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Abstract: Background: Attempts to conduct meta-analyses of the association between child develop-
ment and diabetes have been limited by the wide range of tools and definitions of developmental
outcomes used in the literature. We aim to meta-analyze a widely used measure of child development,
the Bayley Scales of Infant Development, with respect to exposure to diabetes and developmental
scores. Methods: PsycINFO, MEDLINE/PubMed, EMBASE, Emcare, and Google Scholar databases
were searched. Two independent reviewers screened, extracted, and quality-appraised the studies
using JBI SUMARI software. Forest plots were created with the standardized mean difference using
the random-effects model, and heterogeneity was assessed using I2. Results: Seven studies were
identified. The pooled results on psychomotor and mental development index mean scores were
lower for infants born to mothers with diabetes than for the control group (Cohen’s d = —4.49,
df =7, I> = 0%, p = 0.001 and Cohen’s d = —3.4, df = 9, I> = 27%, p = 0.001, respectively). Effects
were larger in infants born to mothers with type 1 and 2 diabetes and at age 12 months. Conclusions:
Maternal diabetes should be considered as a risk factor for children’s development, mainly when
born to mothers with pre-existing diabetes.

Keywords: mental development; psychomotor development; maternal diabetes; pregnancy; Bayley
scales; BSID; child development

1. Introduction

Psychomotor performance is the set of skills that children acquire in the first
five years of life, comprising cognitive, emotional, motor, and social capacities [1]. In
some situations, children may experience a delay or slow progress in the attainment of
one or more developmental domains, and this is called psychomotor retardation or devel-
opment delay [2]. A delay in psychomotor development can be related to numerous risk
factors, including premature birth, low birth weight, or intrauterine growth restriction [3].
Earlier research has found a strong association between child development and intrauterine
exposure to diabetes, though the findings are limited by the use of cross-sectional design,
variability in definition of child development, and the types of diabetes explored, as there
has been a focus on some types more than others. Risk factors, including obesity and low
socio-economic status [4,5], create additional confounders when studying the impact of
intrauterine exposure to diabetes.

A recent review by Rodolaki et al. [5] suggested that intrauterine exposure to hyper-
glycemic injury when combined with obesity can predispose children to mood abnormali-
ties and intellectual impairment. The authors stated that despite conflicting findings on
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diabetes’s impact on the child’s brain, the neurocircuitry of the child is often disrupted by
intrauterine hyperglycemia that may exaggerate peripheral inflammatory response and
neuroinflammation in the brain.

Moreover, there have been several informative systematic reviews surrounding the
association between intrauterine exposure to diabetes and cognitive [6,7], language [7], and
motor development in children [4]. However, the reviews are limited by considerable vari-
ability in the operationalization of child development and a high degree of heterogeneity,
limiting comparisons between studies. Variation in the definition of child development
and developmental delay will influence the report of outcomes, and there is value in priori-
tizing a meta-analysis of studies that use a common measure to assess child development.
Therefore, we sought to analyze the association between intrauterine exposure to diabetes
and child development by analyzing studies that employed the Bayley Scales of Infant
Development (BSID) [8,9], the Psychomotor Developmental Index (PDI), and the Mental
Developmental Index (MDI) with infants up to the age of 24 months.

The Bayley Scales of Infant Development is a widely used measure of functionality
of typically developing and high-risk infants. BSDI-I and BSID-II comprise two scales
including the Mental Developmental Index (MDI) and Psychomotor Development Index
(PDI). The MDI provides an assessment of memory, problem solving, sensory perception,
hand-eye coordination, imitation, and early language, while the PDI measures gross
and fine motor skills. BSDI-III comprises additional scales of a cognitive, language, and
behavioral composite. Each of the three editions of the BSID differ in scaling and age range.
For example, BSID-I can be used in assessing infants aged between 2 and 30 months, while
BSID-II and -III can be used among infants aged 1 month to 42 months. Normed scores of
the three editions have a mean of 100 and a standard deviation of 15, with higher scores
reflecting better development.

2. Materials and Methods

This review has been conducted in accordance with the Johnna Briggs Institute (JBI)
methodology for systematic reviews [10] and following the Preferred Reporting Items for
Systematic Review and Meta-Analysis statement extension for network meta-analysis. The
protocol was registered with the International Prospective Register of Systematic Reviews
(PROSPERO registration # CRD42021282758).

2.1. Eligibility Criteria, Literature Search, and Study Selection

A systematic search was conducted from the database inception to August 2023 to
identify all studies reporting the developmental outcomes of children born to mothers
with and without diabetes. Only studies that reported means and standard deviations
were included. Of all developmental outcomes, only those studies reporting by the Bayley
Mental Developmental Index (MDI) and Bayley Psychomotor Developmental Index (PDI)
were eligible for inclusion.

The following electronic databases were searched using a comprehensive search
strategy developed by a librarian: the PsycINFO, MEDLINE /PubMed, EMBASE, Emcare,
and Google Scholar databases. First, we conducted computer-based searches using PubMed
and Ovid for the following terms (or stems when appropriate) appearing anywhere in
the manuscript: (diabetes) AND (BSID OR “Bayley Scales of Infant Development”) OR
(PDI OR “Psychomotor Development Index”) OR (MDI OR “Mental Development Index”).
Second, we reviewed the titles and abstracts of relevant articles and the index terms used
to describe the articles for additional studies using forward and backward searching.

Second, following the initial search, all identified citations were collated and uploaded
into Rayyan, an online systematic review software [11], and duplicates were removed.
Third, titles and abstracts were screened by two reviewers independently against the
inclusion criteria for the review. Discrepancies and disagreements were jointly resolved by
the reviewers and in consultation with the first study author.
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2.2. Outcomes

The main outcomes were the mental development and psychomotor development
scores of infants born to mothers with diabetes and to mothers without diabetes.

2.3. Data Extraction and JBI Quality Appraisal

Data for each eligible study were extracted by two independent reviewers and com-
pared to ensure accuracy. All data related to mental and psychomotor development scores
were extracted and input into the JBI System for the Unified Management, Assessment, and
Review of Information (SUMARI) software. Extracted data included information about the
exposure of interest, populations, methods, and outcomes. Quality assessment of eligible
studies was evaluated using the relevant JBI Critical Appraisal Checklist for Systematic
Reviews and Research Synthesis. Studies were considered of poor quality if a score of 50%
or less was assigned through methodological quality.

2.4. Statistical Analysis

A series of pairwise conventional meta-analyses were performed using JBI SUMARI [12]
to assess for associations between intrauterine exposure to diabetes and study outcomes. We
used random-effects models using inverse variance weighting to obtain pooled estimates of
SMD and the corresponding 95% CI. A random-effects model was used since it is assumed
that studies were estimating the effects of diabetes in different populations across multiple
types of maternal diabetes. Our first set of the meta-analysis included the data from all studies
to obtain an overall pooled estimate and to examine whether there was heterogeneity in
results between studies. Means, standard deviations (SDs), and sample size for the group of
infants of mothers living with diabetes and controls were used to calculate effect size (Cohen’s
d) or standardized mean differences (SDM) for both the MDI and PDI scales. An estimate
of 0.2 for the SMD effect size was considered small, 0.5 as moderate, and 0.8 as large. The
95% confidence interval (CI) for the effect size represents the relative precision of the measure-
ment. A wider range suggests the results are less precise.

If a study reported multiple types of diabetes and times of measurement, we calculated
the combined mean and SD. For studies reporting the type of diabetes, we performed
specific subgroup analyses to examine whether the difference in development outcomes
between the diabetes group and control group were influenced by the type of maternal
diabetes or the child’s age at time of assessment. Finally, heterogeneity between studies
was quantified using the Cochran Q and I? statistics. Statistical significance was defined as
a p-value < 0.10 for the Q test and a value > 50% for the I2.

3. Results

As shown in the PRISMA Figure 1, the database searches yielded 1277 studies, of
which 181 were excluded on the basis of duplication and 1069 were excluded after screening
the title or abstract. We assessed the full text of the remaining 27 studies. We excluded
20 studies as they did not meet the inclusion criteria by age or did not use the BSID to report
developmental outcomes. The remaining 7 records were reviewed in detail and categorized
according to type of diabetes and type of developmental domain (MDI vs. PDI).
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Figure 1. Preferred Reporting Items for Systematic Review and Meta-analysis (PRISMA) Flowchart
of literature and selection Process.

3.1. Study Characteristics

Every study included in the meta-analysis and the assessed variables are presented
in Table 1. Two studies used medical records to confirm the diagnosis of diabetes [13,14],
and one study [15] used criteria for gestational diabetes of fasting glucose 5.1 mmol/L, 1 h
result 10.0 mmol/L, or 2 h 8.5 mmol/L. The remaining studies lacked information about
the criteria used to confirm diabetes.

In three studies, infants born to mothers with diabetes were compared to controls
without specifying the underlying type of diabetes [16-18]. In Sells et al. [19], infants
born to mothers with insulin dependent diabetes were compared to controls. Comparison
between pre-existing and/or gestational diabetes was made in four studies [14-16,20].
Two studies [14,15] matched participants with diabetes and controls for age, gender, and
other demographic factors. Few studies adjusted their analyses by other potential con-
founding factors such as gestational age [16,17] and/or maternal age [16,20]. Reports
of confounding factors such as body mass index (BMI) varied across studies, and only
one study [20] presented an analysis according to the weight of the mother (see Table 1).
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Table 1. Characteristics of studies on developmentally relevant behavior and mental health of children born to mothers with and without diabetes.
Mean and SD on Developmentally Relevant
Authors, Year . . .

. Type of Maternal Diabetesand ~ Age in Domain of Mental and Psychomotor Measure : Cohen’s d
(Demgn, JBI Country Criteria for Diagnosis Months Development L4 p Value  Variable Controlled for
Quality Score) N M SD

22 IDM 102. .
MDI of BSID-II 026 56 NS 0.39
. 27 Control 104.7 5.2 ’
deRegnier et al. [17] . 12 . .
USA Diabetes Adjusted for prematurity
Case control, 9/10 22 IDM 100. 4
( ) PDI of BSID-II 00.6 3 NS 0.87
27 Control 103.4 1.9 ’
GDM 177 GDM 123.21 13.78
(GDM was diagnosed MDI of BSID-I 0.023 Adjusted for maternal 0.21
He et al. [16] Chi if fasting glucose 5.1 mmol/L, or 1 378 Control . 1373 age, gestational age,
(Cohort, 10/11) ma if the 1 h result 10.0 mmol/L, or 177 GDM 110.59 15.16 . saturated fatty acid, FBS,
the 2 h result PDI of BSID-I 0.017 and neonatal weight 0.22
8.5 mmol/L). 378 Control 113.81 14.56
31 PGDM 91.04 9.01
MDI of BSID-II X Matched for age, .
PDM 41 Control 98.15 12.05 <0.05 o orag 066
Hod et al. [15] L ) (K ¢ dical 12 education,
(Cohort study, 9/10) srae recrl)(;‘g; cases trom medica 31 PGDM 85.15 14.53 religious belief, and
PDI of BSID-II . ethnic origin .
° 41 Control 95.54 18.14 <0.05 icongt 063
53 PGDM 91.04 9.01 0.71
51 GDM 92.09 12.09 <0.05 0.53
MDI of BSID-II 49 Control 98.53 12.05
Combined Not adjusted, but
diabetes 91.6 10.6 matched for 0.67
Levy-Shiff, et al. [14] PDM, GDM group demographic criteria
(Case control, 9/10) Israel (Medical records) 12
! 53 PGDM 85.15 14.53 0.63
51 GDM 94.15 13.86 <0.05 0.09
PDI of BSID-II 49 Control 95.54 18.14
Combined
diabetes 89.6 14.8 0.36

group
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Table 1. Cont.

Authors, Year Mean and SD on Developmentally Relevant

R Type of Maternal Diabetesand ~ Age in Domain of Mental and Psychomotor Measure : Cohen’s d
(Demgn, JBI Country Criteria for Diagnosis Months Development L4 p Value  Variable Controlled for
Quality Score) N M SD

Diabetes 25 IDM 103 7.5
(Fetal hyperinsulinemia was MDI of BSID-II NS 0.24
Nelson et al. [18] assessed chronically by neonatal
(Case contrc;l 8/10) USA macrosomia, neonatal 12 32 Control 105 87
’ hypoglycemia, elevated neonatal 25 IDM 102 95
hemoglobin, and low PDI of BSID-II NS 0.0
neonatal serum ferritin) 32 Control 102 11.9
51 Early entry 104 14.4
32 Late entry 106 13.7 NS
84 Control
6 infants 107 121
MDI of BSID-T Combined
diabetes 105.8 141 0.17
group Not adjusted
62 Early entry 113 153
NS
31 Late entry 112 13.5
Sells et al. [19] L .
(Cohort study, 9/11) USA Insulin-dependent diabetes 83 Control
. 117 12.5
12 infants
Combined
diabetes 112.7 14.7 0.31
group
49 Early entry 118 194
22 Late entry 112 16.8 NS
78 Control
4 infants 118 18.4
Combined
diabetes 116.1 18.7 0.11

group
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Table 1. Cont.

Authors, Year Mean and SD on Developmentally Relevant

R Type of Maternal Diabetesand ~ Age in Domain of Mental and Psychomotor Measure . Cohen’s d
(Demgn, JBI Country Criteria for Diagnosis Months Development L4 p Value  Variable Controlled for
Quality Score) N M SD

51 Early entry 109 16.2
32 Lateentry 104 17.0 NS
6 83 Control 108 15.0
Combined
diabetes 107.1 16.6 0.06
group
62 Early entry 104 155
31 Lateentry 102 17.2 NS
PDI BSID-I 83 Control 103 15.8
12 Combined
diabetes 103.3 16 0.02
group
47 Early entry 108 17.5
2 Lateentry 112 215 NS
78 Control 110 18.2
e Combined
diabetes 109.3 18.8 0.04
group
81 Normal
weight BMI < 101.1 15.6 0.11
6 25kg NS
Torres-Espinola . ((;Irjol\fps based on their calculated 44 . Maternal age, maternal
etal. [20] Spain pre-gestational BMI and their MDI of BSID-Il  Overweight 1022 165 education, placental
(Case control, 10/10) gestational diabetes status) BMI <30 kg weight, and weight gain
32 Obese BMI during pregnancy
>30kg 94.4 18.7

58 GDM 99.4 13.6
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Table 1. Cont.
Mean and SD on Developmentally Relevant
Authors, Year . . .

4 T f Mat 1 Diabet d D f ’
(Design, JBI Country C);ﬁee ga foe: Brir;;no Sllas etes an 11\8/[g0enlt1}11 X Dg\I:eT:)r;;ent Mental and Psychomotor Measure p Value  Variable Controlled for = Cohen’sd
Quality Score) M SD

75Normal 155 152 0.05
weight
NS

43

18 Overweight 102.8 178
29 Obese 98.1 17.1
50 GDM 102.1 15.8
81 Normal 105.8 1.2 0.18
weight

NS

44

6 Overweight 1045 111
32 Obese 106.6 111
58 GDM 103.7 12.6

PDI BSID-III

75> Normal 1149 102 034
weight
43 NS

18 Overweight 154 80
29 Obese 114.1 10.0
50 GDM 115.0 7.5

GDM: gestational diabetes; PDM: pre-existing diabetes; MDI: Mental Development Index; PDI: Psychomotor Development Index; BSID-II: Bayley Scale of Infant Development (version

II), NS: not significant (p > 0.05). * p < 0.05.
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3.2. Developmental Outcomes

Seven studies generated 10 data entries that could be included in the meta-analysis of
mental and psychomotor development outcomes as measured by the Bayley scales. For
each study, we calculated the effect size by the type of diabetes and the age of the infant at
time of assessment.

Four studies [17-20] reported no significant difference on mental or psychomotor
development scores between the groups. However, in three studies, children born to
mothers with diabetes were reported to have significantly lower scores on the MDI [14-16].
Levels of fructosamine were associated with lower scores in the children born to mothers
living with diabetes on the MDI and PD], as well as the levels of HbA1C and PDI scores [14].
In Torres-Espinola et al. [20], exposure to gestational diabetes in obese and overweight
mothers was suggested as a risk of motor development; however, the authors suggest
caution in the interpretation of the findings where their results were not significant when
confounders were adjusted for.

Developmental outcomes in most studies were evaluated primarily at age 12 months
using BSID-II. BSID-I was used in four studies to assess motor and mental domains in
the age groups from 3 to 28 months, while the BSID-II published in 1993 and the BSD-III
published in 2006 included the addition of a behavior rating scale and assessment of the age
group 1 to 42 months. Mental and psychomotor developments were measured infrequently
before or after 12 months, and limited data were reported on the behavior domain. The
meta-analysis demonstrated that psychomotor development in children born to mothers
living with diabetes was significantly impaired.

3.3. Meta-Analysis of Bayley MDI

A total of 1642 infants were included across all studies that measured MDI, with
714 children born to mothers with diabetes and 928 controls. Figure 2A depicts a forest
plot of the MDI scores by group across the seven studies, grouped according to type of
diabetes and the age of the child at time of assessment. The pooled analyses (Table 2)
combining all cohorts demonstrated a small effect for intrauterine diabetes exposure
on MDI (Cohen’s d = —0.24, 95% CI —0.34, —0.14, p = 0.001) when compared to con-
trols. There was minimum heterogeneity in results between studies: the p value for the
Q-test for heterogeneity beyond chance was insignificant, and I? was 0%. The significant
difference in pooled effect size between the children born to mothers living with diabetes
and controls remained significant in all subgroup analysis of data for children born to
mothers with gestational diabetes and infants born to mothers with pre-existing diabetes
(pre-existing diabetes, Cohen’s d = —0.21, 95% CI —0.34 to —0.07; gestational diabetes,
Cohen’s d = —0.51, 95% CI —0.91 to —0.07).

We analyzed also whether effect size in MDI scores between the children born to
mothers with diabetes and controls depended on the child’s age at the time of assessment.
Only two studies were identified as reporting appropriate data for the MDI meta-analysis
and focused primarily on children aged 6, 12, and 18 months in Torres-Espinola et al. [20]
and on children aged 6, 12, and 24 months in Sells et al. [19]. Those studies produced
a nonsignificant effect size for MDI in children aged 6 months and 18 months or older
(Cohen’s d = —0.10, 95% CI, —0.33, 0.12, p = 0.0.379; Cohen’s d = —0.08, 95% CI, —0.32,
0.16, p = 0.0.53; Figure 2, Table 2). Thus, maternal diabetes was only associated with de-
creased MDI scores in children aged 12 months (Cohen’s d = —0.034, 95% CI, —0.46, —0.22,
p = 0.001). There was some evidence of heterogeneity associated with effect size for the
MDI scores at age 12 months (I? = 32%). An overall effect size of —0.08 was observed for all
types of diabetes across all outcome measures of the MDI. Our findings show mean effect
sizes were higher for children born to mothers with pre-existing diabetes than for children
born to mothers with gestational diabetes.
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(A) PDI

Diabetes group Control Standard Mean Difference
Study Mean SD Total Mean SD Total Weight, IV, Random, 95% ClI
deRegnier et al. 2000 1006 34 22 1034 19 27 —_— 3.91% -1.03[-1.63,-0.43]
He et al. 2021 110.59 15.16 177 113.81 14.56 378 i 21.42% -0.22 [-0.40, -0.04)
Hod et al. 1999 85.15 1453 31 95.54 18.14 41 —_— 5.81% -0.62[-1.09, -0.14]
Levy-Shiff et al. 2002 89.6 14.8 104 95.54 18.14 49 —— 9.89% -0.37[-0.71, -0.03]
Nelson et al. 2000 102 95 25 102 119 32 —_— 4.96% 0.00[-0.52, 0.52]
Sells et al. 1994 6 months 107.1 16.6 83 108 15 83 I—I'—i 11.70% -0.06 [-0.36, 0.25]
Sells et al. 1994_ 12 months 1033 16 93 103 158 83 +—-—| 12.16% 0.02[-0.28, 0.31]
Sells et al. 1994 24 months 109.3 188 69 110 18.2 78 .—.:—. 10.71% -0.04 [-0.36, 0.29]
Torres-Espinola et al. 2015_6 months 103.7 126 58 1058 11.2 81 »—-—-—1 10.08% -0.18[-0.51, 0.16]
Torres-Espinola et al. 2015_18 months 115 75 50 118.1 10.2 81 .—.—g 9.36% -0.33[-0.69, 0.02]
Total (95% ClI) 712 933 - 100.00% -0.22 [-0.34, -0.09]

Heterogeneity: T2=0.01, x’=16.3, df=9 (P=0.061) I’=27
Test for overall effect: Z=-3.4 (P=0.001)

Figure 2. Cont.

T T T T 1
45 4. B85 @ 48 1

Favours [Diabetes group] Favours [Contral]
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(B) MDI

Diabetes group Control Standard Mean Difference
Study Mean 5SD Total Mean SD Total Weight, IV, Random, 95% ClI
Hod et al. 1999 91.04 9.01 31 98.15 1205 41 4.41% -0.65([-1.13,-0.17]
Levy-Shiff et al. 2002 91.6 106 104 98.53 12.05 49 — 8.40% -0.62[-0.97,-0.28]
Nelson et al. 2000 103 25 105 8.7 32 3.66% -0.24[-0.77, 0.28]
Sells et al. 1994 6 months 104.8 14.1 83 107 121 84 m—-—.—- 10.94% -0.17 [-0.47, 0.14]
Sells et al. 1994_ 12 months 112.7 147 93 117 125 83 '—-—a 11.39% -0.31[-0.61, -0.01]
Torres-Espinola et al. 2015_ 6 months 99.4 13.6 58 101.1 156 81 | 8.87% -0.11[-0.45, 0.22]
Torres-Espinola et al. 2015_ 18 months 102.1 15.8 50 102.8 15.2 75 »—-—c 7.88% -0.05 [-0.40, 0.31]
He et al. 2021 123.21 13.78 177 126.06 13.73 378 31.53% -0.21[-0.39,-0.03]
deReqgnier et al. 2000 102.6 5.56 22 1047 83 27 3.15% -0.29[-0.85, 0.28]
Sells et al. 1994_ 24 months 116.1 18.7 Tl 118 184 78 a—-—~—1 9.76% -0.10[-0.42, 0.22]
Total (95% CI) 714 928 100.00% -0.24[-0.34,-0.14]

Heterogeneity: T2=0, x*=10.45, df=9 (P=0.315) 1=0

Test for overall effect; Z=-4.71 (P=0)

Favours [Diabetes group] Favours [Control]

Figure 2. Forest plots comparing differences in: (A) Psychomotor Development Index (PDI) scores of infants born to mothers with and without diabetes (References
mentioned respectively [14-20]) and (B) Mental Development Index (MDI) scores of infants born to mothers with and without diabetes (References mentioned

respectively [14-20]).
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Table 2. Meta-analysis results classified by type of diabetes and child age at the time of assessment.

Sample Size

Number of n Cohen’s d o 35
Studies Diabetes Control (SMD) 14 95%CI T p
Group Group
MDI
Type of
diabetes
GDM 3 336 583 —0.21 0.003 *** :(())?)A;’ 0% 0.305
PDM 2 84 100 —0.51 0.013* :(())21’ 45% 0.179
Child’s age
6 —0.33, o
months 2 141 165 —0.10 0.379 012 0% 0.92
12 . —0.46, o
months 6 452 655 —0.34 0.001 —0.22 32% 0.195
>12 —0.32, o
months 2 121 153 —0.08 0.531 016 0% 0.817
All studies 7 714 928 —0.24 0.001 ** :(())?1’1’ 0% 0.315
PDI
Type of
diabetes
GDM 2 228 427 —0.20 0.019* :(())?)g, 0% 0.548
PDM 2 84 90 —0.62 0.001 ** :(())2;, 0% 0.936
Child’s age
6 . 0.20, o "
months 2 141 164 0.44 0.001 0.64 96%  0.001
12 "~ —0.58, o
months 6 375 610 —0.36 0.001 014 45% 0.085
>12 —0.41, o
months 2 119 153 —-0.17 0.167 0.07 31% 0.229
All studies 7 712 933 —0.22 0.001 ** :(())?)é’ 27% 0.061

*p <0.05,** p <0.001, ** p < 0.005; GDM: gestational diabetes; PDM: pre-existing diabetes.

3.4. Meta-Analysis of Bayley PDI

A total of 1645 children were included in all studies that measured PDI, with
712 children born to mothers with diabetes and 933 controls. The effect size of the PDI
relative to controls is shown in Figure 2B. There was a small significant difference in pooled
effect size between the outcomes for children born to mothers with diabetes and controls
(Cohen’s d = —0.22, 95% CI —0.34 to —0.09, P = 0.001). There was minimum heterogeneity
in results between studies: the p value for the Q- test for heterogeneity beyond chance was
0.0001, and I? was 27%. Significant differences were noted for both children born to mothers
with gestational diabetes (Cohen’s d = —0.20, 95% CI —0.36 to —0.03) and pre-existing
diabetes (Cohen’s d = —0.62, 95% CI —0.93 to —0.32). The effect size of pre-existing diabetes
was stronger, suggesting a higher negative impact of type 1 and type 2 diabetes compared
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to gestational diabetes. However, we suggest caution in interpreting this finding due to the
small numbers of studies included in the subgroup analyses.

The age of the child at time of assessment was not directly associated with the MDI or
PDI score among infants aged 18 months or older (Cohen’s d = —0.17, 95% CI, —0.41 to
0.07, p = 0.167: Figure 2, Table 2). Age did, however, influence psychomotor development
scores for children aged 6 months (Cohen’s d = 0.44, 95% CI, 0.20 to 0.67, p = 0.0001).
Infants born to mothers living with diabetes at age 12 months had significantly lower PDI
scores than those born to mothers without diabetes (Cohen’s d = —0.36, 95% CI, —0.58 to
—0.14, p = 0.0001). Our data indicate that children born to mothers with diabetes have
PDI scores within the typical range; in other words, they “catch up” in the areas of mental
and psychomotor development. A large effect size was found for the association between
pre-existing diabetes and PDI scores. Effect sizes were also higher in studies of infants aged
12 months in comparison to studies of infants aged 6 months and 18 months and older.

4. Discussion

Seven studies were included in the meta-analysis. Combining all available data,
we found significant differences in both MDI and PDI scores between children born to
mothers with diabetes and controls. Results were homogeneous, indicating minimum
differences existed between subgroups for the overall analysis. This finding is consistent
with recent reviews [5] and a pairwise conventional meta-analysis [4,8] that suggested
intrauterine exposure to diabetes was associated with decreased scores for both fine and
gross motor abilities [4] and lower expressive language development [8] compared to
controls. The results of those reviews also raise the question of whether types of diabetes
and other comorbidities, such as overweight and obesity, should be considered as additional
moderating variables with potentially different clinical and physiological effects.

Subsequent explanatory subgroup analyses by type of diabetes revealed that studies
assessing child development reported significantly lower mental and psychomotor de-
velopment scores in children born to mothers with pre-existing diabetes compared with
controls with no previous exposure to diabetes. Lower mental and psychomotor devel-
opment scores were also reported for children born to mothers with gestational diabetes
compared with controls. One important finding that emerged from our synthesis was that
the effect size for measures of both mental and psychomotor development scores were
higher when studies included children born to mothers with pre-existing diabetes. The
effect size was higher for both mental and psychomotor development scores when studies
included MDI scores for infants aged 12 months only. This suggests that using terms, such
as ‘developmentally delayed’ or ‘impaired development’, for describing the development
of infants of diabetic mothers may be an inappropriate characterization since the results of
the subgroup meta-analysis suggest these infants will exhibit “developmental spurts” and
catch up with their peers at age 18 months and older. In addition, only one study [15] re-
ported a standardized mean score lower than 85 for children born to mothers with diabetes,
the cut-off score for diagnosing developmental delay. Overall, the standardized mean score
was 100 (SD = 15), with scores lower than 85 indicating mild developmental delay, and a
score lower than 70 indicating moderate or severe developmental delay.

Earlier reviews [5,8,21,22] have shown that intrauterine exposure to diabetes impacts
child development through an increase in insulin resistance, giving rise to hyperglycemia
that may be associated with hyperketonemia, potentially leading to hypoxia and increased
metabolism of the brain. Children born to mothers with pre-existing diabetes may also have
an altered fuel environment that may lead to fuel-mediated teratogenicity via a direct toxic
effect of high glucose concentrations impacting the development of brain cells, pancreatic
beta cells, adipose and muscle cells, and nephrons and with long neurodevelopmental
consequences for the unborn child [5,23].

Finally, the results from this meta-analysis are consistent with the literature that
suggests intrauterine exposure to pre-existing diabetes negatively influences child de-
velopment. Maternal comorbidity and glycemic control variables, such as HbA1C and
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hypoglycemia, in children played an important role in their early development. Therefore,
future research needs to consider the impact of maternal diabetes on child development
within a larger context of interdependent elements and processes such as maternal comor-
bidity, parent and child relations, and socio-economic status. What factors, for instance,
mediate the relationship between maternal diabetes and child development? What kinds
of environmental and social factors relate to maternal diabetes and impact on children’s
overall development? Studies that differentiate between type of diabetes and level of
glycemic control need to be conducted. Children born to mothers with pre-existing di-
abetes may experience greater developmental challenges than children born to mothers
with gestational diabetes. Analysis that combines diabetes by type may fail to identify
differences that exist within samples.

5. Limitations

By using a single assessment measure for the developmental outcomes (the BSID), our
meta-analysis maximized consistency of the measurement of child development. It further
increases confidence in the effect-size estimates in relation to diabetes. Limiting our studies
to those that used the BSID allowed the exploration of associations between diabetes and
child development, with a focus on specific types of development (psychomotor vs. mental
development) measured at the same time point, using the same scale.

An additional strength of this review was the inclusion of studies that were mostly
homogeneous in nature, mainly in relation to type of diabetes, age at follow-up, assessment
tools, and follow-up time; however, some heterogeneity was noted in the meta-analysis
(Figure 2). It precluded the determination of whether sample size bias accounted for
findings. Over half of the studies included in this meta-analysis used a cross-sectional
design and had a small sample size, and as such, our conclusions should be met with
caution. Our study was limited to follow-ups at age 18 and 24 months, and some differences
in child development may not fully appear until late childhood [24]. However, maternal
diabetes has been associated with lower scores on mental and psychomotor developments
in children at age 12 months. Finally, specific attention was not directed to the role of
gestational comorbidities, such as overweight, obesity, maternal depression, and the social
context of the child.

6. Conclusions

In this meta-analysis, diabetes was found to be a crucial factor in mental and psy-
chomotor development outcomes, in particular for children aged 12 months and under.
Despite advancing maternal care, the results show a statistically small effect size of diabetes
on child development. Because most of the studies did not consider the role of other co-
morbidities and confounding variables, it is important to consider that these may also play
arole. There is a need for future studies with larger sample sizes to generate a reasonable
degree of statistical power and allow for an increase in generalizability of the association
between intrauterine exposure to diabetes and child development. Future studies must
also consider including homogeneous groups of maternal diabetes, clear descriptions of
moderating variables, such as BMI, values of glycemic control, and other socio-economic
statuses to evaluate whether the effects of diabetes were maintained regardless of other
confounding or moderating variables.
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