
Studies from Hertfordshire and Preston in the Uni-
ted Kingdom consistently reported a higher preva-
lence of non-insulin-dependent diabetes mellitus
(NIDDM) and/or impaired glucose tolerance (IGT)
among subjects aged 50 to 70 years with either low
birth weight and/or low weight at the age of 1 year
[1, 2]. The authors therefore suggested a major role
of intrauterine malnutrition for the risk of develop-
ing NIDDM much later in life (i. e. after the age of
40 years). The association between low birth weight
and risk of NIDDM has also been confirmed in
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Summary Previous studies have demonstrated an as-
sociation between low weight at birth and risk of later
development of non-insulin-dependent diabetes mel-
litus (NIDDM). It is not known whether this associa-
tion is due to an impact of intrauterine malnutrition
per se, or whether it is due to a coincidence between
the putative “NIDDM susceptibility genotype” and
a genetically determined low weight at birth. It is
also unclear whether differences in gestational age,
maternal height, birth order and/or sex could explain
the association. Twins are born of the same mother
and have similar gestational ages. Furthermore,
monozygotic (MZ) twins have identical genotypes.
Original midwife birth weight record determinations
were traced in MZ and dizygotic (DZ) twins discor-
dant for NIDDM. Birth weights were lower in the
NIDDM twins (n = 2 × 14) compared with both their
identical (MZ; n = 14) and non-identical (DZ; n =
14) non-diabetic co-twins, respectively (MZ: mean ±
SEM 2634 ± 135 vs 2829 ± 131 g, p < 0.02; DZ: 2509 ±
135 vs 2854 ± 168 g, p < 0.02). Using a similar ap-
proach in 39 MZ and DZ twin pairs discordant for im-
paired glucose tolerance (IGT), no significantly lower
birth weights were detected in the IGT twins

compared with their normal glucose tolerant co-
twins. However, when a larger group of twins with dif-
ferent glucose tolerance were considered, birth
weights were lower in the twins with abnormal glu-
cose tolerance (NIDDM + IGT; n = 106; 2622 ± 45 g)
and IGT (n = 62: 2613 ± 55 g) compared with twins
with normal glucose tolerance (n = 112: 2800 ± 51 g;
p = 0.01 and p = 0.03, respectively). Furthermore, the
twins with the lowest birth weights among the two
co-twins had the highest plasma glucose concentra-
tions 120 min after the 75-g oral glucose load (n = 86
pairs: 9.6 ± 0.6 vs 8.0 ± 0.4 mmol/l, p = 0.03). In con-
clusion, the association between low birth weight
and NIDDM in twins is at least partly independent
of genotype and may be due to intrauterine malnutri-
tion. IGTwas also associated with low birth weight in
twins. However, the possibility cannot be excluded
that the association between low birth weight and
IGT could be due to a coincidence with a certain gen-
otype causing both low birth weight and IGT in some
subjects. [Diabetologia (1997) 40: 439–446]
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Pima Indians [3] and recently in a Swedish popula-
tion [4].

However, another study from Oxfordshire – also
in the United Kingdom – did not demonstrate lower
birth weights in either NIDDM patients or subjects
with IGT; and concluded that genetic and “postnatal”
environmental factors play quantitatively more im-
portant roles in the development of NIDDM com-
pared with intrauterine malnutrition or low birth
weight per se [5]. Accordingly, several epidemiologi-
cal and metabolic studies of twins and first-degree
relatives of NIDDM patients have indicated an im-
portant genetic component of NIDDM [6–10]. A
postnatal environmental component is indicated by
a strong association between the occurrence of
NIDDM and the propagation of a modern western
lifestyle [11]. Furthermore, the association between
low birth weight and risk of NIDDM in some studies
could theoretically be explained by a genetically de-
termined reduced fetal growth rate. Thus, a reduced
enhancement of growth in utero could – at least theo-
retically – be due to a putative genetically determined
reduced insulin secretion or action in individuals pre-
disposed to NIDDM [4, 5, 10, 12]. In other words, the
genotype responsible for NIDDM may itself cause
retarded fetal growth in utero. The notion of the im-
portant influence of genetics on the weight at birth is
supported by the recent demonstration of familial ag-
gregation of low birth weight among both whites and
blacks in the United States [13].

Other factors influencing birth weight include ges-
tational age, maternal height, birth order and sex
[13]; and correction for those factors in previous stud-
ies was either not performed or was associated with
various degrees of uncertainty [1, 2, 4, 5, 14].

Studying birth weights in twins discordant for
NIDDM allows perfect matching for both gestational
age, maternal height, birth order (in relation to other
siblings) and sex. However, specifically studying
identical (monozygotic or MZ) twins discordant for
NIDDM allows elimination of a putative influence
of the genotype per se on the fetal growth rate.
Therefore, the aim of the present study was to trace
birth weights in MZ and dizygotic (DZ) twins discor-
dant for NIDDM and IGT respectively, and thereby
to provide further insight into the possible role of
low birth weight and of intrauterine malnutrition in
the aetiology and pathophysiology of NIDDM and/
or IGT in twins.

Subjects and methods

Subjects. The twins were identified through the Danish Twin
Register [15] and were residents of almost all areas of Den-
mark. Initially, questionnaires were sent out to a total of 3074
MZ and DZ twins aged 55 to 74 years during November 1994.
Questionnaires were only sent out to twin pairs both of whom

were of the same gender. The twins were asked whether they
suffered from diabetes diagnosed after the age of 40 years and
whether they would agree to participate in the present study
involving a standard oral glucose tolerance test (OGTT) and
anthropometric measurements (see below). A total of 975
twin pairs replied, and among those twins 303 twin pairs
(= 606 twins) answered that they would both agree to partici-
pate in the study. Thus, twin pairs in whom only one of the
two co-twins agreed to participate were not included in the
study. Classification of twins (identical (MZ) vs non-identical
(DZ)) was based on the similarity method [16, 17]. OGTTs
were subsequently performed in the 303 twin pairs of whom
125 twin pairs were MZ and 178 twin pairs DZ. Based on the
results from the OGTT and in accordance with the diagnostic
criteria as outlined below, we identified a total of 45 twin pairs
discordant for NIDDM (i. e. one twin with NIDDM and the
other with non-diabetic glucose tolerance; 18 MZ and 27 DZ
pairs), and a total of 17 pairs concordant for NIDDM (both
twins with NIDDM; 9 MZ and 8 DZ pairs). Furthermore, 74
twin pairs were discordant for IGT (i.e. one twin with impaired
and the other with normal glucose tolerance (NGT); 22 MZ vs
52 DZ pairs) and 19 pairs were concordant for IGT (both twins
IGT; 9 MZ vs 10 DZ pairs).

Original midwife birth weight records were traced primar-
ily in the twin pairs discordant for NIDDM according to pre-
defined criteria for NIDDM as outlined below. Thus, as out-
lined in the Introduction, we considered this to be an optimal
design to evaluate a possible influence of the intrauterine envi-
ronment on the risk for later development of NIDDM. Using
this approach, the group of “non-diabetic” twins included sub-
jects with IGT. However, to gain further insight into a possible
influence of the intrauterine environment on adult glucose tol-
erance, and especially on the state of “IGT” per se, we also
traced available original midwife birth weight records for the
additional twin pairs. Birth weight data originally recorded by
the attending midwives were subsequently obtained from the
mothers’ delivery records, which in turn were traced through
the various regional archives located in the individual areas
throughout Denmark where birth was reported by the twins.
Original midwives’ records, including valid birth weight infor-
mation, were available primarily for twins born after 1927.
The records contained obstetric data on first- and second-
born twins, respectively. Classification of the twins as first- or
second-born was based on information from the participating
twins concerning the birth sequence. There was complete
agreement concerning individual birth sequences within all
twin pairs when asking each twin separately.

The protocol was approved by the regional ethical commit-
tee and the procedures were performed according to the prin-
ciples of the Helsinki Declaration.

Methods. All subjects participated in a standard 75-g OGTT af-
ter a 10–12-h overnight fast. Plasma glucose concentrations
were analysed in the fasting state (0 min), 30 and 120 min after
oral glucose ingestion by the glucose dehydrogenase oxidation
method. Plasma insulin, proinsulin and C-peptide concentra-
tions were measured using two-site, two-step, time resolved
immunofluorometric assays as previously described (DEL-
FIA)[18, 19]. Plasma insulin concentrations were measured at
the same time points as the plasma glucose concentrations,
whereas plasma proinsulin and C-peptide concentrations
were measured only in the fasting state. Incremental glucose
and insulin areas under the curves (AUCs) were calculated us-
ing the trapezoidal method. Cross reactivities with proinsulin,
C-peptide and Des(31,32)-split product in the insulin assay
were all less than 0.4 %. Intra-assay coefficients of variation in
the physiological ranges were 3.6–4.3 % for plasma insulin;
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4.1–6.4 % for plasma proinsulin; and 1.7–2.3 % for plasma C-
peptide concentrations. Inter-assay coefficients of variation
were 1.7–3.4 % for plasma insulin; 5.7–7.2 % for plasma proin-
sulin; and 2.7–6.3 % for plasma C-peptide concentrations. The
fasting blood samples were also analysed for serum triglycer-
ides, total cholesterol, HDL-cholesterol and LDL-cholesterol
using commercial kits from Boerhinger Mannheim, Mann-
heim, Germany. Plasma lipid concentrations were only mea-
sured in the twins discordant for NIDDM. Waist circumfer-
ence was measured using a soft tape on standing subjects mid-
way between the lowest rib and the iliac crest. Hip circumfer-
ence was measured over the widest part of the gluteal region,
and the waist-to-hip ratio was calculated accordingly.

Criteria for the diagnosis of NIDDM included 1) diagnosis
of diabetes after the age of 40 years and current use of antidia-
betic medication or diet and/or 2) according to the World
Health Organization (WHO) criteria (i. e. fasting venous plas-
ma glucose concentration ≥ 7.8 mmol/l and/or 120 min venous
plasma glucose concentration ≥ 11.1 mmol/l after a 75-g oral
glucose load. Subjects with fasting plasma glucose concentra-
tions below 7.8 mmol/l and 120 min OGTT plasma glucose
concentrations ≥ 7.8 mmol/l and < 11.1 mmol/l were classified
as having IGT according to WHO criteria.

Statistical analysis

Non-parametric statistical methods (Wilcoxon’s signed rank
test for paired data (i. e. within twin pair differences) and
Mann-Whitney test for unpaired data (i. e. between twin pair
differences) were used for analysis of data. Correlation analy-
ses were performed using the non-parametric Spearmans rho
(R) analysis. All tests applied were two-tailed and p = 0.05 or
less was considered significant. Data are presented as mean ±
SEM.

Results

Complete birth weight records were identified for 28
pairs (i. e. 56 individual twins) out of the total number
of 45 twin pairs who were discordant for NIDDM at
the time of the present study. Fourteen of the 28 pairs
were MZ (identical) and 14 were DZ (non-identical)
twin pairs.

Clinical characteristics of the 28 twin pairs discor-
dant for NIDDM are given in Table 1. Nine of the
MZ and 8 of the DZ NIDDM twins were known
NIDDM patients at the time when OGTTs were per-
formed. Mean duration of diabetes in those twins was
9 (range 1–32) years for the MZ and 11 (range 2–20)
years for the DZ twins. One of the MZ NIDDM twins
was treated with insulin, 6 with oral hypoglycaemic
agents and 2 with diet. Four of the DZ NIDDM twins
were treated with insulin, 1 with an oral hypo-
glycaemic agent and 3 with diet. Treatment was with-
drawn at least 24 h before the OGTT. The NIDDM
diagnosis was confirmed in all of the previously diag-
nosed NIDDM twins according to the results of the
OGTTs and WHO criteria. The rest of the NIDDM
twins (i. e. 5 of the MZ and 6 of the DZ NIDDM
twins) were newly diagnosed NIDDM patients based
on the results of OGTTs in accordance with the
WHO criteria as described, and were therefore not
undergoing any treatment at the time of this study.

The mean age was similar in MZ and DZ twins
(Table 1). Compared with their non-diabetic co-
twins, the NIDDM MZ twins were significantly
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Table 1. Clinical characteristics of the twin pairs discordant for NIDDM

Monozygotic twins Dizygotic twins

NIDDM Non-diabetic NIDDM Non-diabetic

n (females/males) 14 (7/7) 14 (7/7) 14 (7/7) 14 (7/7)
Age (years) 67 ± 2 67 ± 2 64 ± 1 64 ± 1
Weight (kg) 83 ± 4a 72 ± 5 71 ± 3 74 ± 4
Height (cm) 165 ± 3 164 ± 3 165 ± 3 166 ± 3
BMI (kg/m2) 30.6 ± 1.43a 26.8 ± 1.5 26.2 ± 1.2 26.8 ± 1.3
Waist/hip ratio 0.95 ± 0.01a 0.91 ± 0.02 0.90 ± 0.02 0.86 ± 0.03
Fasting glucose (mmol/l) 10.1 ± 0.5a 6.1 ± 0.1e 8.3 ± 0.6a 5.6 ± 0.1
30-min OGTT glucose (mmol/l) 14.5 ± 0.7a 10.2 ± 0.4 14.0 ± 1.1a 8.8 ± 0.4
2-h OGTT glucose (mmol/l) 18.4 ± 1.2a 7.9 ± 0.4 14.8 ± 1.7a 6.7 ± 0.4
Fasting insulin (pmol/l) 79 ± 9b 43 ± 2 71.4 ± 13 50.5 ± 6.6
30 min OGTT insulin (pmol/l) 172 ± 29d 248 ± 49 210 ± 41d 356 ± 79
120-min OGTT insulin (pmol/l) 313 ± 77 298 ± 34 247 ± 57 388 ± 56
Glucose AUC (min × mmol/l) 635 ± 42a 326 ± 37 633 ± 88a 253 ± 33
Insulin AUC (min × pmol/l) 16124 ± 4454 23 745 ± 3780 16216 ± 4146c 33519 ± 5814
Ratio (insulin AUC/glucose AUC) 30 ± 10a 93 ± 25e 45 ± 14b 150 ± 25
Fasting C-peptide (pmol/l) 1020 ± 95b 659 ± 41 663 ± 69 681 ± 76
Fasting proinsulin (pmol/l) 35 ± 4a 11 ± 1 20 ± 6 10 ± 1
Triglycerides (mmol/l) 2.01 ± 0.29d 1.25 ± 0.13 1.46 ± 0.26 1.27 ± 0.19
Cholesterol (mmol/l) 5.7 ± 0.3 5.8 ± 0.3 5.9 ± 0.3 6.4 ± 0.4
HDL cholesterol (mmol/l) 1.11 ± 0.09 1.34 ± 0.12 1.43 ± 0.11 1.68 ± 0.15
LDL cholesterol (mmol/l) 3.68 ± 0.28 3.87 ± 0.24 3.83 ± 0.33 4.14 ± 0.38
Birth weight (g) 2634 ± 135c 2829 ± 131 2509 ± 135c 2854 ± 168

Mean ± SEM; n = 14 for all determinations except for the
plasma lipid concentrations where n = 12. All measurements
were in plasma or serum samples. ap < 0.001, bp < 0.01, cp < 0.02,

dp < 0.05; NIDDM vs non-diabetic co-twins. ep < 0.05; non-dia-
betic MZ vs non-diabetic DZ twins



heavier, had higher body mass indices and showed
more abdominal obesity (Table 1). The NIDDM and
non-diabetic DZ twins did not differ significantly in
weight, BMI or waist-to-hip ratios (Table 1). Both
MZ and DZ diabetic twins had significantly higher
fasting and 2-h plasma glucose compared with their
non-diabetic co-twins (Table 1). Furthermore, the
non-diabetic MZ twins had significantly higher mean
fasting plasma glucose concentrations compared
with the non-diabetic DZ twins (Table 1). Seven of
the 14 non-diabetic MZ twins and 4 of the 14 non-dia-
betic DZ twins had IGT according to WHO criteria.
Incremental glucose AUCs during the OGTT mainly
reflected the 120-min plasma OGTT glucose concen-
trations, and were higher in diabetic compared with
non-diabetic twins (Table 1). Incremental insulin
AUCs were lower in diabetic twins compared with
their non-diabetic co-twins, although this difference
only reached statistical significance in the DZ twins
(Table 1). The ratio between incremental insulin and
glucose AUCs were lower in diabetic compared with
their non-diabetic co-twins. In addition, the ratio be-
tween incremental insulin and glucose AUCs were
lower in MZ non-diabetic compared with the DZ
non-diabetic twins (Table 1). Serum triglycerides
were higher in the MZ NIDDM twins compared
with the MZ non-diabetic twins (Table 1). Serum to-
tal cholesterol concentrations were similar in all
groups, and serum HDL – and LDL cholesterol con-
centrations did not differ significantly between the
study groups (Table 1). Finally, blood pressure mea-
surements were not significantly different between
any of the study groups (data not shown).

Individual intra-pair birth weight differences and
mean birth weights in the twins discordant for
NIDDM are presented in Figure 1 and in Table 1.
The range of individual birth weights were for MZ
NIDDM twins: 1550–3500 g; MZ non-diabetic twins:
1850–3500 g; DZ NIDDM twins: 1500–3250 g; DZ
non-diabetic twins: 2000–4600 g. The twins with docu-
mented NIDDM had significantly lower birth weights
compared with their non-diabetic co-twins irrespec-
tive of zygosity classification (2571 ± 95 vs 2841 ±
105 g, p < 0.0001). Furthermore, when the two twin
groups were regarded separately, the lower birth
weights in the NIDDM twins compared with their
non-diabetic co-twins remained statistically signifi-
cant for both MZ (2634 ± 135 vs 2829 ± 131 g, p <
0.02) and DZ (2509 ± 135 vs 2854 ± 168 g, p < 0.02)
twin pairs (Table 1, Figure 1). Finally, when the twins
(n = 28 pairs) were divided into pairs with NGT ac-
cording to WHO criteria in the non-diabetic twins
(n = 17 pairs), and pairs with IGT in the non-diabetic
twins (n = 11 pairs), the NIDDM twins had statisti-
cally significant lower birth weights compared with
both their NGT and IGT co-twins, respectively
(NIDDM vs NGT co-twins: 2587 ± 124 vs 2827 ±
162 g, p < 0.05; and NIDDM vs IGT-co-twins: 2548 ±

153 vs 2864 ± 102 g, p < 0.01). No significant correla-
tion was found between the duration of diabetes and
intra-pair differences in birth weights in the discor-
dant pairs.

Additional original birth weight records were
traced in 81 twin pairs out of the 303 pairs who partic-
ipated in the OGTT. Of those, 8 pairs (4 MZ and 4
DZ pairs) were concordant for NIDDM, 6 pairs (3
MZ and 3 DZ pairs) were concordant for IGT, 39
pairs (13 MZ and 26 DZ pairs) were discordant for
IGT, and in 28 pairs both twins were non-diabetic.
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Fig. 1. Individual intra-pair birth weight differences in the
dizygotic (DZ; non-identical) and monozygotic (MZ; identi-
cal) twin pairs discordant for NIDDM (i.e. birth weight of the
NIDDM twin minus birth weight of the corresponding non-di-
abetic co-twin). Note that a negative value is obtained when
the birth weight of the NIDDM twin is lower than the birth
weight of the corresponding non-diabetic co-twin. The intra-
pair birth weight differences are presented in a “ranked” order
according to the absolute magnitude of the differences.
Hatched bars indicate IGT in the “non-diabetic twin” (n = 11
twin pairs including one pair with similar birth weights among
the two co-twins), whereas closed bars indicate normal glucose
tolerance in the non-diabetic twin according to the WHO crite-
ria (n = 17 twin pairs including 4 pairs with similar birth
weights among the two co-twins). MZ and DZ NIDDM vs
non-diabetic co-twins: p < 0.02 for both comparisons



No significant difference in birth weights was de-
tected within the concordant twin pairs among the
two co-twins who reported to have diabetes diag-
nosed first compared with second or last (ie first vs
second diagnosed diabetes; mean birth weights:
2800 ± 240 vs 2750 ± 185 g, NS). The difference in du-
ration of “known” diabetes within the concordant
twin pairs was 5 ± 1 years.

No significant differences in birth weights were de-
tected within twin pairs discordant for IGT when the
twin pairs were considered as one group (n = 39 MZ
and DZ twin pairs; IGT twins vs NGT co-twins:
2604 ± 70 vs 2623 ± 65 g, NS) or separately as MZ
(n = 13) or DZ (n = 26) twins (data not shown). How-
ever, in this larger group of both MZ and DZ twins
(n = 218 twins ( = 109 twin pairs)), birth weights
were significantly lower in the combined group of
twins with either NIDDM or IGT compared with
twins with NGT (n = 106 vs 112; mean ± SEM:
2622 ± 45 vs 2800 ± 51 g, p = 0.01). In addition, mean
birth weights were significantly lower in the total
group of MZ and DZ twins with IGT compared with
the twins with NGT (n = 62 vs 112; mean ± SEM:
2613 ± 55 vs 2800 ± 51 g, p = 0.03).

Individual birth weights did not correlate signifi-
cantly with fasting, 30-min or 120-min OGTT plasma
glucose concentrations in the twins discordant for
NIDDM. However, considering all 218 individual
twins with known birth weights, individual twin birth
weights correlated inversely with the 120-min OGTT
plasma glucose concentration (n = 218, R = –0.15,
p < 0.03). Furthermore, a somewhat stronger correla-
tion was found between birth weight and 120-min
OGTT plasma glucose concentration, when individ-
ual intra-pair difference correlations were deter-
mined (n = 109 pairs, R = –0.26, p < 0.01).

A statistically significant positive correlation was
found between birth weight and adult body
weight (n = 218, R = 0.14, p = 0.03), and a negative

correlation was found between birth weight and
120-min OGTT plasma insulin concentration (n =
218, R = –0.13, p < 0.05). No statistically significant
correlations were determined between individual
birth weights and fasting plasma glucose concentra-
tion, 30-min OGTT plasma glucose concentrations,
BMIs or waist-to-hip ratios. Furthermore, no statisti-
cally significant correlations were found between in-
dividual birth weights and fasting or 30-min OGTT
plasma insulin, or between birth weights and fasting
proinsulin or C-peptide concentrations in the total
group of 109 twin pairs ( = 218 individual twins), or
in any study group sub-populations. Finally, birth
weights did not correlate significantly with incremen-
tal insulin AUCs , glucose AUCs or with the ratio be-
tween insulin AUCs and glucose AUCs.

In 23 twin pairs out of the total of 109 MZ and DZ
twin pairs, the two co-twins had similar birth weights.
In the remaining 86 twin pairs – including both nor-
mal, IGT and NIDDM twins – the twins with the
lowest birth weights among the two co-twins had sig-
nificantly higher 120-min OGTT plasma glucose con-
centrations and incremental glucose AUC during
OGTT compared with their co-twins with the highest
birth weights (Table 2). When MZ (n = 36 pairs) and
DZ (n = 50 pairs) were considered separately, the
difference in 120-min OGTT plasma glucose concen-
trations reached statistical significance in the MZ
twins (p < 0.05), but not in the DZ twins (p = 0.12).
Incremental glucose AUCs were not significantly
different between twins with the lowest and highest
birth weights when MZ and DZ twins were consid-
ered separately (p = 0.25 and 0.19, respectively).
Fasting or 30-min OGTT plasma glucose concentra-
tions were not significantly higher in the twins with
the lowest compared with the highest birth weights
(Table 2). However, adult height was slightly but sig-
nificantly lower in the twins with the lowest
compared with highest birth weights (Table 2).
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Table 2. Clinical characeristics of the twin pairs (MZ + DZ) differing in birth weight

Twins with the highest birth
weights among the two co-twins

Twins with the lowest birth
weights among the two co-twins

p-value

n (males/females) 86 (47/39) 86 (47/39) –
Age (years) 64.4 ± 0.6 64.4 ± 0.6 –
Weight (kg) 76.6 ± 1.6 73.6 ± 1.4 0.07
Height (cm) 167.6 ± 1.0 166.9 ± 1.0 0.05
BMI (kg/m2) 27.2 ± 0.6 26.4 ± 0.5 0.42
Waist/hip ratio 0.89 ± 0.01 0.88 ± 0.01 0.38
Birth weight (g) 2937 ± 53 2527 ± 49 < 0.0001
Fasting plasma glucose (mmol/l) 6.2 ± 0.2 6.7 ± 0.2 0.11
30-min OGTT plasma glucose (mmol/l) 10.0 ± 0.3 10.5 ± 0.3 0.21
120-min OGTT plasma glucose (mmol/l) 8.0 ± 0.4 9.6 ± 0.6 0.03
Fasting plasma insulin (pmol/l) 49.8 ± 2.9 54.1 ± 3.8 0.49
30-min OGTT plasma insulin (pmol/l) 312 ± 26 288 ± 20 0.91
120-min OGTT plasma insulin (pmol/l) 331 ± 36 317 ± 35 0.38
Glucose AUC (min × mmol/l) 314 ± 21 361 ± 24 < 0.05
Insulin AUC (min × pmol/l) 28 369 ± 25111 25 864 ± 2225 0.58
Ratio (insulin AUC/glucose AUC) 115 ± 10 104 ± 12 0.09



Furthermore, the absolute adult weight was lower in
twins with the lowest birth weights, although this dif-
ference did not reach statistical significance (Ta-
ble 2). Finally, when comparing twins with the high-
est and lowest birth weights among the two co-twins
with different birth weights, we were unable to detect
any significant effect of birth weight on BMI, waist-
to-hip ratio, fasting 30-min or 120-min plasma insulin
concentrations, incremental insulin AUC, or on the
incremental (insulin AUC/glucose AUC) ratio (Ta-
ble 2).

Discussion

The finding of significantly lower birth weights in
both MZ and DZ NIDDM twins compared with their
non-diabetic co-twins excludes the possibility that
other factors such as gestational age, maternal
height, birth order and/or sex [20] could explain the
lower birth weights in the NIDDM patients/twins in
this and perhaps in previous studies. Most impor-
tantly, however, the finding of lower birth weights in
the MZ NIDDM twins compared with their geneti-
cally identical non-diabetic co-twins eliminates the
theoretical possibility that the association between
low birth weight and risk of NIDDM could be
explained solely by a coincidence between the
“NIDDM susceptibility genotype” and impaired in-
trauterine growth. Therefore, the lower birth weights
in the twins who later developed NIDDM were prob-
ably due to some degree of intrauterine malnutrition,
at least compared with their co-twins who did not
develop diabetes. Finally, the impact of low birth
weight on diabetic status is supported by our finding
in the larger group of unselected twin pairs (n = 86
twin pairs), that twins with the lowest birth weight
among the two co-twins had a significantly higher
120-min OGTT plasma glucose concentration, and a
significantly higher incremental glucose AUC during
the OGTTs (Table 2).

It is noteworthy that we were able to detect a sta-
tistically significant mean difference of only 195 g in
birth weights within the relatively small group of 14
MZ twin pairs discordant for NIDDM (Table 1, Fig-
ure 1). Specifically, this small but significant differ-
ence is thought-provoking when seen in the light of
the large range of birth weights from 1500 to 3500 g
in the group of NIDDM twins. This may suggest that
it is not so much an absolute low birth weight per se,
but rather a disproportionately low birth weight in re-
lation to an individual and possibly to a large extent
genetically determined birth weight, which predis-
pose to NIDDM much later in life. Moreover, it may
also illustrate that low birth weight is possibly only a
marker of an unfavourable intrauterine environment
or event predisposing to NIDDM, rather than a pre-
disposing factor to NIDDM itself.

The notion that birth weight may at least be partly
genetically determined is in accordance with the re-
cent study by Wang et al. [13]. It may also explain
why large study materials were required to demon-
strate an association between low birth weight and
NIDDM in general population studies [1–3], and
why at least one study did not demonstrate lower ab-
solute birth weights in NIDDM patients [5]. How-
ever, when eliminating the genetic influence on birth
weight using identical twins, which in addition elimi-
nate the difficulties assessing and correcting for ges-
tational age, maternal height, etc, small differences
in a small study population can be detected.

The impact of a non-genetic intrauterine compo-
nent for the risk of NIDDM such as malnutrition
demonstrated in this and other studies [1–3], does
not of course exclude that other factors including
both “postnatal” environmental and genetic compo-
nents may play important roles in the aetiology and
pathophysiology of NIDDM. However, it does ex-
pand our conception of NIDDM as a multifactorial
disease, and may also to some extent bring into ques-
tion some conclusions concerning the aetiology of
NIDDM made from previous studies. For one thing,
the notion of an important genetic component in the
aetiology of NIDDM is partly based on the finding
of higher concordance rates of NIDDM in MZ com-
pared with DZ twins [6, 7]. However, MZ twins are
more likely to suffer from intrauterine malnutrition
compared with DZ twins [21], and the validity of
twin studies for aetiological conclusions concerning
genes vs environment in diseases where intrauterine
malnutrition may play a role (as in NIDDM) has
therefore also been questioned [22]. On the other
hand, the evidence for a genetic component in
NIDDM also comes from several studies demonstrat-
ing metabolic abnormalities and a higher risk of
NIDDM in offspring of NIDDM patients [9]. In addi-
tion, the risk of NIDDM differs significantly between
different ethnic populations [23, 24] which further
supports the existence of a “NIDDM susceptibility
genotype” in the aetiology of NIDDM. In this study
we found a higher fasting plasma glucose concentra-
tion, and a significantly lower ratio of incremental in-
sulin-glucose AUC ratio during OGTTs in the group
of non-diabetic MZ twins compared with the non-di-
abetic DZ twins in the face of virtually identical birth
weights (Table 1). This, by itself, could be taken to
support the existence of and a role for a NIDDM sus-
ceptibility genotype in the aetiology of NIDDM inde-
pendent of birth weight and intrauterine malnutri-
tion.

It should also be mentioned that the present study
demonstrated the impact of a non-genetic intrauter-
ine component in the twin in a given twin pair who
developed diabetes first. Thus, the non-diabetic co-
twins in (at least MZ twin pairs) discordant for
NIDDM may themselves exhibit various degrees of
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prediabetic abnormalities of glucose metabolism [10,
25], and are therefore highly likely to develop
NIDDM later in life [7].

Hales et al. [1] reported an association between
low birth weight and abnormal glucose tolerance at
age 64 years, including subjects with overt NIDDM
and IGT in one group. In the present study, we did
not find significantly lower birth weights in the 39
twins with IGT compared with their normal glucose
tolerant MZ and DZ co-twins. Therefore, using a sim-
ilar approach and study design as in the twin pairs dis-
cordant for NIDDM per se, we were unable to dem-
onstrate any influence of a non-genetic intrauterine
component – or even of low birth weight – in the aeti-
ology and/or pathophysiology of IGT per se. On the
other hand, after the inclusion of a larger number of
twins concordant for either NIDDM, IGT or NGT,
we did find statistically significant lower birth weights
in this larger population of IGT twins compared with
the total group of NGT twins. Therefore, our data
does support the previous finding of an association
between low birth weight and both IGT and NIDDM
as originally reported by Hales et al. [1]. However,
because we did not find any difference in birth
weights within the MZ twin pairs discordant for IGT
per se, we cannot exclude the theoretical possibility
that the association between low birth weight and
IGT may at least partly be due to a coincidence be-
tween a specific genotype responsible for both a ge-
netically determined low birth weight and IGT in
some subjects. For example, one such coincidence
could be due to a mutation or polymorphism at the
coding region for insulin receptor substrate-1 (IRS-
1), which in its presence may both cause low birth
weight [26], insulin resistance [27] and an increased
risk of developing NIDDM in adult age [28]. Finally,
we cannot exclude that other factors such as gesta-
tional age, maternal height and/or birth order could
have explained the association between low birth
weight and IGT in twins using the unpaired study de-
sign.

The correlations between birth weight, plasma glu-
cose and plasma insulin concentrations found in this
study were relatively weak. In the case of 120-min
OGTT plasma glucose concentrations, the correla-
tion coefficient of –0.26 indicates that birth weight
per se may only explain 5 % of the variance. Further-
more, various factors associated with the insulin resis-
tance syndrome including BMI and waist-to-hip ratio
did not correlate significantly with birth weight. This,
by itself, supports the view that other factors includ-
ing both genetics and postnatal environmental factors
play important roles in the aetiology and pathophysi-
ology of both abnormal glucose tolerance and insulin
resistance in man.

The mechanism through which intrauterine mal-
nutrition increases the risk of NIDDM may include
both impaired insulin secretion [5] and peripheral

insulin resistance [4, 29]. The weak but significant in-
verse correlation between birth weight and 120-min
OGTT plasma insulin concentrations found in this
study may support a role of insulin resistance. How-
ever, studies using more sophisticated methods such
as the hyperinsulinaemic euglycaemic clamp tech-
nique are required to provide more insight into this
issue. Furthermore, the possibility that intrauterine
malnutrition increases the risk of obesity in adult
life, a known risk factor of NIDDM, cannot be totally
excluded [30]. The latter possibility may to some ex-
tent be supported by the finding of a significantly
higher adult weight and BMI in the MZ NIDDM
twins compared with the MZ non-diabetic twins in
this (Table 1) and in our previous study [10]. How-
ever, this is not likely to be the sole explanation as
the DZ NIDDM and the DZ non-diabetic twins had
similar adult body weights in the face of significantly
lower birth weights in the DZ NIDDM twins (Ta-
ble 1). Furthermore, we found a positive rather than
a negative correlation between birth weight and adult
weight in the total twin study population. Therefore,
our results are in keeping with the previous conclu-
sion that the association between low birth weight
and NIDDM goes beyond a putative influence of
low birth weight on adult body weight [1, 4].

In conclusion, the study supports the role of a non-
genetic (environmental) intrauterine component,
such as intrauterine malnutrition, for the develop-
ment of NIDDM much later in life. IGT per se was
also associated with low birth weight in twins. How-
ever, we cannot exclude that the latter association
could at least to some extent be due to a coincidence
with a certain genotype causing both a low birth
weight and IGT in some subjects. An important chal-
lenge in future studies will be to address the exact na-
ture of this non-genetic intrauterine factor in the aeti-
ology of NIDDM, and to determine the extent to
which this plays a role in the aetiology and patho-
physiology of NIDDM as compared with genetics
and postnatal environmental factors.
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