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Abstract

Objective: To investigate the effect of type 1 diabetes on pubertal onset and development, and to identify
factors potentially affecting puberty, including glycemic control, relative diabetes duration, body mass
index standard delta score (BMI SDS), insulin dose, and intensity of insulin therapy.

Research design and methods: Initiated in 1990, the Diabetes-Patienten-Verlaufsdaten (DPV) is an ongoing,
prospective longitudinal follow-up program to benchmark the quality of diabetes care provided to,
predominantly, pediatric patients. Data collection for this non-interventional audit was carried out at 202
German diabetes treatment centers. Patient recruitment was done by referral, clinic/hospital
ascertainment, or self-report. Data were analyzed for subcohorts of 1218-2409 boys and 579-2640
girls from a cohort of 24 385 pediatric type 1 diabetic patients. Selection was based on ethnicity and
availability of data on Tanner stage 2, or higher, of genital and pubic hair development (boys) or breast and
pubic hair development, and menarche (girls).

Results: Boys showed significant (P <0.05) delay (years) in mean ages at onset of genital development
(12.0 (£0.9) years) and pubarche (12.2 (£0.4) years). In girls, mean ages at thelarche (11.4 (+0.5)
years), pubarche (11.5 (+0.1) years), and menarche (13.2 (£0.5) years) were significantly delayed
compared with the general population. Sexual maturity (Tanner stage 5) was not delayed in either sex.
Elevated glycohemoglobin and decreased BMI SDS were associated with significantly delayed pubertal
onset, whereas relative diabetes duration and insulin dose were not.

Conclusions: Pubertal onset, but not sexual maturity, is delayed in children with type 1 diabetes. Delay
increases with higher glycohemoglobin and lower BMI SDS.
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software for prospective diabetes documentation; b) the
benchmarking and quality control procedure (QC-DPV);
and c¢) DPV-SCIENT, a cumulative diabetes research
database (9). Using the DPV software, currently more
than 200 participating centers regularly enter their data
into the database on a semi-annual basis.

Based on the prospective longitudinal DPV database,
this study undertook to compare with the data available
for the general population the age at onset of puberty and

Introduction

The currently available data indicate that pubertal onset
and growth spurt are delayed in children and adolescents
with type 1 diabetes mellitus (1). Literature reports on
the effect of diabetes on age at menarche, however, have
been inconsistent. Some, mostly retrospective, studies
have reported delayed menarche in type 1 diabetes (2—4),
whereas others found no difference compared with the

general population (5-7). Factors such as age at onset of
puberty or the quality of diabetes treatment appear to
play important roles (3, 5, 7, 8).

After several conceptual changes since its inception in
1990, the DPV documentation and quality management
system comprises three basic modules: a) the DPV
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pubertal development in a population-based cohort of
German children and adolescents with type 1 diabetes,
and to provide a cross-sectional analysis of the potential
effects of glycemic control, body mass index (BMI), relative
diabetes duration, insulin dose, and insulin therapy
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intensity on pubertal onset and development, including
age at menarche.

Research design and methods

Subjects

Anonymous longitudinal data for a cohort of 24 385
pediatric type 1 diabetic patients (12 756 boys and
11 629 girls) aged 7.0 to <17.0 years (mean 13.9
years) with documented age of diabetes onset were
selected for cross-sectional statistical analysis based on
the following main inclusion criteria: a) age <20 years
at last visit prior to January 1, 2006 and b) ethnicity
(both parents born in Germany). Stages of pubertal
development and sexual maturity were defined as
Tanner stages of puberty (10, 11). Sexual maturity
was defined as the attainment of Tanner stage 5 of
genital (boys), breast (girls), and pubic hair (both sexes)
development. Data on Tanner stages were available for a
total of 13 627 children and adolescents (6853 (50.3%)
boys and 6774 (49.7%) girls). Data on Tanner stage 2
as a marker of pubertal onset were available for 5045
patients (2409 (47.7%) boys and 2636 (52.3%) girls).
Datasets for both Tanner stage 2 and at least one
independent variable were available for 4987 patients
(2409 (48.3%) boys and 2578 (51.7%) girls).
Menarche and diabetes onset data were available for
643 out of 11 413 girls, of whom 579 had complete
datasets for multivariate analysis. The patients selected
for analysis of Tanner stage 2 and menarche were in the
age ranges 7.0 to <17.0 and 8.0 to <18.0 years
respectively. Patients with celiac disease were excluded.

Data collection

Data were obtained as of December 31, 2005, from the
database of the DPV, the German diabetes documentation,
and quality management system (9), to which 202
participating diabetes care centers (hospitals, clinics, and
diabetes specialists in private practice) contributed data
twice yearly. The data were verified, corrected at the
original center if necessary, and entered into the database
using the Visual FoxPro 9.0 (Microsoft, Redmond, WA,
USA) derived DPV software for standardized prospective
longitudinal documentation of diabetes in children,
adolescents, and adults (12). Each center complied with
local ethical and data management guidelines as reported
previously (13). All data were collected during routine
care. The responsible ethics committee was informed
of the study and had no concerns.

Dependent variables

Age at onset of puberty The age for each Tanner stage
of pubertal development was calculated as the
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examination date at which it was first observed minus
the date of birth. Age of pubertal onset was defined as the
attainment of Tanner stage 2 of genital (scrotal)
development (boys), breast development (girls), or pubic
hair growth (boys and girls), whichever occurred first.

Age at menarche This was calculated as the date of first
menses reported at the first subsequent examination
minus the date of birth.

For the purposes of the present analysis, all age data
were rounded to the first decimal place.

Overall mean ages at Tanner stages 2—5 and mean
age at menarche in the general population of eastern
Germany served as reference data in the absence of
standard values for Germany as a whole. The
reference data were based on longitudinal multicenter
data from a cohort initiated in the former German
Democratic Republic in the mid-1980s as by Greil &
Kahl in 2005 (14).

Independent variables

HbA 1c¢ The quality of glycemic control was assessed by
HbA1c. HbA, . levels were determined using the method-
ology established at each individual center. To adjust for
differences among participating laboratories, the HbA,
data were mathematically standardized according to the
Diabetes Control and Complications Trial (DCCT) refer-
ence range of 4.05-6.05% (HbA;.,-DCCT) (15).

Relative diabetes duration This was the proportion of
a patient’s life with type 1 diabetes, calculated as the
duration of diabetes relative to chronological age at
Tanner stage 2 or menarche.

BMI SDS The BMI (kg/m?) was calculated as a patient’s
body weight in kilograms divided by the square of
his/her height in meters. To account for the non-normal
distribution of the BMI in the population, BMI SD scores
(BMI SDS) were calculated according to the LMS
method (16) as adapted by Kromeyer-Hauschild et al.
(17) for calculating standard percentile curves of BMI
for children and adolescents in Germany. Normative
BMI data for German children, adolescents, and adults
used in the DPV software were based on Kromeyer-
Hauschild et al. (17) and Hebebrand et al. (18).

Insulin dose This was analyzed as daily units of insulin
per kilogram body weight.

Intensity of insulin therapy This was represented by
the mean number of daily insulin injection time points,
with regimens ranging from one to seven daily injections.
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Table 2 Onset of puberty (Tanner stage 2), further pubertal development (Tanner stages 3 and 4), attainment of sexual maturity (Tanner stage 5) and age at menarche (mean ages =+s.p.,

years) in a cohort of German children and adolescents (<20 years) with type 1 diabetes (study cohort) compared with the general population.
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PH5

PH4

PH3

PH2

G5

G4

G3

G2

Boys

1716)

(n
15.50+0.78

15.27+1.29

2215)

(n
14.50+1.25

14.59+1.24

.2020)

(n
13.30+1.25

13.55+1.14

2251)

(n
11.80+1.40

12.19+£1.40

1218)

(n
15.70+0.62

15.37+1.24

.1575)

14.66+1.21
(n
14.60+1.17

1439)

(n
13.00+1.40

18.52+1.17

1671)

(n
11.104+1.32

11.98+1.50

Study cohort
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G, genitalia (scrotum); PH, pubic hair; B, breast; M, menarche. Asterisks indicate level of statistical significance: *P<0.05; tP<0.01; ¥P<0.001.
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Figure 1 Association of age at menarche and HbA;.-DCCT (%) in girls
up to the age of <18 years at menarche. There was a trend for age at
menarche to increase with HbA;. (Spearman’s r=0.06, P<0.05).

Mean age at menarche in our study cohort was
highly significantly delayed by 0.52 years, compared
with the reference data. In addition, linear regression
analysis of the raw data (not shown; N=615) revealed
that a 1% increase in HbA;.-DCCT was associated with
a delay in menarche by 0.07 years (~4 weeks, Fig. 1).
Also, girls who at the time of menarche had had type 1
diabetes for half their lives (relative diabetes duration
0.5) experienced their first menses at an average of 0.47
years later than those whose diabetes onset coincided
with first menses (relative diabetes duration 0.0), again
according to the linear regression estimate based on the
raw data for 615 girls (Fig. 2).

Table 3 summarizes the statistically significant associ-
ations revealed by multivariate analysis of age of pubertal
onset (Tanner stage 2) and age at menarche in our study
cohort as the dependent variables versus a number of
potentially influencing independent variables. HbA .-
DCCT and BMI SDS were significantly associated with
delay and advancement of pubertal onset respectively, in a
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Figure 2 Association of age at menarche and relative diabetes
duration in girls up to the age of <18 years at menarche. There was
a trend for age at menarche to increase with relative diabetes
duration (Spearman’s r=0.96, P<0.0001).
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Table 3 Statistically significant multivariate associations with age of pubertal onset and age at menarche (years) in a cohort of German

children and adolescents (<20 years) with type 1 diabetes mellitus.

Multivariate analysis for N 3 value s.E.M. (8) P value
Age of pubertal onset: all patients
Estimated intercept (+s.e.m.): 10.85 (£0.22); P<0.0001 4231
Significantly associated independent variables
HbA ¢ 4231 0.10 0.01 <0.0001
BMI SDS 4231 —0.38 0.02 <0.0001
Sex: male 4231 0.90 0.04 <0.0001
Age of pubertal onset: boys alone
Estimated intercept (+s.e.m.): 11.69 (£0.30); P<0.0001 2073
Significantly associated independent variables
HbA1¢ 2073 0.10 0.02 <0.0001
BMI SDS 2073 —0.34 0.03 <0.0001
Age of pubertal onset: girls alone
Estimated intercept (+s.e.m.): 11.00 (£0.32); P<0.0001 2158
Significantly associated independent variables
HbA+¢ 2158 0.10 0.02 <0.0001
BMI SDS 2158 —0.44 0.03 <0.0001
Age at menarche
Estimated intercept (+s.e.m.): 13.00 (+£0.73); P<0.0001 579
Significantly associated independent variables
HbA+¢ 579 0.06 0.03 0.0436
BMI SDS 579 —0.60 0.06 <0.0001
Relative diabetes duration 579 0.96 0.21 <0.0001
Daily insulin dose 579 —0.61 0.22 0.0064

similar and consistent manner for all patients, and for
boys and girls alone. The advancement of pubertal onset
associated with increasing BMI SDS was greater in the
girls-alone analysis (6= —0.44) than in the all-patients
analysis (8= —0.38), the effect of this variable being least
pronounced in boys alone (8= —0.34). Male sex was a
significantly associated variable in the all-patients
analysis. No significant associations were obtained for
individual numbers (one to seven) of daily insulin
injections with the t-test.

Multivariate analysis of 579 complete menarche
datasets revealed statistically significant effects on age
at menarche for HbA, .-DCCT, BMI SDS, relative diabetes
duration, and insulin dose, as shown in Table 3. The
associations for HbA,.-DCCT and relative diabetes
duration were positive, indicating that delay in
menarche increased with either variable, while the
associations for BMI SDS and insulin dose were
negative, indicating an advancement of age at
menarche. Again, no significant associations were
obtained for individual numbers (one to seven) of daily
insulin injections with the t-test.

Discussion

To our knowledge, this is the first study in a large cohort
of German children and adolescents with type 1 diabetes
to analyze the effect the disease may have on the onset
of puberty and pubertal development, including age at
menarche, and to investigate potential associations
between markers of pubertal onset and development
and factors that may affect the process of sexual

maturation, such as nutritional status, chronic disease,
or environmental factors (19-22).

As a chronic disease also occurring in childhood, type
1 diabetes is a factor potentially affecting the onset of
male and female puberty and pubertal development,
including age at menarche. Our analysis of current DPV
data showed type 1 diabetes to be associated with
significant mean delays in pubertal onset by 0.88 and
0.39 years for the male G2 and PH2 Tanner stages and
by 0.51 and 0.08 years for the female B2 and PH2
Tanner stages respectively, compared with healthy boys
and girls in the German general population. Our
analysis further indicated that the differences between
the study cohort and the general population decreased
for Tanner stages 3-5. This suggests that diabetic
children catch up to healthy children as pubertal
development progresses and ultimately reach sexual
maturity at a normal age, as evidenced by — statistically
non-significantly — earlier attainment of Tanner stage 5
of genital (boys), breast (girls), and pubic hair (both
sexes) development.

Interestingly, however, menarche, a mid-pubertal
event, was found to occur with a 0.52-year delay at a
mean age of 13.22 years in type 1 diabetic girls,
although pubertal development at that age had already
reached the normal female Tanner stages B3-B4 and
PH3-PH4. Possible causes of the observed delay in
menarcheal age in type 1 diabetic girls may lie at the
hypothalamic—pituitary level. Clinically, female patients
with type 1 diabetes may show oligomenorrhea and
amenorrhea (2, 8, 23). There have also been reports of
decreased luteinizing hormone (LH) levels, suggesting
impairment of the hypothalamic—pituitary axis (24).
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Furthermore, since delayed menarche is a potential risk
factor for irregular menstrual cycles and decreased bone
mineral density possibly leading to later subfertility and
osteoporosis (3), evidence confirming menarcheal delay
may have clinical implications for improving the
treatment of diabetes to help prevent such subsequent
complications.

HbA,. was found in our study cohort to correlate
significantly with the age of pubertal onset in boys and
girls together, as well as in boys alone and girls alone,
and with age at menarche, the latter confirming
previous findings of a study from the United States (3).
One possible explanation for this correlation is that type
1 diabetes is associated with markedly increased serum
levels of glycosylated products (25), indicating that such
advanced glycation end products, e.g., various proteins,
may act to suppress activation of the LH-releasing
hormone (LHRH) pulse generator during puberty,
resulting in pubertal delay in general and delayed
menarche in particular. Another explanation might be
that elevated serum HbA;. levels indicate an overall
chronic lack of insulin. It is well known that insulin not
only signals satiety in the hypothalamus but is also
involved in the regulation of reproductive function as
demonstrated in vitro and in vivo (26-28). Knockout
mice lacking the neuronal insulin receptor experience
central hypogonadism, reduced spermatogenesis, and
impaired maturation of ovarian follicles (26). Further-
more, intact mice respond to artificially increased serum
insulin levels with increases in LH levels due to a
hypothalamic insulin effect (27). There is evidence that
insulin might regulate LHRH neuronal function directly
via insulin receptors expressed on LHRH neurons (28).
Disruption of normal LHRH neuronal function due to
lack of insulin might be present in type 1 diabetic
children, resulting in delayed onset of puberty.

Another notable finding in our present study was that
age of pubertal onset was significantly associated with
BMI SDS in boys and girls together, boys alone, and girls
alone. Menarche was significantly inversely associated
with BMI SDS and tended to occur earlier in type 1
diabetic girls with a high BMI SDS than in those with a
low BMI SDS. This is in agreement with the established
fact that nutritional status plays an important role in the
onset and progression of female puberty. While pre-
mature puberty can be triggered by an increased BMI
(22, 29), malnutrition leads to a delay in the onset of
puberty and menarche (21). Moreover, delayed puberty,
and menarche in particular, has been reported in girls
who participate in competitive sports (19).

Age at menarche was also found to be significantly
associated with relative type 1 diabetes duration in our
study. The longer the premenarcheal period with type 1
diabetes, the greater was the delay in the onset of first
menses. This observation lends support to the
hypothesis that, in the presence of diabetes mellitus,
antibodies to ovarian cells impair ovarian function (30).
Thus, the earlier the onset of type 1 diabetes occurs
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during the prepubertal period, the greater is the
likelihood that such antibodies could have already
formed and resulted in ovarian functional impairment.
However, the present study did not experimentally
investigate this hypothesis.

A delay in menarche and/or irregularity of the
menstrual cycle could also be indicative of ovarian
dysregulation. As ovarian insulin receptors play an
important role in ovarian function, increased HbA;.
levels due to the lack of tightly regulated insulin levels
may affect ovarian maturation and function, and hence
pubertal development in type 1 diabetes (31). Based on
this explanation, insulin dose would be expected to have
a normalizing effect on age of pubertal onset and age at
menarche. Our study confirmed this effect for age at
menarche but not for pubertal onset. Girls treated with
a higher insulin dose in our study cohort experienced
their first menses earlier, whereas those on a lower dose
had their first menses later. However, this finding was
also not unexpected since insulin dosage depends on
body weight, among other factors.

To summarize, analysis of the DPV data for our study
cohort revealed significant delay in pubertal onset and
age at menarche, though ultimately sexual maturity,
i.e., Tanner stage 5, was attained at a normal age. We
conclude that type 1 diabetes can cause delay in the
onset of male and female puberty and menarche, which
increases with glycohemoglobin levels or, conversely,
decreases with improved glycemic control. Inversely,
decreases in BMI SDS are associated with delayed
pubertal onset and menarche. Regarding menarche,
we additionally conclude that the longer the prepuber-
tal duration of type 1 diabetes, i.e., the earlier diabetes
onset occurs, the more likely menarche is to be delayed.
In addition, menarcheal age is associated with insulin
dose but not with the number of daily injections. In
conclusion, it is of great clinical importance to improve
glycemic control, as the most readily modifiable factor,
to reduce delay in male and female pubertal onset and
menarche in type 1 diabetic children.
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