a higher
rate of T1D progression [6]. Typically, younger age (<7
years) is associated with a lower proportion of residual
insulin-containing islets, serum C-peptide levels; higher
proinsulin- to—C-peptide ratios, and frequency of diabetic
ketoacidosis; hyperimmune CD20hi pattern of insulitis;
HLA-DR3/DR4 haplotypes; and higher overall number
of autoantibodies when compared to those diagnosed at
aged > 13 years [6].

It has been proposed that adjustments for BMI SDS and
age could cause substantial changes in C-peptide values
[7], which must be carefully interpreted as it may under-
line the distinct disease subgroups. Additionally, little is
known regarding the relationship between C-peptide indi-
ces and pubertal status [8, 9]. The extent of the influence
of puberty on C-peptide levels at T1D diagnosis is largely
unknown. This study aimed to analyze the relationships
between C-peptide levels and pubertal stage, along with
age and BMI in children with new-onset T1D, and evaluate
the extent of the associations between these variables and
C-peptide indices.

Methods

Two hundred seventy-five consecutive children aged
between 1 and 18 years with T1D, newly diagnosed at
the Pediatric Endocrinology Department of Karadeniz
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Technical University Farabi Hospital, between 2006 and
2021, participated in the study. A subset of the study
population has been previously analyzed, showing the
relationship between preserved C-peptide levels and age
and BMI [10]. We retrospectively reviewed the medical
records of the patients. T1D was diagnosed according to
the International Society for Pediatric and Adolescent
Diabetes guidelines, based on symptoms of insulinopenia,
elevated blood glucose, and hemoglobin Alc (HbAlc) [3].
Diabetes autoantibodies levels were measured at the time
of diagnosis. Insulin was started at diagnosis and used
continually thereafter in all cases. Age, gender, weight,
height, BMI, and pubertal stage at T1D diagnosis were
recorded. BMI standard deviation scores (SDSs) were
calculated according to Turkish child growth reference
data using an online calculator program (http://www.
childmetrics.org) [11]. Several pediatric endocrinology
fellows assessed the pubertal stage according to Tanner
scaling under the supervision of a faculty member, based
on breast shape, the quantity and pattern of pubic hair
for girls, and genital development and the quantity and
pattern of pubic hair for boys. If more than one stage was
detected, a mean was calculated. Laboratory findings at
the time of diagnosis included C-peptide, HbAlc, pH,
diabetes autoantibodies (GADA; detection limit< 1.0
U/mL), islet cell (ICA; detection limit <2.0 U/mL), and
anti-insulin (AIA; detection limit<2.0 U/mL). Three
C-peptide measures were evaluated: fasting, prandial, and
area under the curve (AUC), calculated using the latter two
measures. Prandial C peptide was measured 2 h after meal
consumption (after restoring metabolic status, on average
2-3 days after diagnosis), and thus, it was considered
stimulated.

Although the mixed-meal tolerance test (MMTT)
is recognized as the gold-standard method to evaluate
endogenous insulin secretion, its use in routine clinical
practice is limited as it is labor-intensive and inconvenient
[12]. It was shown that 90-min and 120-min MMTT C-peptide
measurements were concordant with total AUC [13]. Fasting
C-peptide is highly correlated with the standard MMTT
and stimulated C-peptide [14]. Moreover, the assessment
of C-peptide from a non-fasting random blood draw is
a reasonable measure of the evaluation made during an
MMTT [15]. Therefore, we determined AUC C-peptide as
a function of fasting and prandial C-peptide measurements.
C-peptide levels were estimated by electrochemiluminescence
(ECLIA) to a sensitivity of 0.1 ng/mL. HbAlc was measured
by the spectrophotometric method, and the presence of AIA,
ICA, and GADA was determined by chemiluminescence
immunoassay (CLIA). C-peptide values in the undetectable
range were assigned a value of 0.05 ng/ml (half of the lower
limit of detection) for the analyses.


http://www.childmetrics.org
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IBM SPSS Statistics for Windows, version 24 (IBM
Corp., Armonk, NY, USA) was used for statistical analysis.
Continuous variables are expressed as mean + standard
deviation or median (min—max), and categorical variables
as absolute frequency and percentage. Univariate and
multivariable generalized linear regression models were
used to examine associations of C-peptide variables
with BMI SDS, age, and pubertal status. Models were
evaluated that adjusted for variables alone and all.
Pubertal stage 1 was the reference in the regression
models. The significance of the model was determined by
using the Omnibus test of coefficient. Normal probability
distribution and identity link functions are used in the
model. The significance of the regression coefficients in
the model was determined by the Wald chi-square test.
Pearson or Spearman correlations were also utilized.
Exploratory analyses supported the use of log-transformed
C-peptide measures. AUC C-peptide was calculated with
the trapezoidal rule. The differences were considered
statistically significant with a P value <0.05.

Results

Characteristics of the patients are shown in Table 1. Median
age at diagnosis was 7.9 (1.1-17.3) years, and mean BMI
standard deviation score (SDS) was — 0.4 +1.4. Of the
patients, 66% were prepubertal and 55% were male. Median
fasting and prandial C-peptide levels at diagnosis were
0.26 (0.05-1.8) ng/mL and 0.43 (0.05-3) ng/mL, respec-
tively. Obesity (BMI >2 SDS) or overweight (BMI> 1 SDS
and <2SDS) was observed in 18%. Of the cases, 51.3% pre-
sented with DKA.

Table 1 Characteristics of patients

Age (years) 7.9 (1.1-17.3)
Body mass index (kg/m?) 16.7+3.1
Body mass index SDS -04=x14
Gender (male) 151 (55%)
Puberty (prepubertal) 181 (66%)
HbA ¢ (%) mmol/mol 12.1+2.5
108.7+27
pH 7.29 (6.8-7.5)

Diabetic ketoacidosis 141 (51.3%)
208 (75.6%)
0.26 (0.05-1.8)
0.43 (0.05-3)

0.72 (0.1-4.2)

Presence of diabetes-associated autoantibodies
Fasting C-peptide (ng/ml)

Prandial C-peptide (ng/ml)

AUC C-peptide (ng/ml)

Data presented as number (%) or mean+standard deviation or
median (min—max)

Descriptive statistics are given for each pubertal stage
in Table 2. Table 3 depicts the comparisons of C-peptide
indices according to the pubertal stage, showing
significant differences between groups (P <0.001 for
all). There were increments in all indices throughout
the stages on a continuum basis. Table 4 shows similar
results obtained for the latter analysis after excluding
autoantibody-negative patients. Subanalysis of residual
C-peptide within obese and overweighted children at
diagnosis compared to lean children revealed significant
differences (P =0.002 to 0.012) (Table 5). Another
subanalysis comparing Tanner 1 with Tanner 2 and above
depicted similar results (P <0.001 for all) (Table 5).
Reanalysis after excluding autoantibody-negative patients
yielded parallel results for both subanalyses (Table 6).

We observed that fasting C-peptide was almost perfectly
correlated with prandial C-peptide (r,=0.80, P <0.001).
There was a positive correlation between fasting and pran-
dial C-peptide levels and both age (r,=0.38, P <0.001 and
ry=0.42, P <0.001, respectively) and BMI SDS (r,=0.27,
P <0.001 and r,=0.23, P=0.001, respectively). Fasting
and prandial C-peptide were also positively correlated
with pubertal stage (r,=0.39, P <0.001 and r,=0.44,
P <0.001, respectively).

Associations of fasting C-peptide, prandial C-peptide,
and AUC C-peptide with age, BMI SDS, and pubertal stage
are shown in Tables 7, 8, 9, and 10 that present regression
models. Fasting, prandial, and AUC C-peptide levels were
significantly related to age, BMI SDS, and pubertal stage at
diagnosis (P <0.001 for all). The R? for univariate associa-
tions of C-peptide indices with BMI SDS, age, and pubertal
stage ranged from 0.06 to 0.07, from 0.12 to 0.15, and 0.13
to 0.17, respectively (Table 7). Excluding autoantibody-
negative patients from the analysis yielded similar results
(Table 8).

Furthermore, all the associations persisted when
the variables were included as independent variables
in regression models (Table 9). All C-peptide indices’
regression coefficients for BMI SDS were 0.05 +0.01
(P<0.001). Regression coefficients were 0.23 +0.08
(P=0.003) for fasting C-peptide and Tanner stage 3;
0.25+0.09 (P=0.004), 0.23 +0.09 (P=0.009), and
0.14+0.06 (P =0.026) for prandial C-peptide and Tanner
stages 4, 3, and 2 respectively. There was a similar
relationship between AUC C-peptide and Tanner stages
4, 3, and 2. Fasting C-peptide and AUC C-peptide were
significantly associated with age (regression coefficients,
0.02+0.01 for both, P=0.029 and 0.042, respectively).
Excluding autoantibody-negative patients from the analysis
did not essentially alter the results (Table 10).

Analyses were repeated after replacing BMI measured
at diagnosis with BMI measured at a median of 2.7 months

@ Springer



219 Page4of9 European Journal of Pediatrics (2025) 184:219

Table 2 Characteristics of patients according to pubertal stage

Pubertal stage 1 2 3 4 5
n=181 n=40 n=23 n=18 n=13
Age (years) 5.5(1.1-12.5) 10.6 (7-13.9) 12.7 (11-14.4) 12.8 (10.3-16.5) 14.6 (12.2-17.3)
Body mass index (kg/m?) 15.3 (11.2-23.8) 17.8 (13.9-24.3) 18.2 (12.7-25) 17.9 (14.1-25.6) 20.3 (14.4-27.4)
Body mass index SDS —-0.3(—4.4-2.5) —-0.1(=2.1-2.4) —-0.6 (—3.86-1.91) —0.7 (—3.18-1.96) -0.2(-4.9-1.72)
Gender (male) 100 (55.2%) 25 (62.5%) 13 (56.5%) 11 (61.1%) 2 (15.4%)
HbA ¢ (%) mmol/mol 11.8 (6.6-18.7) 12.2 (7.1-17.5) 12.6 (9.5-16.6) 114.2  12.8 (9.8-18.3) 116.4 11.3 (8.2-16.9)
105.5 (48.6-180.9)  109.8 (54.1-167.8)  (80.3-157.9) (83.6-176.5) 100 (66.1-
161.2)
pH 7.28 (6.8-7.5) 7.32 (6.9-7.42) 7.29 (7-7.37) 7.29 (7.03-7.4) 7.26 (6.83-7.4)
Diabetic ketoacidosis 95 (52.5%) 18 (45%) 12 (52.2%) 9 (50%) 7 (53.8%)
Presence of diabetes-associ- 135 (74.6%) 33 (82.5%) 20 (87%) 12 (66.7%) 8 (61.5%)

ated autoantibodies

Data presented as number (%) or mean + standard deviation or median (min—max)

Table 3 Comparisons of C-peptide indices according to pubertal stage

Pubertal stage 1 2 3 4 5 P value
n=181 n=40 n=23 n=18 n=13

Fasting C-peptide (ng/ml) 023 (0.05-1.76)  0.34(0.12-1.33)  0.43(0.13-1.52)  0.41 (0.05-1.4) 048 (0.17-125)  <0.001
Prandial C-peptide (ng/ml) 033 (0.05-2.99)  0.62 (0.16-2.46)  0.65(0.25-1.76)  0.69 (0.43-1.94)  0.73 (0.3-2.88) <0.001
AUC C-peptide (ng/ml) 0.56 (0.1-4.18)  1.07 (0.28-3.79)  1.09 (0.48-2.85) 1.1 (0.49-2.8) 1.17 (0.47-4.1) <0.001

Data presented as median (min—max). For the comparisons, Kruskal-Wallis test was used. Bold values indicate statistical significance at P <0.05

Table 4 Comparisons of C-peptide indices according to pubertal stage (excluding autoantibody-negative patients)

Pubertal stage 1 2 3 4 5 P value
n=135 n=33 n=20 n=12 n=3_8

Fasting C-peptide (ng/ml) 0.22 (0.05-1.76)  0.34(0.12-1.33)  0.45(0.13-1.52)  0.41(0.12-1.40)  0.53 (0.17-1.25) <0.001
Prandial C-peptide (ng/ml)  0.30 (0.05-1.71)  0.73 (0.16-2.46)  0.65 (0.28-1.76)  0.69 (0.43-1.59)  0.72 (0.30-2.88) <0.001
AUC C-peptide (ng/ml) 0.50 (0.10-2.68) 1.14 (0.28-3.79) 1.09 (0.53-2.85) 1.01 (0.55-2.41) 1.10 (0.47-4.10) <0.001

Data presented as median (min—max). For the comparisons, Kruskal-Wallis test was used. Bold values indicate statistical significance at P <0.05

Table 5 Comparisons of C-peptide indices according to weight status and pubertal status

Weight status Lean Overweight and obese Pvalue  Pubertal status  Pre-pubertal Pubertal P value
n=225 n=>50 n=181 n=94

Fasting C-peptide (ng/ml) 0.24 (0.22)  0.45(0.35) 0.002 0.22 (0.17) 0.37 (0.46) <0.001

Prandial C-peptide (ng/ml)  0.41 (0.43)  0.57 (0.56) 0.012 0.33 (0.33) 0.68 (0.57) <0.001

AUC C-peptide (ng/ml) 0.65(0.68)  1.05(0.99) 0.004 0.56 (0.51) 1.1(1.1) <0.001

Data presented as median (IQR). For the comparisons, Mann—Whitney U test test was used. Bold values indicate statistical significance at
P<0.05

after diagnosis. This modification, leading to a major Discussion

decrease in the number of patients, did not essentially change

the results for most of the analyzed parameters (except age) ~ These data demonstrate that an appreciable proportion of
(Table 11). Table 12 presents the results for the latter analy-  the variance of the C-peptide measures at T1D diagnosis is
sis after excluding autoantibody-negative patients. explained by age, BMI SDS, and pubertal stage in children
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Table 6 Comparisons of C-peptide indices according to weight status and pubertal status (excluding autoantibody-negative patients)

Weight status Lean Overweight and obese Pvalue  Pubertal status ~ Pre-pubertal Pubertal P value
n=168 n=40 n=135 n=173

Fasting C-peptide (ng/ml) 0.24 (0.23)  0.37(0.39) 0.004 0.22 (0.17) 0.37 (0.44) <0.001

Prandial C-peptide (ng/ml)  0.40 (0.44)  0.58 (0.68) 0.004 0.30 (0.31) 0.69 (0.56) <0.001

AUC C-peptide (ng/ml) 0.63 (0.65)  1.05(1.11) 0.002 0.50 (0.44) 1.09 (1.08) <0.001

Data presented as median (IQR). For the comparisons, Mann—Whitney U test test was used. Bold values indicate statistical significance at

P<0.05

Table 7 Univariate associations of C-peptide indices with pubertal
stage, BMI SDS, and age

BMISDS  Pubertal stage Age
Fasting C-peptide (ng/ml) 0.06+0.01 0.1+0.02 0.03+£0.01
(0.06) (0.12) (0.13)
P<0.001 P<0.001 P <0.001
Prandial C-peptide (ng/ml) 0.06+0.02 0.1+0.02 0.03+£0.01
(0.06) (0.15) (0.15)
P<0.001 P<0.001 P <0.001
AUC C-peptide (ng/ml) 0.06+0.14 0.1+0.02 0.03+0.01
(0.07) (0.15) 0.17)
P<0.001 P<0.001 P <0.001

Regression coefficients, R? (in parentheses), and P values are pre-
sented

Prandial C-peptide measurement was available for 204 patients

Log-transformed C-peptide measures are used. Bold values indicate
statistical significance at P <0.05

Table 8 Univariate associations of C-peptide indices with pubertal
stage, BMI SDS, and age (excluding autoantibody-negative patients)

BMI SDS  Pubertal stage Age
Fasting C-peptide (ng/ml)  0.07+0.02 0.12+0.02 0.03+£0.01
(0.07) (0.14) (0.15)
P<0.001 P<0.001 P<0.001
Prandial C-peptide (ng/ml) 0.07+£0.02 0.12+0.02 0.04+0.01
(0.08) (0.17) (0.19)
P<0.001 P<0.001 P<0.001
AUC C-peptide (ng/ml) 0.07+0.02 0.12+0.02 0.04+0.01
(0.10) (0.16) (0.20)
P<0.001 P<0.001 P<0.001

Regression coefficients, R? (in parentheses), and P values are pre-
sented

Prandial C-peptide measurement was available for 154 patients

Log-transformed C-peptide measures are used. Bold values indicate
statistical significance at P <0.05

with new-onset T1D, and these variables independently
impact C-peptide levels at T1D diagnosis. Recent studies
have reported the relationship between C-peptide levels at

diagnosis and both age and the degree of adiposity [7, 16,
17]. However, most studies did not examine or take into
account the effect of puberty while analyzing C-peptide
levels. Moreover, in most cases, the pubertal stage was
determined based on patients’ self-assessments, or age groups
were used as a proxy. Recently, T1D endotypes have been
discovered based on demographic, genetic, immunological,
histopathological, metabolic, and/or clinical characteristics
[5]. The differences in age and puberty regarding C-peptide
levels shown in the current study may underline the distinct
physiopathology (i.e., endotypes), and thus, we should be
careful if we apply a correction of C-peptide levels according
to age and/or Tanner stages. Indeed, age stratification might
be more appropriate than age adjustment [7].

The heterogeneity of T1D is a significant challenge for
diabetes research with high response variability observed
in intervention trials. Age serves as a proxy for differences
in immune and metabolic functions in T1D. Younger age is
associated with higher proportions of disease progression,
along with differing histological, immune, and genetic
characteristics [5, 6]. Disease manifestation at an early age
can be evaluated as a sign of a more aggressive autoimmune
process and progression in this age group, suggesting a
significant loss in insulin secretion [18, 19]. Yuan et al. [14]
found a 22% increase in serum AUC C-peptide with every
1-year increase in age at diagnosis. A profound impact of
advancing age at diagnosis, which was linear throughout
the complete range (from 1 to 20 years), on the preservation
of C-peptide levels was demonstrated among SEARCH
participants [20]. Pecheur et al. [21] showed a positive effect
of age on postprandial C-peptide levels in children with T1D
at diagnosis and 2 years after, partly explained by differences
in the treatment modalities.

Sosenko et al. [7] depicted the impact of BMI SDS
and age on C-peptide indices from OGTTs at diagnosis in
children with T1D. However, the authors did not determine
the association between C-peptide measures and puberty.
Redondo et al. [16] showed that age and BMI were
associated with C-peptide levels, but pubertal stage was not
independently associated with C-peptide levels at diagnosis of
autoimmune T1D. That study was conducted in an ethnically
diverse population, which is opposite to the present study.
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A higher BMI at diagnosis is not beneficial for the
long-term preservation of residual beta cell function,
and this observation must also be considered in preven-
tion studies. Steck et al. [22] showed that younger age at
diagnosis, higher weight z-score (BMI SDS only in the
univariate analysis), and HbAlc were associated with a
steeper C-peptide decline during the two years after T1D
diagnosis in young children. In another study confirming
the positive association between BMI SDS and C-peptide
levels only at diagnosis, C-peptide levels of obese patients
dropped more rapidly in the follow-up than in children
with BMI-SDS within normal limits [23]. These patients
had enhanced levels of inflammatory cytokines. Weight
gain contributes to insulin resistance characterized by a
compensatory increase of secretory demand in beta-cells,
accelerating the rate of beta-cell loss [24]. The authors
emphasized that the lowest BMI-SDS group showed
almost the same decline in C-peptide levels as the BMI
SDS > 1 group, which means that the leanest children do
not preserve residual beta-cell, too. Of note, puberty was
not considered in these studies. Also, a major limitation of
studying whether age of onset declines with higher BMI is
that, in the general pediatric population, the prevalence of
obesity increases with age, which may obscure an inverse
relationship in children with T1D, if it exists [16].

Our data suggest that pubertal stage, which is inter-
twined with age at T1D diagnosis, is an essential factor in
the disease process. Lauria et al. [25] showed that BMI is
an important driver of beta-cell loss in T1D upon diagno-
sis only in those individuals aged 10—18 years. The authors
supposed that pubertal transition, which is a process of
evolution from childhood to adult reproductive capac-
ity, ruled by the reactivation of the hypothalamic—pitui-
tary—gonadal axis [26], explained the detrimental associa-
tion of BMI with fasting C-peptide decline. Indeed, the
differences in C-peptide levels between prepubertal and
pubertal patients might be mostly related to different phys-
iopathology rather than transition or insulin resistance.

Our study has several limitations and strengths.
Although BMI was recorded on the day of diagnosis,
results were mostly (except age, which might be due to
the major decrease in the number of patients) verified
when performing the same analysis with the weight at
the first outpatient consultation to address the effect of
dehydration upon BMI. In the previous study, which pro-
posed that adjustments for BMI SDS and age could affect
C-peptide values, the associations were not indicative
of those at the time of a “clinical” T1D diagnosis [7].
Trained healthcare providers assessed the pubertal stag-
ing examination, unlike most previous studies in which
patients reported their pubertal status. At an initial glance,
one can say that the regression coefficients in our study

@ Springer

are low when compared to the previous study by Sosenko
et al. [7]. However, since the analyses in our study belong
to the time of a clinical diagnosis, it should be considered
that the average C-peptide levels are also lower, and log-
transformed C-peptide measures are used. We could not
measure C-peptide levels during an MMTT, as described
in detail in the methods section. Although the number of
patients decreased with the advancing pubertal stage, the
cohort was consecutive. A limitation of the study was the
relatively large number of autoantibody-negative children
and adolescents with T1D in this cohort. These patients
were indistinguishable from the autoantibody-positive
group by clinical characteristics and did not demonstrate
features typical for other diabetes subtypes.

To conclude, while age and BMI at diagnosis are key
variables associated with beta-cell function, our data set
sets the stage for a greater understanding of the disease pro-
cess with additional findings regarding puberty. Our find-
ings emphasize the association between the heterogeneity
of T1D/ C-peptide levels and these variables, supporting
the existence of endotypes of T1D. Uncovering the nature
of these relationships will help in the search for effective
individualized therapies.

Acknowledgements We would like to thank Basire Nur Yildiz and
ismail Sefa Keskin, 6th grade medical students, who helped in data
collection.

Authors’ contributions All authors contributed to the study conception
and design. Material preparation, data collection, and analyses were
performed by EAC, NEB, and GK. The first draft of the manuscript was
written by EAC, and all authors commented on previous versions. All
authors have read and approved the final manuscript. All agreed to be
accountable for all aspects of the work to ensure that questions related
to the accuracy or integrity of any part of the work are appropriately
investigated and resolved.

Funding Open access funding provided by the Scientific and Techno-
logical Research Council of Tiirkiye (TUBITAK).

Data availability Data is provided within the manuscript.

Code availability N/A.

Declarations

Ethics approval The Institutional Review Board approved the study
(Karadeniz Technical University Medical School, number: 2022—-66-2—
24237859-391). All procedures were done in agreement with Helsinki
declaration for studies on human subjects.

Consent to participate N/A.

Consent for publication This retrospective study did not require written
informed consent.

Competing interests The authors declare no competing interests. This
study has been partly presented at the ESPE 2022 annual meeting.
Horm Res Paediatr 2022;95(suppl 2): 88. https://doi.org/10.1159/
000525606.


https://doi.org/10.1159/000525606
https://doi.org/10.1159/000525606

European Journal of Pediatrics (2025) 184:219

Page9of9 219

Permission to reproduce material from other sources N/A

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

10.

Wentworth JM, Bediaga NG, Giles LC et al (2019) Beta cell
function in type 1 diabetes determined from clinical and fasting
biochemical variables. Diabetologia 62:33—40. https://doi.org/10.
1007/s00125-018-4722-z

Ismail HM, Evans-Molina C, DiMeglio LA et al (2019) Associa-
tions of HbAlc with the timing of C-peptide responses during
the oral glucose tolerance test at the diagnosis of type 1 diabetes.
Pediatr Diabetes 20:408—413. https://doi.org/10.1111/pedi.12845
Libman I, Haynes A, Lyons S et al (2022) <scp>ISPAD</scp>
Clinical practice consensus guidelines 2022: definition, epidemi-
ology, and classification of diabetes in children and adolescents.
Pediatr Diabetes 23:1160-1174. https://doi.org/10.1111/pedi.
13454

Besser REJ (2013) Determination of C-peptide in children: when
is it useful? Pediatr Endocrinol Rev 10:494-502

Redondo MJ, Hagopian WA, Oram R et al (2020) The clinical
consequences of heterogeneity within and between different dia-
betes types. Diabetologia 63:2040-2048

Battaglia M, Ahmed S, Anderson MS et al (2020) Introducing the
endotype concept to address the challenge of disease heterogene-
ity in type 1 diabetes. Diabetes Care 43:5-12

Sosenko JM, Geyer S, Skyler JS et al (2018) The influence of
body mass index and age on C-peptide at the diagnosis of type 1
diabetes in children who participated in the diabetes prevention
trial-type 1. Pediatr Diabetes 19:403—4009. https://doi.org/10.1111/
pedi.12609

Bonfanti R, Bognetti E, Meschi F et al (1998) Residual beta-cell
function and spontaneous clinical remission in type 1 diabetes
mellitus: the role of puberty. Acta Diabetol 35:91-95. https://doi.
org/10.1007/s005920050110

Kordonouri O, Danne T, Enders I, Weber B (1998) Does the long-
term clinical course of type I diabetes mellitus differ in patients
with prepubertal and pubertal onset? Results of the Berlin Retin-
opathy Study. Eur J Pediatr 157:202-207. https://doi.org/10.1007/
5004310050796

Cimbek EA, Oztiirk MA, Karagiizel G (2022) Preservation of
C-peptide levels in children with new-onset type 1 diabetes: a
comparison based on body mass index. Turk J Diabetes Obesity
6:32-38. https://doi.org/10.25048/tudod.1059061

. DemirK, Ozen S, Konakei E et al (2017) A comprehensive online

calculator for pediatric endocrinologists: CEDD Coziim/TPEDS
metrics. J Clin Res Pediatr Endocrinol 9:182—184. https://doi.org/
10.4274/jcrpe.4526

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Willemsen RH, Burling K, Barker P et al (2018) Frequent moni-
toring of C-peptide levels in newly diagnosed type 1 subjects
using dried blood spots collected at home. J Clin Endocrinol
Metab 103:3350-3358. https://doi.org/10.1210/j¢.2018-00500
Vollenbrock CE, Mul D, Dekker P et al (2023) Fasting and meal-
stimulated serum C-peptide in long-standing type 1 diabetes mel-
litus. Diabetic Med 40. https://doi.org/10.1111/dme.15012

Yuan J-N, Zhang J-W, Cutfield WS et al (2021) Surrogate markers
and predictors of endogenous insulin secretion in children and
adolescents with type 1 diabetes. World J Pediatrics 17:99-105.
https://doi.org/10.1007/s12519-020-00382-0

Davis AK, DuBose SN, Haller MJ et al (2015) Prevalence of
detectable C-peptide according to age at diagnosis and duration
of type 1 diabetes. Diabetes Care 38:476—-481. https://doi.org/10.
2337/dc14-1952

Redondo MJ, Rodriguez LM, Escalante M et al (2012) Beta cell
function and BMI in ethnically diverse children with newly diag-
nosed autoimmune type 1 diabetes. Pediatr Diabetes 13:564-571.
https://doi.org/10.1111/j.1399-5448.2012.00875.x

Yu HW, Lee YJ, Cho WI et al (2015) Preserved C-peptide levels
in overweight or obese compared with underweight children upon
diagnosis of type 1 diabetes mellitus. Ann Pediatr Endocrinol
Metab 20:92. https://doi.org/10.6065/apem.2015.20.2.92
Parviainen A, Hiarkonen T, Ilonen J et al (2022) Heterogeneity
of type 1 diabetes at diagnosis supports existence of age-related
endotypes. Diabetes Care 45:871-879. https://doi.org/10.2337/
dc21-1251

Redondo MJ, Concannon P (2020) Genetics of type 1 diabetes
comes of age. Diabetes Care 43:16-18. https://doi.org/10.2337/
dcil9-0049

Greenbaum CJ, Anderson AM, Dolan LM et al (2009) Preser-
vation of B-cell function in autoantibody-positive youth with
diabetes. Diabetes Care 32:1839-1844. https://doi.org/10.2337/
dc08-2326

Pecheur A, Barrea T, Vandooren V et al (2014) Characteristics and
determinants of partial remission in children with type 1 diabetes
using the insulin-dose-adjusted A1C definition. J Diabetes Res
2014:1-7. https://doi.org/10.1155/2014/851378

Steck AK, Liu X, Krischer JP et al (2021) Factors associated with
the decline of C-peptide in a cohort of young children diagnosed
with type 1 diabetes. J Clin Endocrinol Metab 106:E1380-E1388.
https://doi.org/10.1210/clinem/dgaa715

Kurpiewska E, Cigzki S, Jamiotkowska-Sztabkowska M et al
(2023) Excessive BMI is associated with higher C-peptide level
at recognition but also with its greater loss in two years clini-
cal observation in children with new onset type 1 diabetes. Front
Immunol 14. https://doi.org/10.3389/fimmu.2023.1176403
Montanya E (2014) Insulin resistance compensation: not just a
matter of B-cells? Diabetes 63:832-834. https://doi.org/10.2337/
db13-1843

Lauria A, Barker A, Schloot N et al (2015) BMI is an important
driver of p-cell loss in type 1 diabetes upon diagnosis in 10 to
18-year-old children. Eur J Endocrinol 172:107-113. https://doi.
org/10.1530/EJE-14-0522

Howard SR (2021) Interpretation of reproductive hormones
before, during and after the pubertal transition—identifying health
and disordered puberty. Clin Endocrinol (Oxf) 95:702-715

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s00125-018-4722-z
https://doi.org/10.1007/s00125-018-4722-z
https://doi.org/10.1111/pedi.12845
https://doi.org/10.1111/pedi.13454
https://doi.org/10.1111/pedi.13454
https://doi.org/10.1111/pedi.12609
https://doi.org/10.1111/pedi.12609
https://doi.org/10.1007/s005920050110
https://doi.org/10.1007/s005920050110
https://doi.org/10.1007/s004310050796
https://doi.org/10.1007/s004310050796
https://doi.org/10.25048/tudod.1059061
https://doi.org/10.4274/jcrpe.4526
https://doi.org/10.4274/jcrpe.4526
https://doi.org/10.1210/jc.2018-00500
https://doi.org/10.1111/dme.15012
https://doi.org/10.1007/s12519-020-00382-0
https://doi.org/10.2337/dc14-1952
https://doi.org/10.2337/dc14-1952
https://doi.org/10.1111/j.1399-5448.2012.00875.x
https://doi.org/10.6065/apem.2015.20.2.92
https://doi.org/10.2337/dc21-1251
https://doi.org/10.2337/dc21-1251
https://doi.org/10.2337/dci19-0049
https://doi.org/10.2337/dci19-0049
https://doi.org/10.2337/dc08-2326
https://doi.org/10.2337/dc08-2326
https://doi.org/10.1155/2014/851378
https://doi.org/10.1210/clinem/dgaa715
https://doi.org/10.3389/fimmu.2023.1176403
https://doi.org/10.2337/db13-1843
https://doi.org/10.2337/db13-1843
https://doi.org/10.1530/EJE-14-0522
https://doi.org/10.1530/EJE-14-0522

	Pubertal stage significantly and independently impacts C-peptide levels at type 1 diabetes diagnosis along with body mass index and age
	Abstract
	Introduction
	Methods
	Results
	Discussion
	Acknowledgements 
	References


