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Summary The offspring of mothers with diabetes
mellitus during pregnancy are presumed to develop
altered glucose homeostasis. We analysed metabolic
parameters at birth and glucose tolerance and insulin
secretion during oral glucose tolerance tests at 1-
9 years of age in 129 children born to mothers with
pregestational insulin-dependent diabetes (IDDM)
and 69 infants of gestational diabetic mothers. New-
borns of IDDM mothers displayed higher insulin
(p <0.001), glucose (p <0.05), and insulin/glucose ra-
tios (p <0.002) than newborns of gestational diabetic
mothers. During childhood, frequencies of impaired
glucose tolerance (IGT) rose in infants of IDDM
mothers from 9.4% at 1-4years to 17.4% at 5-
9 years of age, while in children of gestational diabet-
ic mothers an increase from 11.1 % up to 20.0 % was
observed. Offspring of gestational diabetic mothers
displayed higher stimulated blood glucose
(p <0.025) than infants of IDDM mothers, while

children of IDDM mothers showed higher stimulated
insulin (p <0.025), accompanied by increased fasting
and stimulated insulin/glucose ratios (p <0.05 and
p <0.02, respectively). Stimulated insulin in child-
hood was positively correlated to insulin at birth
(p <0.05). Furthermore, insulin/glucose ratio in
childhood showed a positive correlation to insulin
(p<0.01) and insulin/glucose ratio at birth
(p <0.005). In conclusion, a pathogenetic role of fetal
and neonatal hyperinsulinism for the development of
IGT in both groups of infants of diabetic mothers is
suggested, in particular for early induction of insulin
resistance in the offspring of mothers with pregesta-
tional IDDM. [Diabetologia (1997) 40: 1097-1100]
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Since Pedersen’s fundamental work [1] the metabolic
situation in infants of mothers with diabetes mellitus
during pregnancy has been investigated in a number
of studies [2-4]. While most authors focussed on
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altered glucose homeostasis during neonatal life, it
remains unclear if these alterations do persist or re-
solve in later life. Clinical investigations during child-
hood indicated elevated frequencies of impaired glu-
cose tolerance (IGT) in the offspring of mothers
with diabetes during pregnancy [5, 6]. Some authors
reported alterations of insulin secretion such as hy-
perinsulinaemia [6, 7] which is known to play a key
role in the development of metabolic and cardiovas-
cular disturbances in adulthood [8]. Experimental
studies in rats displayed long-term alterations of glu-
cose tolerance and insulin secretion due to the induc-
tion of maternal gestational hyperglycaemia which
leads to fetal and neonatal hyperinsulinism [9-13].
However, only a very small number of studies are
available which compared glucose metabolism and
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insulin secretion in infants of mothers suffering from
pregestational insulin-dependent diabetes mellitus
(IDDM) with those born to mothers with gestational
diabetes [14]. Therefore, the aim of this study was to
compare features of glucose metabolism and insulin
secretion in these children and with regard to the ini-
tial situation at birth.

Subjects and methods

For comparative analysis, data were evaluated in 198 infants of
mothers with diabetes during pregnancy. All children
(114 males, 84 females) were born between 1980 and 1990 at
the Clinic of Obstetrics and Gynaecology in Berlin-Kaulsdorf
and were also clinically investigated there. As a centre of the
local community health service, the Clinic at Kaulsdorf was at-
tended by around 1800 white Caucasian pregnant women per
year for delivery. They represented a population from both ur-
ban and rural parts in the southeast of Berlin. During the
whole observation period, a total of 741 children (395 males,
346 females) were born to mothers with either pregestational
IDDM (n = 368) or gestational diabetes (n = 373) at the clinic.
To all of these mothers, regular examinations of their offspring
during childhood were offered, including oral glucose toler-
ance tests (OGTT). All children who underwent these exami-
nations were included into the study (n = 198). Mothers with
pregestational IDDM delivered 129 infants (infants of diabetic
mothers, IDM). Mean duration of maternal diabetes before
pregnancy was 9.2 £ 5.5 years. Mothers with gestational diabe-
tes gave birth to 69 infants (infants of gestational diabetic
mothers, IGDM). Gestational diabetes was diagnosed be-
tween the week 26 and 28 of gestation by means of a 50-g
OGTT using the following criteria (two or more abnormal val-
ues): fasting venous blood glucose over 5.55 mmol/l, 1-h value
over 8.88 mmol/l, 2-h value over 7.22 mmol/l [15]. During preg-
nancy glucose homeostasis was controlled monthly by 24-h glu-
cose monitoring. According to Fuhrmann [15] a mean blood
glucose less than 5.55 mmol/l during 24-h monitoring was tak-
en to indicate adequate glycaemic control in pregnancy. With
regard to this criterion, 45 gestational diabetic women were
treated with insulin and diet, 24 were treated with diet alone.
The mean maternal age at delivery was 26.1 + 5.5 years. Preva-
lence of paternal diabetes was 3.0% (6/198; only IDDM oc-
curred). Informed parental consent was given in all cases.

Neonatal measurements. Only term infants were included into
the study (week 37-41 of gestation). Birth weight and length
were measured in all newborns. Of the neonates 65.1% (129
out of 198) were appropriate for gestational age, 28.3% (56/
198) were large for gestational age, and 6.6 % (13/198) were
found to be small for their gestational age [16]. Data on immu-
noreactive plasma insulin and blood glucose, determined im-
mediately after delivery in peripheral capillary blood, were
available in 87 newborns.

Table 1. Neonatal parameters in infants of gestational diabetic
dependent diabetic mothers (IDM)
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Measurements in infancy. OGTTs with parallel estimations of
insulin levels were performed at 1-9 years of age. After an
overnight fast, capillary whole blood was obtained for determi-
nation of basal glucose (BG0') and insulin levels (10"), followed
by an oral glucose load with 1.75 g per kg of body weight. Fur-
ther blood specimens were taken at 60 and 120 min. IGT was
defined according to criteria of the National Diabetes Data
Group, particularly recommended for children [17]: fasting
glucose in capillary whole blood less than 6.7 mmol/l and 120-
min glucose concentration over 6.7 mmol/l. The area under
the curve of glucose (AUCG) and the area under the curve of
insulin (AUCI) were calculated for detailed analysis of the
OGTT. To analyse younger and older children, separately, sub-
jects were divided into age groups 1-4 years old (160 children)
and 5-9 years old (38 children).

Laboratory investigations. Blood glucose was measured auto-
matically [18]. A double antibody radioimmunoassay was per-
formed for the determination of plasma insulin (Serono, Frei-
burg, FRG; standard: 1.IRP 66/304). Intraassay variation coef-
ficient was 4.5-8.2% and interassay variation coefficient was
5.6-10.5 %, both throughout the duration of the study. Cross-
reactivity with proinsulin was 15 %, those with C-peptide was
less than 0.01 %.

Statistical analysis. Data are expressed as means + SEM. Be-
cause of significant non-normality of distribution, glucose and
insulin values were log-transformed. Using the log-trans-
formed data, differences between two groups were evaluated
by analysis of covariance, adjusted for sex and age. Insulin
was additionally tested for group differences after adjusting
for glucose concentration by regression. Chi-square test was
used to compare frequencies in different groups. To examine
the relation between variables, a multiple linear regression
analysis was performed. All statistical comparisons are two-
tailed with p less than 0.05 considered significant. Evaluations
were accomplished using the SPSS PC + package (Microsoft).

Results

Neonatal period. Table 1 shows the data obtained
during the neonatal period. No significant differences
in birth weigth and length were observed between
IDM and IGDM. IDM displayed significantly higher
insulin levels than IGDM and significantly higher
blood glucose. Furthermore, IDM had a significantly
elevated fasting insulin/glucose ratio as compared to
IGDM.

Childhood. During the whole observation period of
1-9 years of age IGT appeared in 10.8% of IDM
(14/129) and 13.0% of IGDM (9/69). IGT was

mothers (IGDM) as compared to infants of pregestational insulin-

IGDM (n) IDM )
Birth weight (g) 3460.1 £ 50.7 (69) 34112 £56.8 (129)
Birth length (cm) 51.3+0.23 (69) 51.0+0.23 (129)
Plasma insulin (pmol/1)* 229.6 £35.9 (27) 5432 £48.9 (60)
Blood glucose (mmol/1)® 312+0.19 (27) 4.05+0.24 (60)
Ratio (insulin/glucose)® 833+17.1 (27) 149.8+15.2 (60)

Values are expressed as means + SEM. IGDM vs IDM: # p <0.001; ® p <0.05; ©p <0.002 (analysis of covariance, adjusted for sex)
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Table 2. Prevalence of impaired glucose tolerance (IGT) in 1-4
and 5-9-year-old infants of mothers with gestational diabetes
(IGDM) as compared to those of mothers with pregestational
insulin-dependent diabetes (IDM)

IGDM  (n) IDM (m
1-4 yearsof age 11.1% (6/54) 9.4% (10/106)
5-9 years of age 20.0% (3/15) 17.4% (4/23)

observed in similar frequencies in male (12/
114=10.5%) and female children (11/84 =13.1%;
chi-square-test NS). Comparing early and later child-
hood (1-4 years vs 5-9 years), frequency of IGT dis-
played an increase in both groups of children. No
significant differences between IGDM and IDM
occurred, either at 1-4 years or at 5-9 years of age

Fig. 1A, B. Means ( + SEM) of blood glucose and plasma insu-
lin concentrations during oral glucose tolerance tests at (A) 1—
4 years of age and (B) 5-9 years of age. IGDM (O-Q) vs IDM
(@-@): * p<0.05; ** p<0.02; *** p <0.005; **** p<0.001
(analysis of covariance, adjusted for age and sex)
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(Table 2). Moreover, if the children of both study
groups were divided further, e.g. into three age
groups, a continuous increase of IGT frequency with
increasing age could be observed (1-3years: 14/
144 = 9.7 %; 4-6 years: 6/38 = 15.8%; 7-9 years: 3/16
=18.7%).

In order to obtain further details on glucose ho-
meostasis and insulin secretion, the course of glucose
and insulin during OGTT was analysed. Figure 1
shows the concentrations of glucose and insulin after
a glucose load at 1-4 and 5-9 years of age. Glucose
values at 60 min were found to be significantly higher
in IGDM compared to IDM throughout childhood.
IDM displayed significantly elevated fasting and 1-h
insulin concentrations at 5-9 years of age, while insu-
lin at 120 min was higher at both ages in IDM, as
compared to IGDM. Longitudinal analysis (1-4 vs
5-9 years of age) revealed a significant increase of
fasting blood glucose with rising age in both groups
of infants of diabetic mothers (IGDM: p <0.05;
IDM: p <0.005). In IDM, increase of fasting as well
as 120-min glucose values (p <0.01) was accompa-
nied by rising insulin concentrations at 60 and

B) 5 to 9 years of age
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Table 3. Blood glucose and insulin during OGTT in 1-4 and 5-9-year-old infants of gestational diabetic mothers (IGDM) as com-
pared to those of pregestational insulin-dependent diabetic mothers (IDM)

1-4 years of life IGDM IDM p-value®
n 54 106

Age (years) 1.58 +0.84 1.61 £0.77 NSP
Body mass index (kg/m?) 16.2+0.22 16.0£0.17 NS
Fasting blood glucose (BGO0'; mmol/l) 439+0.12 4.15+0.06 NS
AUCG (mmol/l x h) 6.50 £0.28 5.54+£0.13 <0.001
Fasting plasma insulin (I0'; pmol/l) 102.9+10.2 135.8+11.0 NS
Maximum insulin value (pmol/l) 208.6 £12.5 251.3+£15.0 NS
AUCI (pmol/l x h) 163.8 £11.3 184.8 £9.87 NS
Ratio (I0'/BG0") 23.7+2.24 33.5+2.66 <0.05
Ratio (AUCI/AUCG) 25.6+1.40 339+1.75 <0.02
5-9 years of life

n 15 23

Age (years) 6.42 £0.37 6.28 £1.15 NSP
Body mass index (kg/m?) 16.2 £0.56 16.9 £ 0.82 NS
Fasting blood glucose (BG0'; mmol/l) 4.90 + 0.20° 4.57 +0.09° NS
AUCG (mmol/l x h) 7.14 £0.57° 5.88 £0.21¢ <0.025
Fasting plasma insulin (I0'; pmol/l) 64.2 £19.2° 1183154 <0.02
Maximum insulin value (pmol/l) 256.2 £46.3 4312+ 75.6! <0.05
AUCI (pmol/l x h) 171.5+288 289.1 + 39.5¢ <0.025
Ratio (I0'/BG0") 132 +£4.27* 257+322 <0.005
Ratio (AUCI/AUCG) 251 +5.11 471 £5.11f <0.002

Values are expressed as means + SEM. AUCG, area under the
curve of glucose; AUCI, area under the curve of insulin; * anal-
ysis of covariance, adjusted for age and sex; °no significant
group differences in mean or median age by t-test or U-test,

120 min (p <0.001 and p <0.005, respectively), while
IGDM displayed a significant decrease of fasting in-
sulin with rising age (p < 0.05).

As shown in Table 3 area under the glucose curve
(AUCG) was found to be higher in IGDM throughout
childhood, while IDM had significantly elevated area
under the insulin curve (AUCT) and maximum insulin
values at 5-9 years of age. Group differences in fasting
insulin concentrations as well asin AUCI were still de-
tectable after adjusting the values for glucose concen-
tration by regression (10": p < 0.05; AUCI: p <0.025).
Furthermore, in both age groups IDM displayed sig-
nificantly higher fasting as well as stimulated insulin/
glucose ratios, compared to IGDM.

Comparing these parameters at 1-4 years to those
at 5-9years of age, IDM developed significantly
higher AUCG, maximum insulin values, higher
AUCI, and an increase in AUCI/AUCG ratio at an
age of 5-9 years as compared to an age of 1-4 years.
In contrast, in IGDM increasing AUCG was accom-
panied by a a significant decrease in fasting insulin/
glucose ratio in later childhood (Table 3).Within the
IGDM group, no significant differences between in-
fants of insulin-treated and those of diet-treated
mothers could be observed in any parameter.

To estimate possible relations between neonatal
parameters and insulin secretion in childhood multi-
ple linear regression analysis was performed, includ-
ing adjustment for sex and age. Standardized partial
regression coefficients revealed independent positive
correlations between plasma insulin at birth and

respectively; 1-4 vs 5-9 years of life: ¢p<0.05; ¢p<0.01;
©p<0.005; 'p<0.001 (analysis of covariance, adjusted for
age and sex)

AUCI (B=0.1675; p<0.05; n=87) as well as
AUCI/AUCG ratio (B =0.1955; p<0.01; n=87) at
1-9 years of age. Furthermore, insulin/glucose ratio
at birth showed an independent positive correlation
to AUCI/AUCG ratio at 1-9years of age
(B =0.2141; p < 0.005; n = 87).

Discussion

During childhood, remarkably high frequencies of
IGT in both groups of infants of mothers with diabe-
tes during pregnancy were observed. Analysing the
same age groups as investigated by Silverman et al.
[6], in a European Caucasian population of children
of diabetic mothers we were able to confirm their re-
sults on rising prevalences of IGT during childhood.
In normal populations, IGT in children is a rare event
occurring in less than 5% [6, 19, 20]. Interestingly,
our observations displayed no significant differences
of prevalence of IGT between IDM and IGDM.
Moreover, comparing early and later infancy a
marked increase of frequencies of IGT was found in
IDM as well as in IGDM, indicating that high fre-
quencies of IGT are not a transient phenomenon in
these children. With regard to sex differences in glu-
cose metabolism during childhood [21], it should be
emphasized that IGT was observed in similar fre-
quencies in male and female children.

A number of studies was performed in new-
borns of diabetic mothers. Most authors observed an
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enhanced glucose tolerance in these neonates [22,
23], which is believed to be due to a “conditioning”
of the pancreatic beta cells in utero, leading to en-
hanced secretion of insulin to a glycaemic stimulus.
Accordingly, Van Assche et al. [24] described hyper-
plasia of the beta cells in newborns of diabetic moth-
ers. However, the question remains whether and
how this enhanced glucose tolerance in the neonate
of a gestational diabetic mother is transformed into
IGT in later life. Isles et al. [25] and Molsted-Peder-
sen [26] reported that enhanced glucose tolerance in
newborns of diabetic mothers is resolved within the
first days of life, while during glucose infusion over a
period of 3 h King et al. [27] observed a decreased
glucose tolerance in these children.

While prevalence of IGT did not differ, significant
differences between IDM and IGDM were found in
blood glucose and insulin values during OGTT. At
all ages, IGDM displayed higher glucose values than
IDM while IDM had elevated levels of insulin. These
results seem to be in contrast to observations of Pers-
son et al. [14] who observed similar glucose disap-
pearance rates and insulin levels in IDM and IGDM
at 5 years of age. However, a tendency towards high-
er insulin values was also visible in their IDM group.
In addition, we found in IDM an increased insulin/
glucose ratio as a measure of insulin resistance [28,
29]. As shown by a similar mean body mass index in
the groups (Table 3), these differences between IDM
and IGDM could not be explained by different body
weights. Furthermore, since insulin secretion as well
as the degree of insulin resistance were shown to de-
pend on the stage of sexual maturation [30], it should
be stressed that all children of the study were at Tan-
ner stage I [31], indicating that differences in insulin
and insulin/glucose ratio could not be the result of
different stages of pubertal development. Since all
statistics were adjusted for sex and age, a possible in-
fluence of these confounding variables could also be
excluded.

When younger and older children were compared,
in both groups of infants a clear trend towards in-
creased glucose levels in higher age was found. This
is in contrast to reports from healthy children [21,
32] who are known to display stable blood glucose
values with increasing age. Normally, during a child’s
development this is combined with a physiological in-
crease in plasma insulin levels until puberty [21, 32,
33]. We could only find in IDM such an increase of in-
sulin levels; however, it was accompanied by an in-
crease of fasting blood glucose and stimulated insu-
lin/glucose ratio. No increase but rather a decrease
of insulin values was observed in IGDM, associated
with an increase of glucose levels. These findings
speak for disturbances of glucose tolerance and insu-
lin secretion patterns in both IDM as well as IGDM.
In IDM, a high-response of insulin, together with ris-
ing insulin/glucose ratio, might indicate increasing
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insulin resistance with higher age. This is in accor-
dance with recent observations by Purdy et al. [34]
who described increased glucose and insulin values
as well as insulin resistance in adolescent offspring
of mothers with IDDM. In addition, in IDM an eleva-
tion of insulin levels 60 and 120 min after glucose
loading as well as an increase of stimulated insulin
with rising age could possibly indicate a kind of high
and/or delayed insulin response which is frequently
observed in patients with NIDDM [35]. In contrast,
in IGDM a kind of low insulin response seems to de-
velop during childhood, which is known to occur fre-
quently together with IGT in populations with an in-
creased susceptibility for IDDM, as in siblings of pa-
tients with IDDM [36]. Recently, the occurrence of
insulin autoantibodies, which are early precursors of
IDDM, was reported from infants of gestational dia-
betic mothers [37]. Our observations match well
with insights obtained from animal experiments of
Aerts et al. [12] who showed that the offspring of se-
verely diabetic mother rats developed hyperinsulin-
aemia and insulin resistance in later life, while those
offspring born to mothers with only mild diabetes
during pregnancy displayed IGT due to reduced insu-
lin output.

However, the question arises why these distur-
bances developed despite antenatal care in both
groups of diabetic pregnant women. As reported by
Tallarigo et al. [38] and Kurishita et al. [39], even in
non-diabetic, “normoglycaemic” pregnancies, unde-
tected hyperglycaemic episods during pregnancy
were shown to influence neonatal outcome. Unfortu-
nately, measurements of HbA,. were not available
during the whole study period at the Clinic of Kauls-
dorf in the former GDR (East Germany). At birth,
both groups of infants were found to be clearly hyper-
insulinaemic with insulin values above 210 pmol/l
[40-42]. As shown by the fundamental work of Weiss
et al. [43], a more pronounced and prolonged mater-
nal hyperglycaemia in IDM can be presumed to be
the main reason of higher fetal and neonatal insulin
levels in IDM. Nevertheless, theoretically the possi-
bility of some bias resulting from transplacentally
transferred maternal insulin antibodies, which are
known to interfere with measurement of neonatal in-
sulin [44], cannot be clearly excluded in each case.
Although our study group was considered to be a rep-
resentative sample of the population of infants of dia-
betic mothers at our clinic, accidentally a somewhat
higher percentage of infants of pregestational diabet-
ic mothers than of those of gestational diabetic moth-
ers entered the study. Possibly, this might reflect a
higher compliance to the recommendation of re-ex-
amination of their children in mothers suffering
from pregestational IDDM.

Finally, analysing correlations between metabolic
parameters in childhood and insulin in the newborn
we found that stimulated insulin levels and insulin/
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glucose ratio in childhood were positively correlated
to neonatal insulin and insulin/glucose ratio, respec-
tively. Taking into consideration that IDM displayed
clearly increased insulin and insulin/glucose ratio at
birth and increase of insulin as well as insulin/glucose
ratios with rising age, one may speculate that this
might be due to a persistent “dysregulation” of insu-
lin secretion acquired during fetal life and combined
with early induction of insulin resistance in these in-
fants [45]. This seems to meet with observations in
the Pima Indian Study [46, 47] which suggest that
obesity and NIDDM are more likely to develop in
offspring of women with diabetes during pregnancy
than in offspring of non-diabetic or prediabetic wom-
en, i.e. women who developed diabetes only after the
pregnancy. Moreover, McCance et al. [48] reported
IGTand hyperinsulinaemia early in life to be predict-
able for later development of NIDDM. Nevertheless,
our observations should be accomplished by further
studies, i.e. by a stratification into a higher number
of age groups in a greater sample of children of dia-
betic mothers.

Our results and others [6, 10-13, 34, 46, 47, 49] are
in marked accordance with the concept of a “func-
tional teratogenesis” of increased diabetes suscepti-
bility due to a permanent “malprogramming” of met-
abolic and/or neuroendocrine systems, induced by the
hyperglycaemic and hyperinsulinaemic intrauterine
environment to which IDM as well as IGDM are ex-
posed. Therefore, a general glucose intolerance
screening during pregnancy and, consequently, spe-
cial health care for all pregnant diabetic women —
i.e. long-term as well as gestational diabetic patients
— are recommended in order to avoid, or at least re-
duce, the increased morbidity in their newborns and
children by primary prevention [11, 43, 47, 50-53].
Moreover, in view of our observations and those
made by other authors, we think that it is necessary
to pay special attention to later development of chil-
dren born to mothers with diabetes during pregnancy.
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