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Abstract

This study investigated final height (FH) achievement in adolescents with type 1 diabetes mellitus (T1D) compared with healthy
controls and examined diabetes-related determinants of FH. This retrospective, single-center study evaluated FH-standard deviation
score (SDS) adjusted for target height (TH) and corrected FH-SDS (cFH-SDS) in 69 adolescents with T1D diagnosed before the
age of 13 and followed for at least four years after diagnosis, compared with 66 matched healthy controls. Mean final height and TH
were significantly higher in the T1D group than in controls (p=0.012 and p=0.025, respectively). However, no significant differences
were observed between groups in FH-SDS, TH-SDS, or cFH-SDS, indicating comparable height achievement relative to genetic
potential. The onset of puberty occurred at a significantly more advanced age in adolescents with T1D compared with controls
(p=0.002). cFH-SDS was significantly higher in patients with tight metabolic control than in those with poor control (p=0.048). A
significant positive correlation was observed between cFH-SDS and TH-SDS (r=0.280, p=0.001). No associations were found
between cFH-SDS and diabetes duration, age at diagnosis, hemoglobin A1c levels, continuous glucose monitoring use, or diabetic
ketoacidosis frequency. Adolescents with T1D achieved final height consistent with their genetic height potential and comparable
to healthy controls, despite delayed pubertal timing. Tight metabolic control may confer a clinically relevant benefit in final height
achievement.
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linear growth reflects the interplay of genetic background,
nutrition, pubertal development, and endocrine regulation,

Introduction

Type 1 diabetes mellitus (T1D) is one of the most frequent

chronic diseases of childhood and adolescence and
requires lifelong insulin therapy’. In addition to its metabolic
consequences, T1D may influence growth and pubertal
development, which remain key indicators of overall health
and disease control in pediatric patients?. Physiological

and in children with T1D, this balance is often disrupted by
alterations in the growth hormone (GH) insulin-like growth
factor (IGF) axis, particularly reduced IGF-1 availability
and relative hepatic GH resistance associated with poor
glycemic control*#. These alterations may result in impaired
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growth velocity during critical periods of childhood and
adolescence. Consequently, the assessment of growth
outcomes has remained a significant component of
clinical follow-up and research in pediatric patients with
T1D.

Target height (TH) is commonly used to estimate a child’s

reached FH, and had complete anthropometric and
clinical data available for analysis®.

Exclusion criteria applicable to both the T1D and
control groups included conditions known to adversely
affect linear growth or pubertal development, such as
GH deficiency, Turner syndrome, Mauriac syndrome,

genetic height potential and children
with T1D have stature within normal
population ranges, several studies
indicate that some fail to reach this
genetic  potential®®.  Historically,
severe growth failure was observed
in poorly controlled T1D; although
rare with modern insulin therapy,
concerns persist due to reports of
reduced growth velocity, altered
pubertal growth spurts, and variable
effects on final adult height’. Recent
evidence from large cohorts indicates
that long-term metabolic control is
an important determinant of adult
height in individuals with childhood-
onset T1D, with poorer glycemic
control being associated with small
but clinically relevant reductions in
final height (FH)®°. However, studies
that assess FH in relation to genetic
TH and comprehensively examine
associated clinical factors remain
limited, particularly in single-center
cohorts with detailed longitudinal
data. As a result, the impact of T1D
on FH remains a subject of debate.

» Adolescents with type 1 diabetes
mellitus achieved final height
comparable to healthy controls
and consistent with their genetic
height potential, despite a
significantly delayed onset of
puberty.

* Tighter overall metabolic control
was associated with higher
corrected final height standard
deviation score, whereas
no significant  associations
were observed with diabetes
duration, age at diagnosis,
mean hemoglobin A1c (HbA1c)
levels, or frequency of diabetic
ketoacidosis.

» These findings underscore the
importance of interpreting growth
outcomes in relation to genetic
target height and suggest
that comprehensive diabetes
management, beyond HbA1c
alone, supports preserved long-
term growth in youth with type 1

malnutrition, monogenic diabetes,
chronic renal disease, chronic
gastrointestinal disorders, obesity,
non-classical congenital adrenal
hyperplasia, long-term  systemic
glucocorticoid therapy, prematurity,
birth small for gestational age, or
incomplete clinical data, including

missing FH or parental height
measurements'©,
Medical records were reviewed

to identify children with diabetic
ketoacidosis (DKA), defined as
plasma glucose >200 mg/dL with
ketonemia or ketonuria and venous
pH <7.3 and/or bicarbonate <18
mmol/L, and those without DKA™.
The number of DKA episodes per
year was recorded.

Demographic, anthropometric,
and clinical data were obtained
from electronic and written medical
records. Participants’ height was
measured to the nearest 0.1 cm
during routine outpatient visits
using a wall-mounted Harpenden
stadiometer.

Accordingly, this study aimed to diabetes.

FH was defined as the last recorded

evaluate FH attainment in children
with T1D in relation to genetic height
potential and to identify clinical and metabolic factors
associated with deviations from that potential. By
comparing children with T1D who had reached FH with
a healthy control group, we sought to gain further insight
into long-term growth outcomes in pediatric T1D under
current diabetes management practices.

Materials and Methods

This study was conducted as a retrospective, single-
center, comparative study. Adolescents with T1D who
were followed at the Pediatric Endocrinology Clinic,
had been diagnosed before 13 years of age, had
received a diagnosis at least four years earlier, and had
reached FH were included in the study. The study cohort
consisted of 69 adolescents with T1D and 66 age and
sex match healthy controls. A healthy control group,
without chronic disease or known conditions affecting
growth, was included for comparison and matched for
age and sex. The study was conducted in accordance
with the principles of the Helsinki Declaration. This study
was also approved by the Adana City Hospital Scientific
Research Ethics Committee (approval no: 1012, date:
15.01.2026).

Inclusion criteria were defined as a confirmed diagnosis
of T1D according to standard diagnostic criteria, had

height associated with a growth

velocity of <1 cml/year over the
preceding 12 months, in accordance with commonly
accepted criteria in pediatric growth studies'. Height,
weight, and body mass index (BMI) standard deviation
scores (SDS), together with TH-SDS, were calculated
according to chronological age at FH attainment
using nationally representative growth reference data
for Turkish children and adolescents, with validated
calculation methods' 4,

Parental heights were obtained from medical records or
patient-reported data. TH was calculated using standard
sex-specific formulas [boys: [(maternal height + paternal
height)/2]+6.5 cm; girls: [(maternal height + paternal
height)/2]-6.5 cm]’®. TH was expressed in centimeters
and SDS. The difference between FH-SDS and TH-SDS
was defined as corrected FH-SDS (cFH-SDS).

Pubertal onset was defined according to Tanner stage,
defined as breast development of stage Il in girls, and
a testicular volume of at least 4 mL measured using a
Prader orchidometer in boys, and was recorded from
medical records’®"".

For patients with T1D, disease-related variables
included age at diagnosis, duration of diabetes, insulin
treatment modality use of continuous glucose monitoring
(CGM) systems, and duration of CGM use. Metabolic
control was assessed using hemoglobin A1c (HbA1c)
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measurements obtained annually during routine follow-
up visits throughout the entire observation period,
including the final year of linear growth. Mean HbA1c
values were calculated using all available longitudinal
HbA1c measurements. Among the 69 adolescents with
T1D, 40 participant used CGM systems. All patients
were treated with multiple daily insulin injections,
and none used automated insulin delivery systems.
Pediatric endocrinologists reviewed the medical records
and classified participants into two groups according to
metabolic control. Tight metabolic control was defined
as a mean HbA1c level <7.0% or, for patients using
CGM, a time in range (TIR; glucose 70-180 mg/dL)
>70% and was evaluated based on patient records from
three-month follow-up visits'®. Patients who did not fulfill
these criteria were considered to classified as having
poor metabolic control.

Associated autoimmune conditions were systematically
recorded. Celiac disease was defined by positive
serologic markers (anti-tissue transglutaminase
immunoglobulin A and/or anti-endomysial antibodies)
with histological confirmation on small intestinal
biopsy, in accordance with ESPGHAN guidelines, or
by biopsy-sparing diagnostic criteria when applicable.
Autoimmune thyroiditis was defined by the presence
of thyroid autoantibodies (anti-thyroid peroxidase
and/or anti-thyroglobulin antibodies) with or without
thyroid dysfunction)'®?°, Diabetic nephropathy was
defined by persistent albuminuria, confirmed by at
least two abnormal urine albumin-to-creatinine ratio
measurements (=30 mg/g) obtained over a minimum
period of three months, in the absence of other renal
disease’®.

Statistical Analysis

Statistical analyses were performed using SPSS version
25.0. Data are presented as mean * standard deviation
for normally distributed variables and as median (Q,-
Q,) for non-normally distributed variables. Following
descriptive analyses, the Shapiro-Wilk test was used to

Table 1.

assess the normality of data distribution. For comparisons
between two groups, the Independent Samples t-test
was applied to normally distributed variables, whereas
the Mann-Whitney U test was used for non-normally
distributed variables. The association between cFH-
SDS and continuous measurement parameters was
evaluated using Spearman’s rho correlation analysis.
Post-hoc power analysis was performed using G*Power
version 3.1.9.7 to assess the adequacy of the sample
size. The study demonstrated adequate statistical power
(>0.70) for the primary comparisons, including final
height (power=0.72), pubertal onset (power=0.91), and
associations with metabolic control (power=0.70)?'. A
p-value of <0.05 was considered statistically significant
for all analyses.

Results

Comparative analyses of height, TH, cFH-SDS and
timing of pubertal onset between the T1D and control
groups are presented in Table 1. Mean FH was
significantly higher in the T1D group (167.3+£9.2 cm) than
in the control group (163.31£8.7 cm) (p=0.012). Mean TH
was significantly higher in the T1D group (165.2+8.1 cm)
than in controls (162.9+8.0 cm; p=0.025). No significant
between-group differences were observed for FH-
SDS, TH-SDS, weight SDS, BMI-SDS or cFH-SDS (all
p>0.05).

However, age at pubertal onset was significantly higher
in the T1D group (11.1£1.4 years) compared with the
control group (10.3+0.9 years; p=0.002). When analyzed
separately by sex, boys with T1D had a significantly
later age at pubertal onset compared with healthy
controls (11.27£1.17 vs. 10.31+0.89 years, p=0.001),
whereas no significant difference was observed among
girls (10.86+1.62 vs. 10.36+0.88 years, p=0.297). Sex
distribution did not differ significantly between the T1D
and control groups (p=0.093).

In the categorical analyses, cFH-SDS was significantly
higher in patients with tight metabolic control than in

Comparison of FH, TH, FH-SDS, TH-SDS, corrected FH-SDS, and age at puberty onset between the T1D and control groups

T1D (n=69) Control (n=66)
Variable p-value
Mean * SD Median (Q,-Q,) Mean * SD Median (Q,-Q,)
FH (cm) 167.3+9.2 163.348.7 0.012*
TH (cm) 165.248.1 162.948.0 0.025*
FH-SDS -0.17 [(-0.80)-0.40] -0.15 [(-0.79)-0.47] 0.740
TH-SDS -0.36 [(-0.96)-0.10] -0.60 [(-1.30)-0.06] 0.227
cFH-SDS 0.30 [(-3.00)-3.50] 0.45 [(-3.12)-4.18] 0.390
Weight-SDS 0.11 [(-0.80)-1.20] 0.42 [(-0.60)-1.48] 0.758
BMI-SDS 0.24+1.11 0.36+1.25 0.562
Age at pubertal onset (years) 11.121.4 10.3+0.9 0.002*
Girls (years) 10.86+1.62 10.36+0.88 0.297
Boys (years) 11.27+1.17 10.31+0.89 0.001*
Sex T1D n (%) Control n (%) p-value
Male 34 (49.3) 42 (63.6) 0.093
Female 35 (50.7) 24 (36.4)

Data are presented as mean + SD for normally distributed variables and as median (Q,: 1% quartile, Q: 3 quartile,) for non-normally distributed variables. Categorical variables are

presented as number (percentage). *: A p-value <0.05 was considered statistically significant

FH: Final height, TH: Target height, SD: Standard deviation, SDS: SD score, T1D: Type 1 diabetes mellitus, cFH: Corrected FH, BMI: Body mass index
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those with poor metabolic control [0.96 [(-0.73)-5.63]
vs. 0.30 [(-3.50)-2.50], p=0.048). Among patients who
experienced at least one DKA episode during follow-
up (n=28), the median annual DKA rate was 1.0 (1.0-
1.0) episodes/year. Sensor systems were used by 40
patients (58.0%), and the median duration of sensor use
was 3.0 (1.5-3.0) years. In the T1D group, 6 patients
had celiac disease, 7 had autoimmune thyroiditis, and
19 had microalbuminuria; however, cFH-SDS did not
differ significantly according to sex, using CGM systems,
presence of celiac disease, autoimmune thyroiditis, or
microalbuminuria (all p>0.05) (Table 2).

A significant positive correlation was observed between
cFH-SDS and TH-SDS (r=0.280, p=0.001). No significant
associations were found between cFH-SDS and age at
pubertal onset, duration of diabetes, age at diagnosis,
frequency of DKA episodes, duration of CGM systems,
or HbA1c levels (all p>0.05) (Table 3).

Discussion

The present study aimed to evaluate final height
outcomes and the factors influencing growth in the
context of contemporary insulin therapy. The impact of
T1D on linear growth in the pediatric population remains
variable across studies, as chronic hyperglycemia may
impair the GH-IGF-1 axis, while recurrent hypoglycemia
and episodes of DKA may also adversely affect growth
and pubertal development3222,

Clinical observations described severe growth
impairment in patients with poor metabolic controlled
T1D; however, with improvements in overall diabetes
care and the increasing use of advanced diabetes
technologies alongside intensive insulin therapy, growth
outcomes have markedly improved®’24. Recent studies
indicate that most children and adolescents with T1D
are able to achieve final height values comparable to
those of the general population®*?5%. In contrast to our
study, Kaya et al.?” reported that some children with T1D
failed to achieve their genetic height potential and that
poor metabolic control was associated with reduced
growth velocity. Nevertheless, the higher TH observed in

Table 2.

the T1D group emphasizes the need to interpret growth
outcomes in the context of genetic height potential rather
than relying solely on absolute height measurements.
This reflects the inherent relationship between attained
height and TH and indicates that growth outcomes are
more consistent when the achieved height SDS aligns
more closely with genetic expectations.

Our finding that adolescents with T1D achieved final
height comparable to healthy controls is consistent with
previous reports suggesting near-normal adult height
outcomes in the period of improved diabetes care®’.
This finding suggests that children with T1D are able
to achieve their genetic height potential and that the
disease itself does not appear to adversely affect linear
growth. Several cohort studies have demonstrated that,
despite transient growth disturbances, most children
with T1D are able to reach their genetic height potential
when metabolic control is reasonably maintained®”-%. In
a large population-based Swedish cohort, poor glycemic
control was associated with reduced adult height, with
sex-specific differences indicating a greater impact of
prepubertal metabolic control in females and pubertal or
postpubertal control in males®.

One of the notable findings of our study was the
significantly delayed onset of puberty in the T1D group
compared with the control group, consistent with previous
reports of delayed pubertal onset and progression in
children and adolescents with T1D?>%. A prospective
follow-up study by Bizzarri et al.*® demonstrated that,
despite alterations in growth patterns and pubertal timing,
final adult height in intensively treated children with type
1 diabetes did not differ significantly from TH, indicating
preserved growth potential. However, in our cohort, most
patients had acceptable metabolic control, suggesting
that the observed delay may not be attributable solely
to poor glycemic control. Mild physiological stress or
subtle hormonal alterations related to diabetes as a
chronic condition may also contribute to this delay.
Importantly, delayed pubertal onset did not adversely
affect final adult height in our cohort, supporting the
notion of compensatory catch-up growth during later
adolescence. Sex-stratified analysis showed that the

Associations between cFH-SDS and clinical and demographic variables in patients with T1D (n=69)

Variable Category Mean * SD Median (Q,-Q,) p-value
Male 0.09+0.83 0.055
Sex
Female 0.45+0.69
No 0.25+0.83 0.779
CGM systems
Yes 0.30+0.74
Poor 0.30 [(-3.50)-2.50] 0.048*
Metabolic control .
Tight 0.96 [(-0.73)-5.63]
No 0.28+0.78 0.724
Celiac disease
Yes 0.12+0.83
) o No 0.26+0.78 0.678
Autoimmune thyroiditis
Yes 0.39+0.81
No 0.30+0.76 0.636
Microalbuminuria
Yes 0.20+0.84

Data are presented as mean + SD for normally distributed variables and as median (Q,: 1% quartile, Q,: 3 quartile) for non-normally distributed variables. Correlation analyses were
performed using Spearman’s rank correlation coefficient (r), comparisons between categorical variables were conducted using the Mann-Whitney U test, CGM systems. cFH-SDS
CGM: continuous glucose monitoring, cFH: Corrected FH, SD: Standard deviation, SDS: SD score, T1D: Type 1 diabetes mellitus
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Correlation of clinical parameters with cFH-SDS

Variable r p-value
TH-SDS 0.280* 0.001*
Age at pubertal onset 0.104 0.231
Duration time onset diabetes (years) 0.053 0.668
Age at diagnosis (years) 0.04 0.743
Diabetic ketoacidosis episodes per year 0.203 0.094
Duration of CGM systems (years) 0.021 0.866
Mean HbA1c (%) -0.023 0.851

Values are presented as Spearman’s correlation coefficients (r), *: p<0.01 was
considered statistically significant, CGM systems

HbA1c: Hemoglobin A1c, CGM: Continuous glucose monitoring, cFH: Corrected FH,
SDS: Standard deviation score

delay in pubertal onset was more pronounced in boys
with T1D, whereas the difference observed among
girls did not reach statistical significance. This may
partly be explained by the smaller number of girls in the
control group and the resulting limited statistical power.
The effects of T1D-related metabolic disturbances
on pubertal development may differ between sexes,
although larger studies are needed to further clarify
these findings.

The cFH-SDS was significantly higher among patients
with tight metabolic control data compared with
those with poor metabolic control. In contrast, no
significant associations were identified between cFH-
SDS and age at pubertal onset, diabetes duration,
age at diagnosis, HbA1c levels, or frequency of DKA
episodes. The lack of a direct correlation between
HbA1c and cFH-SDS suggests that factors beyond
average long-term glycemic control, such as glycemic
variability, hypoglycemia frequency, and overall
metabolic stability, may influence growth outcomes. The
observed effect when metabolic control was evaluated
categorically highlights the importance of overall
diabetes management quality rather than reliance on
HbA1c alone. This finding suggests that, in this cohort,
long-term growth outcomes may be relatively resilient
to variations in these clinical parameters. Although
this finding should be interpreted with caution, it may
indicate that more detailed glucose monitoring and
closer follow-up are associated with more favorable
growth relative to genetic potential. Notably, the
absence of a significant association between cFH-SDS
and mean HbA1c levels aligns with previous studies
suggesting that HbA1c alone may not fully capture
glycemic variability or short-term fluctuations relevant
to growth®. Interestingly, the association between
higher cFH-SDS and the availability of tight metabolic
control may indicate that closer monitoring and more
detailed assessment of glycemic variability are linked
to more utility growth outcomes. Recent large-scale
registry studies have emphasized the importance
of sustained glycemic control across critical growth
periods, particularly in relation to pubertal timing and
sex-specific growth patterns®??26, Metrics derived
from CGM, such as TIR, may therefore provide
complementary information regarding metabolic control
during critical growth periods. Similar to our findings,
the association between poor glycemic control and
reduced adult height persisted after adjustment for

multiple confounders, including the presence of other
autoimmune diseases and age at onset of type 1
diabetes, suggesting that baseline clinical differences
alone did not fully explain the observed final height
deficit®. The lack of significant differences in cFH SDS
according to sex, CGM use, or the presence of celiac
disease, autoimmune thyroiditis, or microalbuminuria
suggests that these factors did not have a measurable
impact on final height outcomes in our cohort. This
may reflect effective screening and management of
associated autoimmune conditions and microvascular
complications during childhood and adolescence.
However, because the number of patients with these
comorbidities was limited, subgroup analyses were
underpowered, and the findings should therefore be
interpreted confirmed in larger studies.

Study Limitations

Several limitations should be acknowledged. The
retrospective design limits causal inference and
precludes the systematic assessment of bone age,
predicted adult height, and IGF-1 levels at the time of
diabetes diagnosis in our patients, which may have
provided additional insight into early growth patterns. In
addition, the sample size may have limited the ability
to detect subtle associations between metabolic control
and growth outcomes. CGM data were not available
for all patients, potentially introducing selection bias.
The lack of assessment of pubertal growth spurt
parameters, as growth patterns specific to puberty were
not separately analyzed. Despite these limitations, the
study is strengthened by detailed clinical follow-up data
and the evaluation of final height in relation to genetic
TH, allowing a clinically meaningful assessment of long-
term growth outcomes.

Conclusion

In this comparative study, adolescents with T1D attained
final heights comparable to those of healthy peers and
consistent with their genetic height potential, despite
a later onset of puberty. The association between
tighter glycemic control and greater concordance
between achieved final height and genetic height
potential underscores the relevance of optimal diabetes
management during growth.
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