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This review contextualizes hyperglycemia in pregnancy from a South-African perspective.
[t aims to create awareness of the importance of hyperglycemia in pregnancy in low-
middle-income countries. We address unanswered questions to guide future research on
sub-Saharan African women with hyperglycemia first detected in pregnancy (HFDP).
South African women of childbearing age have the highest prevalence of obesity in sub-
Saharan Africa. They are predisposed to Type 2 diabetes (T2DM), the leading cause of
death in South African women. T2DM remains undiagnosed in many African countries,
with two-thirds of people living with diabetes unaware. With the South African health
policy’s increased focus on improving antenatal care, women often gain access to
screening for non-communicable diseases for the first time in pregnancy. While
screening practices and diagnostic criteria for gestational diabetes mellitus (GDM) differ
amongst geographical areas in South Africa (SA), hyperglycemia of varying degrees is
often first detected in pregnancy. This is often erroneously ascribed to GDM, irrespective
of the degree of hyperglycemia and not overt diabetes. T2DM and GDM convey a graded
increased risk for the mother and fetus during and after pregnancy, with cardiometabolic
risk accumulating across the lifespan. Resource limitations and high patient burden have
hampered the opportunity to implement accessible preventative care in young women at
increased risk of developing T2DM in the broader public health system in SA. All women
with HFDP, including those with true GDM, should be followed and undergo glucose
assessment postpartum. In SA, studies conducted early postpartum have noted
persistent hyperglycemia in a third of women after GDM. Interpregnancy care is
advantageous and may attain a favourable metabolic legacy in these young women,
but the yield of return following delivery is suboptimal. We review the current best evidence
regarding HFDP and contextualize the applicability in SA and other African or low-middle-
income countries. The review identifies gaps and shares pragmatic solutions regarding
clinical factors that may improve awareness, identification, diagnosis, and management of
women with HFDP.

Keywords: hyperglycemia first detected in pregnancy, gestational diabetes mellitus, diabetes mellitus, antenatal
predictors, postpartum care, hyperglycemia in pregnancy
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INTRODUCTION

Type 2 diabetes is an intractable global epidemic and a significant
societal burden, with prevalence figures escalating in parallel to
obesity and ageing (1, 2). Obesity disproportionally affects
women and predisposes them to type 2 diabetes (T2DM) (3)
(3). South African women of childbearing age have the highest
prevalence of obesity in sub-Saharan Africa, with documented
prevalence figures for obesity ranging between 15.9-67.8% (4-6).

Evidence to support the concept that hyperglycemia in
pregnancy affects maternal and child health beyond the ante-
and perinatal period continues to emerge, with the concern that
fetal exposure to hyperglycemia immortalizes the metabesity
cycle (7-9). The prevalence of diabetes in the US adult
population increased by 33% in the last decade. The increase
in diabetes prevalence in individuals aged 30-39 years in the
same period was more than double that (70%) and is evidenced
by an increased prevalence of pre-existing diabetes and
gestational diabetes mellitus (GDM) amongst reproductive-
aged (20-39 years) women (10-12). GDM is characterized by
hyperglycemia first arising in late pregnancy. It is ascribed to
placental hormones that oppose insulin action and occur when
the hormones reach sufficient levels to increase maternal insulin
resistance (IR) from 24 weeks gestation onwards. Hyperglycemia
in GDM occurs when an adequate increase in insulin secretion
does not accompany the IR (13). Despite the upsurge in T2D and
GDM, it is essential to note that other types of diabetes, e.g., Type
1 diabetes mellitus (T1D), monogenic diabetes, and diabetes due
to steroids or transplantation, can first arise or overlap with
pregnancy (14-16). Type 1 diabetes (T1D) is predominantly
characterized by insulin deficiency and autoantibodies against
the pancreatic B-cell at disease onset. Pregnancies complicated by
T1D have increased by as much as 44% in the last 15 years (17,
18). The global prevalence of hyperglycemia in pregnancy (HIP),
including both mothers with type 2 diabetes (T2DM) and GDM,
was 16.9% in 2013 (19). Despite limited access to screening and
potential underreporting, most live births affected by HIP occur
in low- and middle-income countries (91.6%) (20).

Increased awareness and implementation of current and
evolving best evidence into clinical practice will improve HIP
detection, classification, and management. Subsequent enhanced
maternal metabolic health is expected to have positive
transgenerational legacy effects on future metabolic health and
may help to curb the current pandemic of obesity and T2DM (7-
9). This review aims to update hyperglycemia first diagnosed in
pregnancy (HFDP) and contextualize existing knowledge from a
South-African perspective.

PATHOPHYSIOLOGY OF GESTATIONAL
DIABETES MELLITUS

Normal and Abnormal Glucose
Metabolism in Pregnancy

Plasma glucose concentration is the product of insulin secretion
and action at any given time. Pregnancy introduces many
dynamic physiological variables that alter glucose homeostasis

compared to the non-pregnant state. Fasting glucose levels fall in
the first trimester and are maintained in the second. Although
basal plasma glucose trends are downward with further
pregnancy progression, glucose peaks after meals are higher
and longer (21, 22). The first trimester is characterized by
increased insulin secretion and improved insulin sensitivity
under elevated maternal estrogen, resulting in concomitant
reductions in glucose concentration. An increased insulin effect
in early pregnancy ensures optimal maternal glucose uptake and
storage to supply increased energy demands later in pregnancy
(22). In contrast to the early pregnancy changes in glucose
homeostasis, insulin resistance (IR) increases by 30-70% in the
second and third trimesters. The resistance to insulin action is
mediated by several placental hormones, especially human
placental lactogen (HPL), cortisol, estrogen, and progesterone
(23, 24). As a result, maternal glucose uptake in muscle and
adipose tissue decreases, and glucose is preferentially shunted
across the placenta to optimize fetal growth. Maternal energy
requirements are met by endogenous glucose production
(gluconeogenesis, glycogenolysis) and via the breakdown of
adipose tissue (lipolysis and fatty acid oxidation). Therefore,
pregnant mothers are especially prone to develop hyperglycemia
in the latter part of pregnancy due to an increase in IR to ensure
adequate fetal nutrition. Gluconeogenesis contributes to
hyperglycemia in GDM, as shown by the work of Catalano and
co-workers (25). They documented that hepatic glucose
production in pregnancy is suppressed to a lesser extent in
women with GDM when compared to controls with normal
glucose homeostasis (80% versus 95%). Increased lipolytic
activity in adipose tissue, normally inhibited by insulin and
stimulated by HPL, generates free fatty acids that contribute to
the resistance of skeletal muscle to insulin action and, in
addition, decrease the secretory capacity of the pancreatic -
cells (13).

In a euglycemic pregnancy, the physiological increase in IR is
accompanied by a compensatory two-to threefold increase in
insulin secretion in women with adequate pancreatic B-cell
reserve (21). The appearance of GDM coincides with the
period of IR in pregnancy. It is proposed that the major
contributor (~80%) to GDM is B-cell dysfunction that is
temporarily unmasked by the physiological IR of pregnancy
(13). Evidence suggests significant heterogeneity exists in the
relative contributions of insulin sensitivity and insulin secretory
defects in GDM (26-28). GDM is characterized by a mild degree
of hyperglycemia (fasting glucose 5.1- 5.6mmol/L, but <7mmol/L
+ a 2hr oral 75-gram glucose tolerance value >7.8-8.5mmol/L,
but <11.1lmmol/L) (29-32). After delivery of the placenta in
women with GDM, the temporary acquired, hormone-induced
IR subsides. Maternal insulin sensitivity returns to pre-
pregnancy levels within 1-5 days after delivery (33). Risk
profiles for adverse pregnancy outcomes vary and are
influenced by the degree of hyperglycemia and underlying
pathophysiology (28, 34, 35).

GDM Subtypes
Powe et al. aimed to characterize physiologic subtypes of GDM by

estimating insulin sensitivity and secretion in 809 women at 24-30
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weeks’ gestation (36). Compared to women with normal glucose
homeostasis, women with GDM and predominant IR (51% of
GDM cohort) had higher BMIs and fasting plasma glucose (FPG)
values, significantly higher infant birth weights (z score = 0.57
(-0.01 to 1.37) vs birth weight z-score = 0.03 (-0.53 to 0.52) P =
0.001), and a greater risk of GDM-associated adverse outcomes
(57.6 vvs28.2%, P = 0.003). These differences were independent of
BMI. Women with predominant insulin secretion defects (30% of
GDM cohort) had similar BMIs, FPG’s infant birth weights, and
risk of adverse outcomes to the women with normal glucose
homeostasis (34). Similarly, research by Benhalmina in the Belgian
Diabetes in Pregnancy study showed that GDM women with
higher IR represent a more unfavourable metabolic profile with a
greater risk of immediate adverse pregnancy outcomes (preterm
delivery, labour induction, Caesarean section, and neonatal
hypoglycemia and ICU admission) (37).Again, the insulin-
sensitive GDM women had similar pregnancy outcomes to
normoglycemic women. Early (14 +4 weeks) postpartum
diabetes and prediabetes rates were similar across the GDM
subtypes in this study, albeit much lower (0 and 18%,
respectively) than the prevalence of early postpartum diabetes in
South Africa (37, 38). Miao and co-workers assessed glucose
metabolism and physiological factors potentially contributing to
hyperglycemia in 321 Chinese women with GDM six years after
delivery. As evaluated by homeostasis model assessment
(HOMA), the mechanism of hyperglycemia indicated that
women with increased IR were more likely to develop
prediabetes, while decreased B-cell function contributed to
T2DM development (39). Ageing, elevated body mass index
(BMI), and ethnicity are proposed factors contributing to IR in
women with GDM (40). In a study conducted in our centre, we
showed a high prevalence of overweight and obesity in women
with hyperglycemia first detected in pregnancy. Increased BMI
was, however, not predictive of early post-delivery T2DM (38).
Ignell evaluated glucose homeostasis in a culturally diverse
population after GDM and found that women of non-European
origin were more insulin resistant than European women (41).
The development of T2DM after GDM was higher in the non-
European group, but the association between BMI and IR was
discordant between Asian and Arab women (39). This implies that
factors other than BMI may contribute to IR in women of different
ethnic groups and socioeconomic status.

The cytokines leptin and adiponectin, secreted by adipose
tissue, play an essential role in IR, T2DM, and obesity.
Adiponectin enhances insulin secretion and action and
therefore exhibits anti-diabetic and anti-inflammatory effects
(42). Adiponectin is negatively correlated with IR and BML
Leptin inhibits hunger and diminishes fat storage in adipocytes
(43). A degree of leptin resistance occurs in T2DM and
pregnancy, but the degree in GDM exceeds that of the
normoglycemic pregnancy (13, 43). Amino-acid transport
across the placenta also contributes to fetal macrosomia in
GDM, resulting from increased placental leptin production in
hyperinsulinemia and hyperglycemia (44-46).

In non-pregnant individuals, increased BMI may exist in the
absence of IR, and the association between adiponectin and IR

has been described as independent of a raised BMI (47, 48). In
pregnancy, the human placenta is an additional source of
adiponectin. Compared to normoglycemic pregnancies, lower
adiponectin levels have been documented in GDM, which are
associated with decreased insulin sensitivity and reduced anti-
inflammatory effects (49). Insufficient placental adiponectin
production influences maternal metabolism and contributes to
fetal macrosomia (50, 51). In a recent South African study,
pregnant women with GDM had higher BMIs, were more
insulin resistant, and had lower adiponectin levels than non-
GDM women (51). Interestingly, when GDM women in this
study were stratified by weight, the degrees of hyperglycemia and
IR were similar in the obese and non-obese individuals, with a
trend towards higher adiponectin levels noted in the non-obese
group. A follow-up study of the same population showed no
association between the three single nucleotide polymorphisms
(SNPs) within the adiponectin gene that regulates adiponectin
expression (ADIPOQ rs266729 and rs17300539 and MTHFR-
rs1801133). These SNPs have been associated with an increased
risk for GDM in other populations (52).

Auto-Immunity in GDM

Auto-immunity against the B-cell is traditionally linked to Type
1 diabetes mellitus (T1DM). Given the high background
prevalence of obesity, many patients with a phenotype in
keeping with T2DM and IR presently demonstrate
autoimmunity. Prevalence figures for autoimmune diabetes
(AID) in non-insulin-dependent, adult-onset diabetes range
between 3.4-16% (53, 54). Autoimmunity may therefore
contribute to the heterogeneity observed in HFDP and GDM.
Autoimmunity is noteworthy in this high-risk, vulnerable
population due to the high probability of becoming insulin
dependent early in the disease course and having persistent
hyperglycemia after GDM. Nillsson and colleagues indicated
that 6% of women had auto-antibodies indicative of TIDM at
the GDM diagnosis (55).The clinical phenotypes of the GDM
antibody-positive and antibody-negative women in their cohort
(n=385) were clinically indistinct at diagnosis (55). A subset of
women diagnosed with GDM (+ 10%, auto-antibody positive)
are therefore at significantly higher risk (2-4-fold) to develop
either classic Type 1 diabetes or latent autoimmune diabetes of
adulthood (LADA) six months-10 years postpartum (56, 57).
The prevalence of autoimmune antibodies against the B-cell,
their role in diabetes development, and their association with
HEDP have not been studied in South Africa. It is plausible that
the IR of pregnancy unmasks auto-antibody mediated [-cell
dysfunction in a subset of South-African women diagnosed
with GDM.

In summary, a heterogeneity of physiologic processes
underlying hyperglycemia exists among women with GDM.
Increased IR appears to confer a greater risk of adverse
outcomes in populations from developed countries. Most
studies aimed at delineating the pathophysiological processes
of GDM have been performed in West-African and Caucasian
persons, with South African women grossly under-represented.
The relative contribution of B-cell dysfunction, albeit on a
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polygenetic basis or due to autoimmunity and IR in South-
African women with GDM during and after pregnancy, has not
been adequately studied. A clearer understanding of these
pathogenic pathways and improved knowledge regarding their
relative contributions to the development of GDM may lead to
more precise management strategies, including new preventative
and therapeutic approaches.

DEFINITIONS, CLASSIFICATION, AND
SCREENING FOR HYPERGLYCEMIA
IN PREGNANCY

A variety of pathophysiological abnormalities influencing
glucose homeostasis increasingly affects women of childbearing
age. Historically, gestational diabetes mellitus (GDM) referred to
hyperglycemia detected for the first time and during gestation
that reverted to normal after delivery. The diagnostic criteria
were defined primarily based on the risk of persistent postpartum
maternal glucose abnormalities, with no upper threshold (58).

Definitions and Classification

The International Association for Diabetes in Pregnancy Study
Group (IADPSG) revised the diagnostic criteria for
hyperglycemia in pregnancy following the landmark
Hyperglycemia and Adverse Pregnancy Outcome (HAPO)
study (34, 58). Based on the degree of hyperglycemia, a
gradient of risk for antenatal fetal- and maternal adversity was
documented. It became increasingly apparent that gestational
diabetes lacked precision regarding ante- and perinatal risk
stratification (58). Recognizing these limitations, the World
Health Organization (WHO) revised the terminology in 2013
(30). The phrase hyperglycemia, first detected in pregnancy,

replaced gestational diabetes mellitus as the collective term for
all glucose abnormalities first recognized in pregnancy
(Figure 1). Based on the degree of hyperglycemia, they also
recommended that HFDP be sub-classified into either overt
diabetes in pregnancy (DIP) or gestational diabetes mellitus
(GDM) (30). On the continuum of elevated glucose
concentrations in pregnancy, DIP thus represents greater and
GDM milder degrees of hyperglycemia associated with
significantly different risk profiles, respectively.

HFDP indicates that the abnormality is first detected in
pregnancy, irrespective of the degree and duration. Women
with HFDP who meet the WHO criteria for diabetes in non-
pregnant individuals (fasting plasma glucose (FPG) >7mmol/L +
2-hour plasma glucose (2-hour PG) following a 75-gram oral
glucose tolerance test (OGTT) =11.Immol/L + an HbAlc value
of 2 6.5%) at diagnosis, are classified as having DIP (29, 30, 59).
Women with HFDP who have milder hyperglycemia (FPG = 5.1-
6.9 mmol/L + 2hr PG > 7.8-11.0 mmol/L following the 75-gram
OGTT) have GDM.

Women with overt diabetes first detected in pregnancy, and
those with pre-existing known Type 1 diabetes mellitus (T1DM)
or Type 2 diabetes mellitus (T2DM) are collectively categorized
as DIP (30). With increased awareness regarding the subtypes of
diabetes in pregnancy and recent findings of impaired insulin
secretion in a subset of GDM women, it has been proposed that
the most efficient way to discriminate GDM types is to include
testing for pancreatic B-cell antibodies, specifically glutamic acid
decarboxylase (GAD) antibody in the assessment of abnormal
glucose homeostasis in pregnancy (60). Hyperglycemia in
pregnancy thus includes a broad spectrum of glucose
abnormalities that range from overt diabetes that predates the
index pregnancy to GDM that arises during pregnancy, as
depicted in Figure 1.

Hyperglycemi
in pregnancy

Known
hyperglycemia prior
to pregnancy
i
1 i 1
Other
T1DM T2DM types

At diagnosis: FPG >7mmol/L and/or
2 hr-PG >11.1mmol/L and/or HbAlc
>6.5%

Hyperglycemia expected
to persist postpartum®**

detected in pregnancy

Hyperglycemia first

—

Overt o
DMS* GDM

FPG > 5.1-6.9 mmol/L

| | and/or 2hr-PG > 7.8-11.0

mmol/L following the
75gram OGTT

Resolves
postpartum

xx

FIGURE 1 | Classification and expected outcome of hyperglycemia in pregnancy. DM, Diabetes Mellitus; T1DM, Type 1 Diabetes Mellitus; T2DM, Type 2 Diabetes
Mellitus; GDM, Gestational Diabetes Mellitus; FPG, Fasting plasma glucose; 2hr-PG, 2-hour plasma glucose following 75-gram OGTT, *WHO criteria **Inclusive of
IADPSG and NICE criteria, *** postpartum refer to evaluation 4-12 weeks after delivery $May have detectable autoantibodies.
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Screening for Gestational

Diabetes Mellitus

Universal vs Selective Screening

Globally and in South Africa, a consensus is yet to be reached
regarding the most suitable screening strategy for hyperglycemia
in pregnancy. Universal screening has advantages that include
detecting women with milder degrees of hyperglycemia and
higher overall detection rates (58, 61, 62). However, health
authorities are concerned that the prevalence of GDM would
be substantially increased if universal screening were to be
employed and argue that milder hyperglycemia is of limited
clinical significance. While this may be true regarding
immediate, adverse maternal and perinatal outcomes, the
associated transgenerational and future metabolic risk of
milder GDM in the exposed fetus is yet to be accurately
quantified (63, 64).

Global Screening Guidelines

Globally the screening algorithms as outlined in the National
Institute of Health and Care Excellence (NICE) (2015), WHO,
and IADPSG guidelines are most widely used (see Tables 1, 2) (58,
68, 69). NICE and IADPSG only propose and utilize a one-step
approach to screen GDM. The American College of Obstetrics and
Gynecology (ACOG) accepts the former organizations’ one-step
approach but recommends a two-step approach between 24 and 28

weeks as an acceptable alternative (68, 70, 71). The International
Federation of Gynecology and Obstetrics (FIGO) 2015 guideline
encourages universal screening for GDM using a one-step
procedure and adheres to the WHO and IADPSG criteria (61,
72). The 2015 updated NICE guideline proposes the one-step
screening with a 75-gram 2-hour OGTT in a select group of
women (65). Primary screening at booking, irrespective of
gestation, is only offered to women who had GDM in a previous
pregnancy and the presence of either significant glucosuria (2+ or
more) or persistent glucosuria (1+ on more than one occasion) (68).
Women identified as high risk based on certain risk factors are
selectively screened at 24-28 weeks of gestation (Table 2). The
modified NICE recommendations acknowledge that GDM and
T2DM are interrelated with obesity and ageing (65).
Consequently, in addition to the other conventional risk factors,
all pregnant women with a body mass index (BMI) > 30kg/m” +
older than 40 years undergo glucose testing with a 75-gram 2-hour
OGTT between 24-28 weeks (68, 70).

The TADPSG proposes selective screening of high-risk
women at booking aimed at early detection of undiagnosed
overt diabetes. Still, it encourages universal screening for GDM
with a 75-gram 2-hour OGTT in pregnancy at 24-28 weeks.
High-risk women, namely women with > 1 risk factor as
tabulated in Table 2, qualify for screening at first booking
based on IADPSG recommendations. However, they

TABLE 1 | Global and local screening guidelines for hyperglycemia in pregnancy.

NICE (2015)*

IADPSG SEMDSA®

At booking / gestation <24 wks
e Screening type

e Population to screen

¢ Methodology

Gestation > 24 wks

® Screening type

e Population to screen

* Methodology

Selective
Prior GDM or glucosuria*
75-gram 2-hour OGTT

Selective
High-risk women™* All
75-gram 2-hour OGTT

Selective
High-risk women**
Fasting BG or random BG or HbA1c

Universal

75-gram 2-hour OGTT

Selective
High-risk women**
75-gram 2-hour OGTT

Selective or Universal (If resources allow)
High risk women** / all
75-gram 2-hour OGTT

#Screening policy of National Institute of Care Excellence (NICE) (65)used in Western Cape, SA (31, 66). IADPSG= International Association of Diabetes in Pregnancy Study Group (29).
$SEMDSA, Society of Endocrinology Diabetes and Metabolism of South Africa (67). *Glucosuria: refer to 2+ glucosuria on dipsticks or persistent glucosuria of 1+ on more than one
occasion. **High-risk women include all women with one or more risk factors, specific for the society and as noted in Table 2. BG, blood glucose.

TABLE 2 | Risk factors for GDM used for selective screening internationally and in South Africa.

Risk factors

Glucosuria

o Significant (2+ dipstix)

o Repeated (1+ dipstix, > 1 visit)
Previous GDM
Family History (first-degree relative)
Age > 40 years
Obesity (BMI > 30kg/m?)
History of polycystic ovarian syndrome
Women of South- Asian descent
High birth-weight infant > 4.5kg

History of stillbirths of unknown cause, congenital anomalies, and polyhydramnios in present pregnancy

History of unexpected perinatal death

NICE (65)* IADPSG (29)** SEMDSA (67)

B A R N .
N N < <<
2L 2 =2 =2 <2< =<

Risk factors prompting selective screening for GDM as defined by different guidelines. *Adopted by Western Cape Province SA; **Adopted by Gauteng Province SA.

 means "yes" or "present".
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acknowledge the need for more selective screening strategies, at
booking and even at 24-28 weeks, based on locally available
resources, the background prevalence of diabetes, and unique
circumstances (29, 58).

The two-step approach used by the ACOG is restricted
mainly to the United States, and the practice and glucose load
used is unique to pregnancy. Initial screening consists of a 1-hour
glucose measurement following 50g of oral glucose. A 100g 3-
hour OGTT follows initial screening if the initial screening is
positive (71).

Local Screening Guidelines

The Society of Endocrinology, Metabolism, and Diabetes of
South Africa (SEMDSA), like IADPSG, encourages selective
screening for GDM in high-risk women at booking (67).
Unlike the IADSPG, a selective approach is also advocated for
the repeat test at 24-28 weeks, i.e., to only rescreen the high-risk
patients with a normal finding at booking (Table 1). The Society
allows universal screening to be adopted in well-resourced
settings, but this is seldom performed. Risk-factor-based;
selective screening thus remains the predominant practice in
SA at present. See Table 2 for risk factors used for selective
screening in South Africa. Even though proposed by SEMDSA,
these guidelines have not been universally adopted in South
Africa (67). This is attributed to well-established local practice,
knowledge gaps, and the enormous patient burden with limited
human and financial resources in most local public health
care facilities.

The South-African healthcare landscape is heterogeneous
regarding populations served and resource availability. The
public sector provides health care to 84% of the population but
accounts for 57% of total healthcare spending nationally, with
other differences amongst provinces (73). Ideally, universal
screening for GDM should occur across all health care sectors.
Still, the public sector that cares for most pregnant women in
South Africa has not implemented such screening due to a lack of
resources (66, 74). Universal GDM screening is only achieved in
well-resourced or research-based settings (74-76).

The Gauteng Public Healthcare Sector in South Africa abides
by the recommendations of the IASDPG, and universal
screening for GDM at 24-28 weeks is regarded as best practice.
Two studies in the Gauteng Province’s urbanized settings
documented significant but variable prevalence figures for
GDM (9.1 and 25.8%) using universal screening and IADPSG
criteria. Prevalence figures for GDM in the study by Adams et al.
were reduced from 25.8% to 15.2% if only selective screening was
done and suggested that selective screening strategies in this
region might result in mild GDM cases going undetected (75,
76). Macaulay and co-workers, noted higher Caesarean section
(CS) rates in GDM women. Still, there was no significant
difference in birth measures amongst neonates born to GDM
compared to non-GDM women in Johannesburg, South Africa
(77). Most of the current guidelines for GDM balance glucose
levels against the odds of adverse perinatal outcomes and
highlight the need for studies that compare clinically relevant
perinatal outcome parameters. This could inform local GDM
practices to best guide broad policy.

Screening for GDM in the Western Cape Public Healthcare
Sector of South Africa uses a modified version of the NICE
guidelines from the United Kingdom (66, 70). The pragmatic
approach supports the notion that selective screening is more
cost-effective in the short term but acknowledges that long-term
outcomes are neglected. Global and local screening guidelines are
summarized in Table 1.

Screening for diabetes in the non-pregnant population of
South Africa is minimal; hence, the diverse spectrum of glucose
abnormalities first detected in pregnancy, including T2DM. This
condition precedes pregnancy and persists after delivery. The
finding that one in four South African women with HFDP has
T2DM 6-12 weeks after delivery also bears witness that, in
women of childbearing age, diabetes often goes undetected at
the primary healthcare level until formally assessed during
pregnancy (38, 78).

Adverse pregnancy outcomes associated with HFDP are
proportional to abnormal glucose homeostasis’s degree, timing,
and duration (78, 79). Undiagnosed pre-existing T2DM places
these pregnancies in a higher overall risk category than GDM and
normoglycemic women (79).To limit the time of in-utero exposure
to hyperglycemia during the first trimester, early glucose evaluations
are increasingly being recommended as part of the screening
protocol for hyperglycemia in pregnancy (80).

Sesmilo evaluated first-trimester fasting plasma glucose
(FPG) as a predictor of birth size and identified FPG as an
independent predictor of large-for-gestation age babies, even in
normoglycemic women (80). Early screening (<24 weeks) is
primarily aimed at the detection of pre-existing diabetes in the
clinical field, according to both the IADPSG and WHO (58, 63).
Early detection of pre-existing diabetes is paramount, and
immediate intervention is globally agreed upon. The
management of mild hyperglycemia in early pregnancy, even
though seemingly prudent, remains controversial, with no
outcome-based data to support first-trimester intervention in
GDM (81, 82).

DIAGNOSTIC TESTS AND CRITERIA

Oral Glucose Tolerance Tests and Blood
Glucose Assessments

The one-step 75-gram 2-hour OGTT is the validated diagnostic
test for diabetes in the non-pregnant population (59, 83). It is
also accepted by most societies globally as the diagnostic test of
choice for GDM, albeit with assessment at different time points
and with different glycemic cut-offs (30, 58, 70). The ACOG
accepts the one-step approach proposed by the former
organizations but recommends a two-step approach as an
alternative. [Step 1 (50-gram 1-hour) and if screen positive,
Step 2 (100-gram 3-hour)] (71).

Even the one-step OGTT is a cumbersome test. Thus,
practical alternatives are increasingly pursued, especially in
developing countries and healthcare facilities with enormous
patient burdens and limited resources, exacerbated by the recent
COVID-19 pandemic. The OGTT requires the patient to be
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fasted overnight to obtain an FPG, then drink a standardized
load of 75-gram of glucose, followed by additional blood
sampling, thereby spending a minimum of 120 minutes at a
health facility. In the non-pregnant state, and when screening for
GDM based on NICE criteria, blood sampling is required at two-
time points, i.e., at 0 and 120 minutes. A diagnosis of GDM is
made if one or both blood glucose levels are in keeping with
diagnostic criteria (59, 83). IADPSG guidelines require sampling
at three-time points, namely at 0, 60, and 120 minutes and
propose a diagnosis of GDM if any of the three predefined
glycemic thresholds are met or exceeded (29).

Apart from the considerable time the patient must spend at a
health facility, the OGTT also requires human resources and
laboratory input. The glucose load ingested as part of the OGTT
is, in addition, often associated with unpleasant symptoms such as
nausea and vomiting. The need for alternative GDM testing has
gained significant attention during the COVID-19 pandemic. To
reduce infections, health authorities and professional bodies in the
United Kingdom (UK), Canada, and Australia have issued a joint
statement to limit the need for pregnant women to attend
prolonged appointments, including OGTTs (84). A fasting
plasma glucose (FPG) per se has been proposed as an alternative
to the OGTT for screening and diagnostic purposes. Only half of
the GDM cohort had impaired fasting glucose (FPG >5.1mmol/L)
in the HAPO study. By contrast, in the other 50% of the cohort,
the diagnoses of GDM were based solely on impaired glucose
tolerance following the glucose load at 60 minutes + 120 minutes
(66). Recent work from our Diabetes in Pregnancy clinical
research team at Tygerberg Hospital has shown that 83% of
patients with more overt hyperglycemia and 56% with milder
hyperglycemia are diagnosed based on fasting glucose (threshold
5.6mmol/L) (38). In a study by Nachtergaele et al., the sensitivity
of 57%. (CI 0.52-0.62) when IADPSG FPG (5.Immol/L) was
compared with OGTT, improved marginally (78% (0.74-0.82))
when the FPG threshold was lowered to 4.6mmol/L (85). Dickson
and co-workers compared the utility of an FPG of 24.5mmol/L to
risk factor-based, selective screening combined with the IADPSG

FPG threshold of 5.1mmol/L for diagnosing GDM in an urbanized
cohort of black South-African women (85) They demonstrated
that universal screening with an FPG determination and an OGTT
(that was only performed if FPG >4.5mmol/L) had greater
sensitivity and specificity (98% and 80%, respectively) in
identifying GDM. Their findings proposed a universal screening
strategy using FPG >4.5mmol/as a more efficient, cost-effective,
and resource-effective method to diagnose GDM than risk factor-
based selective screening in black South African women (86).
Globally, it remains uncertain whether an FPG measurement
alone is sensitive enough to screen and diagnose GDM.

To limit the unpleasant gastrointestinal symptoms associated
with the 75-gram glucose ingestion, Marais and co-workers
compared the 75-gram 2-hour OGTT with a standardized,
designed breakfast (87). Overall, the 2-hour PG values of the
designed breakfast correlated with the 2hr PG of the 75-gram
OGTT (r=0.542, P<0.001), but the small study population did
not allow for scrutiny at clinically relevant diagnostic glucose
thresholds (87).

Diagnostic Criteria Based on Blood

Glucose Assessments

As already explained, various diagnostic criteria for GDM exist, and
consensus has yet to be reached on the optimal strategy (see the
summary of criteria and classification of HFDP in Table 3). Most
current guidelines and diagnostic cut-offs for GDM balance glucose
levels against the odds for adverse fetal and perinatal outcomes and
are not based solely on the risk of future T2DM (30, 58, 88). The
Hyperglycemia and Adverse Perinatal Outcome (HAPO) study
evaluated maternal glucose levels as less severe than T2DM in
adverse perinatal outcomes. The subsequent findings shaped the
more stringent diagnostic criteria for GDM currently adopted. Thus
(58, 89) the widely-used IADPSG diagnostic criteria for GDM,
endorsed by the American Diabetes Association (ADA) and the
WHO, are based on the data obtained in the HAPO trial. The 75-
gram 2-hour OGTT for GDM diagnosis by the IADPSG evaluates
glucose at three-time points, namely at 0 (fasting), 60, and 120

TABLE 3 | Criteria and classification of hyperglycemia first detected in pregnancy.

WHO 2013 (30) NICE 2015 (65)

IADPSG (29) ACOG (71) ADA 2015 (83)

Method One step OGTT One step OGTT

Target population All women At-risk women
Glucose load 759 759
Diagnostic values for diabetes in pregnancy (any 1)*

FPG mmol/L >7

2HPG mmol/L >11.1

RPG mmol/L >11.1*

HbA1c% >6.5

Diagnostic values for gestational diabetes mellitus**

FPG mmol/L >5.1 >5.6
1HPG mmol/L >10 Not required
2HPG mmol/L >8.5 >7.8
3HPG mmol/L Not required Not required

One step OGTT Two-step OGTT Accepts IADPSG and ACOG

All women All women
759 50g 1HPG screen®
>7 >7
>11.1 >11.1
>11.1* >11.1*
>6.5 >6.5
>5.1 >5.3
>10 >10
>8.5 >8.6
Not required >7.8

SFollowed by 100g OGTT if 1HPG =7.5mmol/L. WHO, World Health Organization; NICE, National Institute for Health and Care Excellence; IADPSG, International Association of Diabetes
and Pregnancy Study Groups; ACOG, American College of Obstetricians and Gynecologists; ADA, American Diabetes Association; "ADA requires a second confirmatory test. 1HPG= 1
hour plasma glucose; S3HPG, 3-hour plasma glucose. RPG, random plasma glucose; *In the presence of diabetes symptoms; **1 abnormal value diagnostic except for ACOG that requires

two abnormal values.
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minutes. Glucose thresholds for these time points, i.e., 5.1 mmol/L
at fasting, 10 mmol/L at 60 minutes, and 8.5 mmol/L at 120
minutes, were defined based on 1.75 times estimated odds for
specific, adverse perinatal outcomes (increased birth weight,
increased cord C-peptide level, body fat percentage > 90 centile)
in the multicenter, observational HAPO study (58, 89).
Furthermore, the Study Group added an upper threshold to the
diagnosis of GDM at the 0- and 120-minute time points to
differentiate overt diabetes from GDM in women presenting with
hyperglycemia for the first time in pregnancy. As glucose values are
physiologically decreased in normal pregnancy, when women meet
non-pregnancy diagnostic criteria (FPG >7mmol/L + a 2-hour PG
>11.1mmol/L), pre-existing diabetes is assumed (58, 59, 83). The
IADPSG distinguishes between overt diabetes and GDM based on
the degree of hyperglycemia at diagnosis, noting that the extent and
risk of severe short-term complications are significantly greater in
those with overt diabetes in pregnancy and reserves the diagnosis of
GDM for the milder degrees of hyperglycemia (FPG >5.1- 6.9
mmol/L + 2-hour PG 28.5 mmol/L-11.0 mmol/L) first arising
in pregnancy.

According to NICE 2015, GDM is confirmed if FPG is 5.6
mmol/L + 2hPG 27.8 mmol/L, with no upper limit cut-off (Table 3)
(70). The revised NICE guideline, followed by several European
countries and locally at Tygerberg Hospital, Cape Town, South
Africa, does not distinguish between overt diabetes and GDM (65).
Therefore, the Tygerberg multidisciplinary Diabetes in Pregnancy
team uses a modified version of the NICE criteria and applies the
upper thresholds for diagnosing overt diabetes as in the IADPSG
guideline. In a Finnish study by Koivunen et al., 4033 women were
screened for GDM with a yield of 1249 (31.0%) and 529 (13.1%)
with GDM according to the TADPSG and NICE criteria,
respectively (90).Women with GDM based on either IADPSG or
NICE criteria had a higher risk of induced delivery and cesarean
section rate than controls with euglycemia. In contrast, the rate of
large-for-gestational-age (LGA) babies was similar for NICE and
TADPSG GDM (90). It remains to be determined whether the
associated risks and pathophysiological contributors leading to
hyperglycemia differ amongst women diagnosed with GDM,
based on either IADPSG or NICE criteria (overt diabetes
excluded). The ability of diagnostic IADPSG GDM criteria to
predict adverse perinatal outcomes compared to those of NICE
has not been studied in South Africa. It remains possible that the
clinical relevance of the higher NICE FPG (0.5mmol/L more than
IADPSG) is mitigated by, the lower 2-hour glucose threshold of 7.8
mmol/L (0.7 mmol/L lower than IADPSG) for GDM diagnosis. In
the future, studies are needed to determine how these different
criteria affect the perinatal outcome and future risk of diabetes in
South-African women.

Glycated Hemoglobin (HbA1c)

and Albumin

Glycated hemoglobin is globally accepted as a useful modality for
monitoring and evaluating longer-term control in the non-
pregnant population with diabetes mellitus. In addition, an
HbAlc 26.5% (48 mmol/mol) is regarded as one of the WHO
diagnostic criteria for overt diabetes mellitus (59, 83). During

pregnancy, a diagnosis of DIP is also made in women who
present with HFDP if the HbAlc is >6.5% (48 mmol/mol) (30,
58, 59). Discrepancies as to what should be regarded as a normal
HbA1lc and the ideal HbAlc value for the diagnosis of diabetes
remain between different populations and ethnicities (38, 89).

HbA1lc in the non-pregnant population is not used to define
lesser degrees of impaired glucose homeostasis and is thus not
included as a diagnostic criterion for metabolic syndrome per se.
Similarly, diagnostic HbAlc thresholds for GDM have not been
established, and consensus has not been reached regarding the
usefulness of HbAlc measurements to predict or confirm the
presence of GDM. Although unsuitable for diagnosing GDM at
present, HbAlc is widely used to monitor glucose control in
pregnant women with GDM, Type 1, and Type 2 diabetes (30,
59, 83).

The HbA1c test has advantages, as it requires one blood sample
and no fasting. All red blood cells contribute to the measured
HbAlc, with levels depending on the erythrocyte lifespan, which
averages 120 days in the general population. HbA1c levels decrease
in pregnancy, reflecting lower maternal glucose and increased red
cell turnover in pregnancy. O’Kane et al. proposed the normal
reference range of HbA1lc in normoglycemic pregnant women to be
4.1-5.9% (21-41 mmol/mol) (91).

Renz and colleagues evaluated the accuracy of HbAlc for GDM
diagnosis and observed that while HbA1c has a high specificity, the
sensitivity remained low at various thresholds (92). In a meta-
analysis consisting of eight studies, the diagnostic accuracy of an
HbAlc threshold of 5.7% (39 mmol/mol) had an excellent
specificity (95%), which limits the usefulness as a screening test
for GDM. Similarly, Nachtergaele et al. reported from France that
only 26% (70/266) of women with confirmed GDM on OGTT had
an HbAlc >5.7% (39 mmol/mol) (85). The combination of HbAlc
>5.7% (39mmol/mol) with FPG >5.1mmol/L or FPG of > 4.6mmol/
L improves the diagnostic utility and increases sensitivity to 57%
and 78%, respectively. HbAlc levels in a local GDM prevalence
study noted the mean HbAlc at 24-28-week gestation to be 5.1%
(5.07-5.18%) (32mmol/L; 32-33mmol/L) and 5.3% (5.21-5.39%)
(34mmol/mol; 33-35mmol/L) in normoglycemic and GDM
women respectively (51). During the COVID-19 pandemic,
various organizations proposed HbAlc for GDM screening. The
UK and Canadian interim GDM guidelines proposed an HbAlc
cut-off of 5.7% (39 mmol/mol) with or without a random + fasting
glucose (84, 93). Due to limited data regarding the association
between HbA1c and perinatal outcome for HbA1lc values below the
diagnostic threshold for overt diabetes, it is not presently regarded
as a diagnostic tool for GDM (34).

The utility of HbAlc to distinguish between the various
diagnostic categories (IADPSG, NICE) within the GDM spectrum
remains to be elucidated. While studies from our group quantified
the risk of postpartum diabetes based on antenatal HbAlc at GDM
diagnosis, no study in South Africa has focused primarily on the
diagnostic utility of HbAlc for GDM (94).

The measurement of HbAIc is influenced significantly by factors
that influence red blood cell lifespans, such as iron deficiency or
treatment with iron supplements, that affect many women during
pregnancy (95). Albumin is the most abundant serum protein, and
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exposure to glucose leads to the non-enzymatic addition of reducing
sugars to its amino acids (glycation). Albumin has a serum half-life
of 2 to 3 weeks and a higher glycation rate than hemoglobin (96).
Glycated albumin (GA) can thus be used as an intermediate
biomarker of glycemic control in non-pregnant women and may
reflect changes in the glycemic status of patients earlier than HbAlc.
GA may be a practical diagnostic test and potentially provide a more
accurate measure of glucose control during pregnancy (97). Caveats
include the fact that serum plasma albumin decreases in normal
pregnancy, reflecting hemodilution, and, being a component of the
acute phase response, decreases in systemic inflammation (98, 99).
Furthermore, GA measurements are affected by the presence of
proteinuria, and BMI negatively influences GA levels (100). These
factors must be considered when using GA as a marker of glycemic
status in pregnancy. In a study by Hashimoto et al, GA levels
remained stable throughout pregnancy, whereas HbAlc levels
decreased during late gestation and were inversely correlated with
ferritin levels and transferrin saturation (97). An accurate GA
threshold for diagnosing GDM remains elusive, and the
application of GA as a screening tool for GDM is therefore
controversial (101, 102). The use of GA for GDM diagnosis has
not been investigated in pregnant South-African women.

NOVEL BIOMARKERS FOR THE
DIAGNOSIS OF GESTATIONAL
DIABETES MELLITUS

As adverse events are preventable in women with GDM, all at-
risk pregnant women should have the opportunity for
intervention. However, conventional screening and testing
remain suboptimal and cumbersome, prompting researchers to
search for biomarkers to replace the OGTT and allow universal
GDM screening to become a reality (103). The biomarkers
currently under investigation reflect the pathophysiological
mechanisms associated with GDM (104). The prediction of
GDM, GDM diagnosis, and risk stratification for the
development of T2DM after GDM are areas of interest. For
GDM diagnosis, metabolic (lipid, glucose, sex hormone-binding
globulin, adipocytokines), inflammatory [tumour necrosis
factor-alpha, Interleukin-6 (Il-6), C-reactive protein (CRP)],
placenta-derived (cytokines including adipokines and
inflammatory, glucose transporters), genetic and epigenetic
biomarkers are all subjects of intense research and interest to
the scientific and clinical GDM community (105).

Metabolic Biomarkers

Intermediary metabolism is intricately linked to adipose tissue and
mediated by adipose-derived factors or adipokines. Leptin and
adiponectin have been discussed earlier (see pathophysiology
section). Overall, the adipokines’ association with obesity,
inflammation, T2DM, and GDM are well elucidated, but their
value is limited by lack of specificity (105).

Inflammatory Biomarkers
Markers of inflammation associated with GDM are also involved in
the IR of euglycemic pregnancies. IL-6 is a promising biomarker

that may improve the early prediction of GDM. Tumour necrosis
factor-alpha (TNF-alpha) may indicate IR and contribute to B-cell
dysfunction. The association between TNF-alpha and other
surrogate markers of inflammation such as c-reactive protein is
also strengthened obesity in GDM (106). Collectively, inflammatory
cytokines are central to the pathogenesis of GDM, but their utility to
diagnose GDM is limited by the lack of distinction between
association and causality.

Placental Factors

More knowledge on placental factors (pregnancy-associated
plasma protein-A (PAPP A), placental growth factor, as well as
sex-hormone-binding globulin (SHBG) and their respective roles
in GDM, is required to add value to clinical practice (106, 107).

Genetic Biomarkers
Genetic variants and single nucleotide polymorphisms (SNPs)
are significantly associated with T2DM in genome-wide
association studies (GWAS) and recently in GDM (108-110).
Variants in four maturity-onset diabetes of the young (MODY)
genes and the PDX1 gene have also been implicated in GDM
development (52, 111). In a study on black South-African
women, Botha and colleagues assessed 16 single nucleotide
polymorphisms (SNPs) in five MODY and the PDX1 gene.
They found a significant inverse association between women
with the minor allele of rs4581569 in PDX1 and GDM (111).
Dias and co-workers investigated genetic polymorphisms
associated with adiponectin expression. They found that
ADIPOQrs266729 and rs17300539 and MTHFR rs1801133
polymorphisms are not associated with GDM in a population
of black South African women. The author concludes that
limited access to genetic testing, the role of gene-gene and
gene-environment interactions, and the small study samples
limit extrapolation of these findings to clinical practice.
Telomeres, the non-coding caps at the ends of chromosomes,
are shortened by oxidative stress and inflammation and are
associated with the development of diabetes (112). Many
studies report telomere shortening in placentas from
pregnancies with uncontrolled diabetes and GDM (113-115).
Telomere shortening is also linked with future diabetes and
cardiovascular disease in mothers and offspring (116-118). A
better understanding of telomere homeostasis in GDM may
illuminate some of the mechanisms underpinning health and
disease’s developmental origins. Still, again, this has yet to be
studied in South-African women with GDM (119, 120).

Epigenetic Biomarkers

Epigenetic changes are increasingly implicated in the
pathophysiology of metabolic diseases, including GDM (110).
Intra-uterine exposure to famine and over-nutrition in the form
of hyperglycemia results in an epigenetic change. Epigenetic
mechanisms regulating and altering gene expression and
function include DNA methylation, microRNA (miRNA), and
histone modifications (110, 121, 122). There is tremendous
plasticity during development, and in response to environmental
factors, DNA methylation is the most thoroughly studied
epigenetic mechanism (122). Bouchard and co-workers found
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that lower DNA adiponectin promoter methylation levels are
correlated with higher maternal IR and glucose levels after
OGTT during the second and third trimesters in GDM (122).
Locally, Dias et al. investigated global DNA methylation in 63 (138
controls) women with GDM and reported the association between
obesity and serum adiponectin (123). They noted no difference in
DNA methylation between women with GDM and
normoglycemic women. Their finding might be because global
DNA methylation is too crude to detect subtle but significant
differences associated with mild hyperglycemia in pregnancy
(HIP) in their population, suggesting the need for gene-specific
methylation (123). Subsequent gene-specific methylation analysis
by the same authors indicated that a total of 1046 cytosine-
phosphate-guanine sites (CpG) (associated with 939 genes) were
associated with GDM. DNA methylation of the top five CpG loci
showed distinct methylation patterns in GDM and correlated with
glucose concentrations. One CpG site mapped to the calmodulin-
binding transcription activator 1 (CAMTA1) gene, which has been
shown to regulate insulin production and secretion, may offer
potential as an epigenetic biomarker in the South-African
population (124).

The second most studied epigenetic mechanism, Micro-RNA,
has been identified as a significant regulator of 3-cell mass, B-cell
function, and lipid metabolism (125). Circulating microRNAs
are proposed as promising diagnostic biomarkers and predictors
of complications in T2DM (124-126). In the last decade, the
relevance of microRNAs in GDM has been studied extensively.
Zhu et al. identified a microRNA signature composed of five
microRNAs (miR-16-5p, miR-17-5p, miR-19a-3p, miR-19b-3p,
and miR-20a-5p) were upregulated in the plasma of women
affected by GDM (126). Tagoma et al. identified 15 upregulated
miRNAs involved in 41 metabolic pathways that included insulin
signalling in women with GDM (127). In South-African women
with GDM, the expression of two of these microRNA’s, miR-
20a-5p and miR-222-3p, was decreased (128). In subsequent
work, the same authors studied the expression of these
microRNAs in HIV-positive pregnant women with and
without GDM (GDM n=15; non GDM n=52). They found no
difference in expression between the two cohorts (129).

While the genetic and epigenetic landscape may provide
diagnostic biomarkers with clinical utility in GDM, both globally
and in South-African women, the clinical use, at present, remains
limited. Further validation of these novel biomarkers is needed to
elucidate their potential role in women with GDM.

SIGNIFICANCE OF HYPERGLYCEMIA
IN PREGNANCY: IMMEDIATE AND
LONG-TERM CONSEQUENCES

AND MANAGEMENT

It is well established that hyperglycemia in pregnancy (HIP)
adversely impacts maternal and fetal health. Antenatal
complications include maternal hyperglycemic emergencies,
potential teratogenic and growth abnormalities, and even death

of the fetus. A pregnancy complicated by hyperglycemia also
indicates a significantly increased future risk for the mother to
continue having or developing impaired glucose homeostasis
and even cardiovascular disease later in life (130, 131). Just as
concerning is the possible trans-generational effect of in-utero
exposure of the growing fetus to hyperglycemia, with a
significantly increased risk for metabolic sequelae, including
T2DM in later life (132-134).

Immediate Consequences: Antenatal
and Perinatal
In the short term, ante- and adverse perinatal outcomes include
congenital abnormalities, miscarriage (both early), preterm birth,
macrosomia or growth restriction, stillbirth, hypertensive
disorders of pregnancy, birth trauma, cesarean section,
neonatal hypoglycemia, and jaundice (135). These fetal and
maternal complications generally correspond to the degree of
hyperglycemia, the timing and duration of conception, and
organogenesis (136-138). The risks associated with GDM and
adverse perinatal outcomes were quantified by the landmark
Hyperglycemia and Adverse Pregnancy Outcome (HAPO) study
(89). This multicentre, multi-ethnic observational study that
included 23316 pregnant women found that maternal
hyperglycemia, less severe than diabetes, was associated with
limited but important adversity. These adverse effects occurred
irrespective of maternal obesity and included hypertensive
disorders in the mother, cesarean delivery, fetal adiposity,
increased neonatal birth weight (above 90 centile), raised
cord-blood C-peptide levels, and neonatal hypoglycemia. The
results of that study formed the basis of the 2010 IADPSG
recommendations on the diagnosis and classification of
hyperglycemia in pregnancy (58). Their revised diagnostic
glucose values for GDM represented values at which infant
birth weight, cord C-peptide and percent body fat > 90
percentile reached 1.75 times the estimated odds of these
outcomes, based on fully adjusted logistic regression models.
There are limited data on neonatal outcomes after GDM in sub-
Saharan Africa, but macrosomia appears to be a common
complication (139). Macaulay et al. found no difference
between neonatal birth measures in GDM-exposed and
unexposed neonates in Soweto, South Africa (77). Mild
hyperglycemia, timely and appropriate treatment, as well as
earlier delivery (GDM 38 (37-39) weeks vs non-GDM 39 (38-
40) weeks (P = 0.001) might explain this. Interestingly, a gender-
specific sub-analysis showed that GDM exposure was associated
with increased fetal growth measures, especially abdominal
circumference in males, evident at 16-18 weeks’ gestation (77).
Data on the perinatal outcome of patients with pregestational
diabetes and GDM attending Groote Schuur Hospital, Cape
Town, South Africa, indicate preterm delivery rates of 38.7%
for women with T2DM and 34.9% for GDM (140). In that
retrospective audit, the perinatal mortality rate was 2.5% (25/1
000 births), with pre-existing diabetes (T1D and T2DM)
contributing to most deaths (6.4% and 4.2% within the
subgroups, respectively). The overall rate of congenital
malformations was 2.4% (n=18 cases), 1.5% for GDM (within
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generally accepted background incidence), and 4.6% and 5.7%
for T2DM and T1D, respectively. In a retrospective audit from
the neighbouring tertiary institute in the Western Cape Province,
Tygerberg Hospital, lower preterm delivery rates (17.4% and
8.4% in mothers with T2DM and GDM) were recorded (141).
Most women in the latter study were overweight or obese (GDM
95%; T2DM: 70%), and chronic hypertension was present in 23%
and 42% with GDM and T2DM. Seven cases of fetal anomalies
occurred in mothers with T2DM (7.6%), and the combined
perinatal mortality rate for T2DM and GDM was 5.3% (52.6/
1000 births), with only one early neonatal death (141).

During pregnancy, the variation in glucose metabolism
impacts the ability to maintain good glycemic control and
predisposes women to medical emergencies such as diabetic
ketoacidosis (DKA), associated with fetal mortality rates as
high as 27% (142, 143). A pregnant woman oscillates between
the fed and fasted state, with the latter characterized by
“accelerated starvation.” Alternate fuels are provided for the
mother during pregnancy, while glucose is reserved for the
fetus (144). Increased IR in pregnancy is interrelated with a
perceived intracellular state of starvation, with resultant
endogenous glucose production and lipolysis that generates
free fatty acids (FFAs) (145, 146). FFAs lead to ketosis and
increase maternal IR with decreased insulin secretion based on
lipotoxicity through reduced B-cell function (13).

The DKA risk in pregnancy is further amplified by any
condition exacerbating insulin demand. A particular danger is
that DKA recognition is often delayed in women without known
pre-existing diabetes. Schneider et al. noted infection (27%) and
omission of insulin therapy (18%) to be the most common
precipitants of DKA in 2025 pregnant women in the US (143).
DKA without significant elevation in blood glucose levels, ie.,
euglycemic DKA, is also more common in pregnancy, a diagnosis
often missed or delayed if not considered. Euglycemic DKA
represents between 0.8% and 1.1% of all DKA cases in pregnancy
(143, 145, 146). The lower-than-expected glucose concentration is
attributed to physiologic hemodilution, increased placental glucose
transporters, glomerular filtration with glycosuria, and a decrease in
glycogenolysis and hepatic glucose production.

Long-Term Implications for Mothers

and Offspring

A pregnancy complicated by hyperglycemia indicates a
significantly increased risk for the mother to have persistent
glucose abnormalities after delivery or to develop abnormal
glucose homeostasis and even T2DM later in life (147). This
risk is dependent on the degree of antenatal hyperglycemia and
the duration of follow-up (148). However, even amongst women
diagnosed with GDM based on IADPSG criteria, the risk of
developing T2DM was increased more than three-fold after 11
years of follow-up (OR=3.4; GDM:52%; non-GDM:20%) and
after adjusting for maternal variables (149). Our group
demonstrated a high prevalence (26%) of T2DM 6-12 weeks
after delivery in women with antenatal HFDP using NICE
criteria (38). Chivese et al., in a cross-sectional study
performed 5-6 years after delivery on 220 women with GDM
in Cape Town, South Africa, indicated that 48% of women had

T2DM. At the time of the study, the mean age of the women was
37.2 years (SD 6.0), and 47% of participants were unaware of
their diabetes status (150).

The impact of GDM on the increased future risk of
cardiovascular (CV) disease, irrespective of the development of
T2DM, has recently been assessed in a systematic review and
meta-analysis by Kramer, Campbell, and Retnakaran (151).
GDM conferred a 2.3-fold increased risk of CV events in the
first decade postpartum. Thus, even without developing T2DM,
GDM identifies a vulnerable population and provides an
opportunity for timely CV risk modification. Data on CV risk
in South-African women with HFDP is limited to a single study.
Nicolaou et al. documented a ten-fold increased risk to develop
T2DM 3-6 years postpartum (4.6 and 27.6-fold for GDM and
DIP, respectively) in black African women with HFDP (152).
They noted a higher mean carotid intima-media thickness, a
surrogate marker for atherosclerotic CVD in women with HFDP
compared to normoglycemic pregnant women.

More extensive studies with control groups and longitudinal
surveillance programs after GDM are urgently needed to define
and mitigate CV risk in South-African women.

Transgenerational Effects on Offspring

In 2017, one in seven live births globally were affected by
hyperglycemia in pregnancy (HIP) (20). Several epidemiological
studies have since noted detrimental effects of exposure to
maternal GDM on adipose tissue distribution and documented
an increased risk for T2DM in young offspring exposed to HIP
(147, 153). The HAPO follow-up study evaluated glucose
metabolism in 4832 ethnically diverse women at 24-28 weeks
gestation (149, 154). Higher intra-uterine glucose was linearly
associated with offspring glucose levels [maternal FPG with child
Impaired Fasting glucose (IFG) and maternal 1-h and 2-h PG with
child Impaired Glucose Tolerance (IGT)]. Eleven percent of the
offspring of mothers with GDM had IGT compared with 5% of
mothers without GDM. The GDM exposed adolescents were
insulin resistant (adjusted mean difference -76.3%, CI -130.3 to
-22.4) and had limited B-cell compensation as evidenced by an
oral disposition index (—0.12, CI —0.17 to —0.064) compared with
the offspring of mothers without GDM (149, 154).

In the Exploring Perinatal Outcomes among Children (EPOCH)
study, GDM exposure was strongly associated with more significant
IR during childhood and adolescence, even after adjustment for
BMI (155). This supports the notion held by many clinicians
involved with the care of reproductive-aged women that HIP is
perpetuating the increasing global burden of obesity, metabolic
syndrome, and T2DM. Proposed mechanisms by which in-utero
exposure to hyperglycemia influences the risk of T2DM in the
oftspring point towards epigenetic modifications, changes in insulin
receptor expression and function, adipokine metabolism, and 3 cell
development (156-158). DNA methylation is an epigenetic marker
that has been implicated in the observed long-lasting metabolic
effects following intrauterine exposure to hyperglycemia. Shiau and
co-workers published the first study investigating the association
between prenatal GDM exposure and DNA methylation in 3-10-
year-old offspring in the Tianjin GDM Observational study (159).
They found that offspring of mothers with GDM exhibit premature
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epigenetic ageing by accelerated DNA methylation, which is
associated with cardiometabolic risk in the GDM youth compared
to controls. Locally, Soepnel and co-workers assessed the association
between HFDP (GDM and DIP) and child obesity in pre-school-
aged children in Johannesburg, South Africa. The prevalence of
overweight/obesity was 10.5% and 11.1% in the 3-6-year-old
children exposed to GDM and DIP, respectively, while only 3.9%
in the offspring of normoglycemic mothers (160). Fat mass indices
were significantly higher in offspring exposed to DIP but attenuated
when maternal BMI was adjusted. In another South African study
performed in Cape Town, Chivese evaluated the anthropometry of
the offspring exposed to HFDP at birth and pre-school age. At birth,
29.6% of the neonates were classified as large for gestational age
(LGA), and 12.2% had macrosomia. The prevalence of LGA and
macrosomia mirrored the degree of antenatal hyperglycemia, with a
higher prevalence in neonates exposed to DIP compared to GDM.
The combined prevalence of overweight and obesity was 26.5% at
pre-school age. Maternal third trimester 2-hour PG was associated
with z-scores for birthweight and pre-school age weight, indicating
that this population’s antenatal 2-hour PG was a modifiable risk
factor (161).

In a longitudinal study conducted in the PIMA Indian
population, maternal hyperglycemia was the strongest predictor
for T2DM in youth. Maternal hyperglycemia accounted for 40% of
T2DM development in offspring evaluated at age 5-19 years (162).
Children exposed to GDM in utero are at risk of being insulin
resistant with limited B-cell compensation compared with the
offspring of mothers without GDM. The exposure is significantly
and independently associated with childhood IGT, occurring over
and above the genetic predisposition and persisting after
accounting for adiposity (162). This implicates a
transgenerational and potential intergenerational effect of
exposure to in-utero hyperglycemia on offspring’s metabolic
function and CV risk. It remains to be elucidated to what extent
and mechanism T2DM development in the offspring is influenced
by the degree of antenatal glucose exposure and the epigenetic
changes arising in the placenta of the mothers with hyperglycemia.

POSTPARTUM MATERNAL SCREENING
FOLLOWING PREGNANCY
WITH HYPERGLYCEMIA

The characteristic mild hyperglycemia associated with GDM
resolves within hours after delivery. Unfortunately, the

TABLE 4 | Postpartum screening after Hyperglycemia First Detected in Pregnancy.

maternal risk does not conclude at that time. Following GDM,
the risk of developing T2DM increases up to seven-fold,
dependent on the duration of follow-up, with at least a two-
fold higher risk to develop CV disease, independent of T2DM. A
previous pregnancy complicated by GDM also increases the risk
of recurrent GDM in subsequent pregnancies (163, 164). Due to
these findings and because unrecognized diabetes classified as
GDM may not be apparent immediately following delivery,
follow-up assessment after GDM and interpregnancy metabolic
care has been identified as a fixable gap in women’s preventative
healthcare. The WHO, ADA, ACOG, and NICE endorse the
need for postpartum glucose evaluation unequivocally but differ
regarding the best modality for screening (OGTT or FPG) and
diagnostic cut-offs (See Table 4) (30, 31, 59, 83, 165). In the
Translating Research into Action for Diabetes (TRIAD) study,
FPG alone as a screening modality only identified one-quarter of
participants with diabetes following GDM (166). The postpartum
WHO diagnostic criteria for prediabetes differ from the ADA
criteria. The WHO defines IFG as a value of > 6.1mmol/L to <
7mmol/L, whereas the ADA defines the lower threshold for
diagnoses at 5.6 mmol/L (59, 83).

The 75-gram 2-hour OGTT is presently regarded as standard
practice and ensures the best sensitivity to identify patients with
any degree of abnormal glucose homeostasis. Data on the
prevalence of sustained dysglycemia in South African women
following a pregnancy complicated by GDM is limited to a few
studies. In a retrospective audit of the outcome of diabetic
women in Soweto, Huddle et al. reported persistence of glucose
intolerance in 8.3% of predominantly African patients that were
evaluated six weeks postpartum (167). In a study from our group,
of 181 women with GDM evaluated at six weeks postpartum, one
in four (n=47/181, 26%) had diabetes and 15% prediabetes
(n=28/181) based on IGT in more than two-thirds (n=19/28;
68%) (78). Thus, two out of five patients in this cohort had
persistent abnormal glucose homeostasis early postpartum,
making it likely that pre-existing T2DM was included in the
GDM diagnosis. In a prior study, also from Cape Town, our
group showed an overall 46% (n=36/78) prevalence of abnormal
glucose homeostasis after GDM (diabetes in n=21/78; 27%) and
prediabetes in 19% (n=15/78) (38). Retrospectively, 37% (n=29/
78) of GDM women had evidence of overt diabetes in pregnancy
as determined by the current gold standard IADPSG criteria
(78). In a multivariate analysis of this cohort, a family history of
diabetes, HbAlc at diagnosis, and age were robust antenatal
predictors of postpartum diabetes (38). Following the first wave
of the COVID-19 pandemic, increased attention is being paid to

WHO (30) NICE (65) ADA (83) ACOG (71, 88)
Method FPG or 75-gram 2-hour OGTT FPG OGTT FPG or 75-gram 2-hour OGTT
Target population All women All women All women All women
First postpartum evaluation 6 weeks 6 weeks 4-12 weeks
Subsequent evaluations, if the first evaluation normal Annually Every three years
Subsequent evaluations if IFG* or IGT Annually

IFG, Impaired fasting glucose; IGT, Impaired glucose tolerance. WHO, World Health Organization; NICE, National Institute for Health and Care Excellence; ACOG, American College of
Obstetricians and Gynecologists; ADA, American Diabetes Association; "ADA >5.6mmol/L.
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implementing strategies to minimize patients’ time at healthcare
institutions. The HbAlc as an alternative to postpartum OGTT
has been recognized as an easy, cost-effective, and less time-
consuming postpartum glucose assessment, even before COVID-
19. Kim et al. compared HbAlc > 5.7% with FPG and 2hr PG
after OGTT in women with recent GDM (6 weeks-36 months)
and found the agreement levels acceptable for detecting
abnormal glucose homeostasis (168). In another study, a
similar HbAlg, i.e., between 5.7-6.4% to diagnose prediabetes
after GDM, detected an additional 10.6% of patients compared to
OGTT (169). Claesson et al. found the optimal cut-off HbAlc
value for predicting abnormal glucose tolerance to be 5.2%
(33mmol/mol) with a sensitivity and specificity compared with
an OGTT of 69.2% and 59.7%, respectively (170). In the Atlantic
Diabetes in Pregnancy (Atlantic DIP) partnership, women
diagnosed with GDM by IADPSG criteria were assessed
postpartum. A combination of FPG 5.6mmol/L and an HbAlc
>5.7% (39mmol/L) yielded a sensitivity of 90% and specificity of
84% for detecting abnormal glucose homeostasis 1-year post
GDM with the OGTT as the comparator (171). Katreddy et al.
documented the significant risk for early postpartum diabetes
with an HbAlc 26% (=42 mmol/mol) (172). Weinert et al. also
demonstrated an elevated risk in the presence of an HbAlc > 6%
(42 mmol/mol) in Brazil (173). Considering the ethnic disparities
in HbAlc, even in the non-pregnant setting, HbAlc must be
compared with an OGTT in South-African women following
GDM to determine the optimal cut-off for diagnosis (174, 175).

In a local cohort of women with GDM, our group noted that
the increased risk for early postpartum diabetes witan an HbAlc
> 6.2% (44mmol/mol) at diagnosis and in the month before
delivery was four-fold and five-fold (94). Women with fasting
and a 2-hour PG above IASDPG GDM cut-oft values emerged as
another high-risk category for postpartum diabetes (78).

The hypothesis that T2DM is preventable by lifestyle
intervention in high-risk patients is supported by extensive
observational studies that underpin the importance of
postpartum glucose testing. In the landmark Diabetes
Prevention Program in the US (DPP), T2DM in an ethnically
diverse population with prediabetes, was reduced by 58% with
intense lifestyle change versus a 31% reduction obtained with the
anti-diabetic agent metformin. When the persistence of these
effects was investigated ten years after DP, the risk for developing
diabetes was reduced by 34% in the lifestyle group and 18% in the
metformin group compared with placebo in non-pregnant
patients (176). Interestingly, women with prior GDM had a
more significant reduction in the development of diabetes (55%)
with lifestyle only. Metformin was also more effective in the
GDM cohort, with a 50% risk reduction compared to14% in the
non-GDM matched group (177). The identification and
intervention strategies in patients with prior GDM constitute a
unique window of opportunity for early detection, intervention,
and reduction of the future burden of T2DM. Globally, however,
fewer than half of women with GDM undergo postpartum
OGTT testing (178). Locally, low follow-up rates after GDM
also prevail, with only 46% of women attending the OGTT 4-12
weeks after delivery (78). The high prevalence of postpartum

diabetes (27%) and low postpartum retention at our institution
underscores the importance of identifying the women with the
highest risk. This will facilitate the optimal use of available
diabetes prevention and early management resources. To
overcome the problem of low postpartum follow-up rates after
GDM and improve efficiency in the healthcare system, Wessels
et al. investigated in-hospital post-delivery glucose and its ability
to replace the 4-12-week OGTT (179). In contrast to similar
studies, early post-delivery glucose was not an alternative to
OGTT testing 4-12 weeks after delivery. This was partly due to a
significant improvement in maternal fasting glucose in all sub-
categories of glycemia 24-72hrs after delivery.

CONCLUSION

In South Africa, antenatal evaluation and management of GDM
vary amongst healthcare sectors and levels of care. Following a
diagnosis of HFDP, postpartum OGTT testing is mainly limited
to tertiary and research settings and sub-optimally attended.
Antenatal factors that best predict postpartum diabetes are the
degree of hyperglycemia at GDM diagnosis, abnormal glucose
values on OGTT, and a family history of diabetes. The prevalence
of diabetes 4-12 weeks after delivery ranges from 9-25.8%,
depending on the antenatal GDM screening practice and
diagnostic criteria. At the same time, the incidence of diabetes
increases with the duration of postpartum follow-up. It is
alarming that 46% of women with HFDP have diabetes 5-6
years after delivery, with many unaware of their diagnosis.

The mechanisms involved in GDM, DKA, and T2DM are
heterogeneous. They include variances in 3-cell function (insulin
secretion) + insulin action ), as evidenced by studies on genetic,
epigenetic, and other biomarkers in South-African women.
Further studies of South African women with HFDP and their
offspring are needed to improve our understanding, assessment,
and management of this potentially preventable gateway to
diabetes. Current research gaps to be addressed include DKA
risk, the contribution of autoimmune diabetes, ideal postpartum
assessment, and future diabetes and CV risk. These aims are in
line with global sustainable development goals and may influence
the management of HFDP through health policy aimed at
optimal detection, prevention, and control.

AUTHOR CONTRIBUTIONS

All three authors have met the requirements for authorship. AC
and MC summarized the manuscript. All authors contributed to
the article and approved the submitted version.

ACKNOWLEDGMENTS

The authors would like to acknowledge the members of the
multidisciplinary pregnancy team for their kind support in
managing patients with HFDP referred to in this manuscript.

Frontiers in Clinical Diabetes and Healthcare | www.frontiersin.org

May 2022 | Volume 3 | Article 895743


https://www.frontiersin.org/journals/clinical-diabetes-and-healthcare
http://www.frontiersin.org/
https://www.frontiersin.org/journals/clinical-diabetes-and-healthcare#articles

Coetzee et al.

Hyperglycemia in Pregnancy South-Africa

REFERENCES

1.

[ 5]

W

w

[=2}

N

o

Nel

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Zheng Y, Ley SH, Hu FB. Global Aetiology and Epidemiology of Type 2
Diabetes Mellitus and Its Complications. Nat Rev Endocrinol (2018) 14:88—
98. doi: 10.1038/nrendo.2017.151

. International Diabetes Federation. IDF Diabetes Atlas, 9th Edn. Brussels,

Belgium: Publisher Internationatal Diabetes Federation (2019). Available
from: https://www.diabetesatlas.org/upload/resources/material/20200302_
133351_IDFATLASYe-final-web.pdf (Accessed 24 April 2022).

. Garawi F, Devries K, Thorogood N, Uauy R. Global Differences Between

‘Women and Men in the Prevalence of Obesity: Is There an Association With
Gender Inequality? Eur J Clin Nutr (2014) 68(10):1101-6. doi: 10.1038/
ejcn.2014.86

. Agyemang C, Boatemaa S, Frempong GA, de-Graft Aikins A. Obesity in

Sub-Saharan Africa. In: Metabolic Syndrome Cham: Springer International
Publishing (2015) 1-13:1556561. doi: 10.1007/978-3-319-12125-3_5-1

. Ramsay M, Crowther NJ, Agongo G, Ali SA, Asiki G, Boua RP, et al

Regional and Sex-Specific Variation in BMI Distribution in Four Sub-
Saharan African Countries: The H3Africa AWI-Gen Study. Glob Health
Action (2018) 11. doi: 10.1080/16549716.2018.1556561

. Mchiza ZJR, Parker WA, Hossin MZ, Heshmati A, Labadarios D, Falkstedt

D, et al. Social and Psychological Predictors of Body Mass Index Among
South Africans 15 Years and Older: SANHANES-1. Int ] Environ Res Public
Health (2019) 16(20):3919. doi: 10.3390/ijerph16203919

. Bianco ME, Josefson JL. Hyperglycemia During Pregnancy and Long-Term

Offspring Outcomes. Curr Diabetes Rep (2019) 19:1-8. doi: 10.1007/s11892-
019-1267-6

. Freebairn L, Atkinson J, Qin Y, Nolan CJ, Kent AL, Kelly PM, et al. “Turning

the Tide’ on Hyperglycemia in Pregnancy: Insights From Multiscale
Dynamic Simulation Modeling. BMJ Open Diabetes Res Care (2020) 8 (1):
€000975. doi: 10.1136/bmjdrc-2019-000975

. Osgood ND, Dyck RF, Grassmann WK. The Inter- and Intragenerational

Impact of Gestational Diabetes on the Epidemic of Type 2 Diabetes. Am |
Public Health (2011) 101(1):173-9. doi: 10.2105/AJPH.2009.186890
Mokdad AH, Ford ES, Bowman BA, Nelson DE, Engelgau MM, Vinicor F,
et al. Diabetes Trends in the U.S.: 1990-1998. Diabetes Care (2000) 23:1278—
83. doi: 10.2337/diacare.23.9.1278

King H, Rewers M. Diabetes and Impaired Glucose Tolerance in Women
Aged 20-39 Years. In: World Health Statistics Quarterly. In: World Health
Organization Ad Hoc Diabetes Reporting Group (1992). 45(4):321-7.
Available at: https://apps.who.int/iris/handle/10665/49352. 24 April 2022
Ferrara A. Increasing Prevalence of Gestational Diabetes Mellitus: A Public
Health Perspective. Diabetes Care (2007) 30(SUPPL. 2):S141-6. doi: 10.2337/
dc07-s206

Plows J, Stanley ], Baker P, Reynolds C, Vickers M. The Pathophysiology of
Gestational Diabetes Mellitus. Int ] Mol Sci (2018) 19(11):3342. doi: 10.3390/
ijms19113342

Timsit J, Ciangura C, Dubois-Laforgue D, Cile Saint-Martin C, Bellanne-
Chantelot C, Jockers R, et al. Pregnancy in Women With Monogenic
Diabetes Due to Pathogenic Variants of the Glucokinase Gene: Lessons
and Challenges. Front Endocrinol (Lausanne) (2022) 12:802423.
doi: 10.3389/fendo0.2021.802423

McKay DB, Josephson MA. Pregnancy in Recipients of Solid Organs —
Effects on Mother and Child. N Engl ] Med (2006) 354(12):1281-93.
doi: 10.1056/nejmra050431

Caretto A, Caldara R, Maria Castiglioni T, Scavini M, Secchi A. Pregnancy
After Pancreas-Kidney Transplantation. J Nephrol (2020) 33:1009-18.
doi: 10.1007/s40620-020-00860-8

Mackin ST, Nelson SM, Kerssens JJ, Wood R, Wild S, Colhoun HM, et al.
Diabetes and Pregnancy: National Trends Over a 15 Year Period.
Diabetologia (2018) 61(5):1081-8. doi: 10.1007/s00125-017-4529-3
Patterson CC, Dahlquist GG, Gyiiriis E, Green A, Soltész G, Schober E, et al.
Incidence Trends for Childhood Type 1 Diabetes in Europe During 1989-2003
and Predicted New Cases 2005-20: A Multicentre Prospective Registration Study.
Lancet (2009) 373(9680):2027-33. doi: 10.1016/S0140-6736(09)60568-7
Guariguata L, Whiting DR, Hambleton I, Beagley ], Linnenkamp U, Shaw JE.
Global Estimates of Diabetes Prevalence for 2013 and Projections for 2035.
Diabetes Res Clin Pract (2014) 103(2):137-49. doi: 10.1016/j.diabres.2013.11.002

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33.

34.

35.

36.

37.

Saeedi P, Petersohn I, Salpea P, Malanda B, Karuranga S, Unwin N, et al.
Global and Regional Diabetes Prevalence Estimates for 2019 and Projections
for 2030 and 2045: Results From the International Diabetes Federation
Diabetes Atlas, 9th Edition. Diabetes Res Clin Pract (2019) 157:107843.
doi: 10.1016/j.diabres.2019.107843

di Cianni G, Miccoli R, Volpe L, Lencioni C, del Prato S. Intermediate
Metabolism in Normal Pregnancy and in Gestational Diabetes. Diabetes/
Metabol Res Rev (2003) 19(4):259-70. doi: 10.1002/dmrr.390

Hadden DR, McLaughlin C. Normal and Abnormal Maternal Metabolism
During Pregnancy. Semin. Fetal Neonatal Med (2009) 14(2):66-71.
doi: 10.1016/j.siny.2008.09.004

Branigteanu DD, Mathieu C. Progesterone in Gestational Diabetes Mellitus:
Guilty or Not Guilty? Trends Endocrinol Metab (2003) 14(2):54-6.
doi: 10.1016/51043-2760(03)00003-1

Nadal A, Alonso-Magdalena P, Soriano S, Quesada I, Ropero AB. The
Pancreatic B-Cell as a Target of Estrogens and Xenoestrogens: Implications
for Blood Glucose Homeostasis and Diabetes. Mol Cell Endocrinol (2009)
304(1-2):63-8. doi: 10.1016/j.mce.2009.02.016

Catalano PM, Tyzbir ED, Wolfe RR, Calles J, Roman NM, Amini SB, et al.
Carbohydrate Metabolism During Pregnancy in Control Subjects and
Women With Gestational Diabetes. Am ] Physiology-Endocrinol Metab
(1993) 264(1):E60-7. doi: 10.1152/ajpendo.1993.264.1.E60

Ahlqvist E, Storm P, Kérdjaméki A, Martinell M, Dorkhan M, Carlsson A,
et al. Novel Subgroups of Adult-Onset Diabetes and Their Association With
Outcomes: A Data-Driven Cluster Analysis of Six Variables. Lancet Diabetes
Endocrinol (2018) 6(5):361-9. doi: 10.1016/52213-8587(18)30051-2
Freinkel N, Metzger BE, Phelps RL, Dooley SL, Ogata ES, Radvany RM, et al.
Gestational Diabetes Mellitus: Heterogeneity of Maternal Age, Weight, Insulin
Secretion, HLA Antigens, and Islet Cell Antibodies and the Impact of Maternal
Metabolism on Pancreatic B-Cell and Somatic Development in the Offspring.
Diabetes (1985) 34(Supplement_2):1-7. doi: 10.2337/diab.34.2.1

Bo S, Menato G, Pinach S, Signorile A, Bardelli C, Lezo A, et al. Clinical
Characteristics and Outcome of Pregnancy in Women With Gestational
Hyperglycaemia With and Without Antibodies to B-Cell Antigens. Diabetic
Med (2003) 20(1):64-8. doi: 10.1046/j.1464-5491.2003.00721.x
International Association of Diabetes and Pregnancy Study Groups
Consensus Panel, Metzger BE, Gabbe SG, Persson B, Buchanan TA,
Catalano PA, et al. International Association of Diabetes and Pregnancy
Study Groups Recommendations on the Diagnosis and Classification of
Hyperglycemia in Pregnancy. Diabetes Care (2010) 33(3):676-82.
doi: 10.2337/dc09-1848

Diagnostic Criteria and Classification of Hyperglycaemia First Detected in
Pregnancy: A World Health Organization Guideline. Diabetes Res Clin Pract
(2014) 103(3):341-63. doi: 10.1016/j.diabres.2013.10.012

. Walker JD. NICE Guidance on Diabetes in Pregnancy: Management of

Diabetes and Its Complications From Preconception to the Postnatal Period.
Diabetic Med (2008) 25(9):1025-7. doi: 10.1111/j.1464-5491.2008.02532.x
Meek CL. Natural Selection? The Evolution of Diagnostic Criteria for
Gestational Diabetes. Ann Clin Biochem: Int. ]. Lab. Med. (2017) 54
(1):33-42. doi: 10.1177/0004563216674743

Waters TP, Kim SY, Sharma AJ, Schnellinger P, Bobo JK, Woodruff RT, et al.
Longitudinal Changes in Glucose Metabolism in Women With Gestational
Diabetes, From Late Pregnancy to the Postpartum Period. Diabetologia
(2020) 63(2):385-94. doi: 10.1007/s00125-019-05051-0

Lowe LP, Metzger BE, Dyer AR, Lowe ], MacCane DR, Lappin TR, et al.
Hyperglycemia and Adverse Pregnancy Outcome (HAPO) Study:
Associations of Maternal A1C and Glucose With Pregnancy Outcomes.
Diabetes Care (2012) 35(3):574-80. doi: 10.2337/dc11-1687

Balsells M, Garcia-Patterson A, Gich I, Corcoy R. Maternal and Fetal
Outcome in Women With Type 2 Versus Type 1 Diabetes Mellitus: A
Systematic Review and Metaanalysis. J Clin. Endocrinol Metab (2009) 94
(11):4284-91. doi: 10.1210/jc.2009-1231

Powe CE, Allard C, Battista MC, Doyon M, Bouchard L, Ecker JL, et al.
Heterogeneous Contribution of Insulin Sensitivity and Secretion Defects to
Gestational Diabetes Mellitus. Diabetes Care (2016) 39(6):1052-5.
doi: 10.2337/dc15-2672

Benhalima K, van Crombrugge P, Moyson C, Verhaeghe ], Vandeginste S,
Verlaenen H, et al. Characteristics and Pregnancy Outcomes Across

Frontiers in Clinical Diabetes and Healthcare | www.frontiersin.org

May 2022 | Volume 3 | Article 895743


https://doi.org/10.1038/nrendo.2017.151
https://www.diabetesatlas.org/upload/resources/material/20200302_133351_IDFATLAS9e-final-web.pdf
https://www.diabetesatlas.org/upload/resources/material/20200302_133351_IDFATLAS9e-final-web.pdf
https://doi.org/10.1038/ejcn.2014.86
https://doi.org/10.1038/ejcn.2014.86
https://doi.org/10.1007/978-3-319-12125-3_5-1
https://doi.org/10.1080/16549716.2018.1556561
https://doi.org/10.3390/ijerph16203919
https://doi.org/10.1007/s11892-019-1267-6
https://doi.org/10.1007/s11892-019-1267-6
https://doi.org/10.1136/bmjdrc-2019-000975
https://doi.org/10.2105/AJPH.2009.186890
https://doi.org/10.2337/diacare.23.9.1278
https://apps.who.int/iris/handle/10665/49352
https://doi.org/10.2337/dc07-s206
https://doi.org/10.2337/dc07-s206
https://doi.org/10.3390/ijms19113342
https://doi.org/10.3390/ijms19113342
https://doi.org/10.3389/fendo.2021.802423
https://doi.org/10.1056/nejmra050431
https://doi.org/10.1007/s40620-020-00860-8
https://doi.org/10.1007/s00125-017-4529-3
https://doi.org/10.1016/S0140-6736(09)60568-7
https://doi.org/10.1016/j.diabres.2013.11.002
https://doi.org/10.1016/j.diabres.2019.107843
https://doi.org/10.1002/dmrr.390
https://doi.org/10.1016/j.siny.2008.09.004
https://doi.org/10.1016/S1043-2760(03)00003-1
https://doi.org/10.1016/j.mce.2009.02.016
https://doi.org/10.1152/ajpendo.1993.264.1.E60
https://doi.org/10.1016/S2213-8587(18)30051-2
https://doi.org/10.2337/diab.34.2.S1
https://doi.org/10.1046/j.1464-5491.2003.00721.x
https://doi.org/10.2337/dc09-1848
https://doi.org/10.1016/j.diabres.2013.10.012
https://doi.org/10.1111/j.1464-5491.2008.02532.x
https://doi.org/10.1177/0004563216674743
https://doi.org/10.1007/s00125-019-05051-0
https://doi.org/10.2337/dc11-1687
https://doi.org/10.1210/jc.2009-1231
https://doi.org/10.2337/dc15-2672
https://www.frontiersin.org/journals/clinical-diabetes-and-healthcare
http://www.frontiersin.org/
https://www.frontiersin.org/journals/clinical-diabetes-and-healthcare#articles

Coetzee et al.

Hyperglycemia in Pregnancy South-Africa

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Gestational Diabetes Mellitus Subtypes Based on Insulin Resistance.
Diabetologia (2019) 62(11):2118-28. doi: 10.1007/s00125-019-4961-7
Coetzee A, Mason D, Hall DR, Conradie M. Prevalence and Predictive
Factors of Early Postpartum Diabetes Among Women With Gestational
Diabetes in a Single-Center Cohort. Int | Gynecol Obstet (2018) 142(1):54—
60. doi: 10.1002/ijgo.12494

Miao Z, Wu H, Ren L, Bu N, Jiang L, Yang H, et al. Long-Term Postpartum
Outcomes of Insulin Resistance and B -Cell Function in Women With
Previous Gestational Diabetes Mellitus. Int J Endocrinol (2020)
2020:7417356. doi: 10.1155/2020/7417356

Makgoba M, Savvidou M, Steer P. An Analysis of the Interrelationship
Between Maternal Age, Body Mass Index and Racial Origin in the
Development of Gestational Diabetes Mellitus. BJOG: Int J Obstet
Gynaecol (2012) 119(3):276-82. doi: 10.1111/§.1471-0528.2011.03156.x
Ignell C, Shaat N, Ekelund M, Berntorp K. The Impact of Ethnicity on
Glucose Homeostasis After Gestational Diabetes Mellitus. Acta Diabetol
(2013) 50(6):927-34. doi: 10.1007/s00592-013-0484-8

Unger RH, Clark GO, Scherer PE, Orci L. Lipid Homeostasis, Lipotoxicity
and the Metabolic Syndrome. Biochim Biophys Acta (BBA) - Mol Cell Biol
Lipids (2010) 1801(3):209-14. doi: 10.1016/j.bbalip.2009.10.006
Kadowaki T, Yamauchi T, Kubota N. The Physiological and
Pathophysiological Role of Adiponectin and Adiponectin Receptors in the
Peripheral Tissues and CNS. FEBS Lett. (2008) 582:74-80. doi: 10.1016/
j.febslet.2007.11.070

Lepercq J, Cauzac M, Lahlou N, Timsit J, Girard J, Auwerx J, et al.
Overexpression of Placental Leptin in Diabetic Pregnancy: A Critical Role
for Insulin. Diabetes (1998) 47(5):847-50. doi: 10.2337/diabetes.47.5.847
Gauster M, Hiden U, van Poppel M, Frank S, Wadsack C, Hauguel-de
Mouzon §, et al. Dysregulation of Placental Endothelial Lipase in Obese
Women With Gestational Diabetes Mellitus. Diabetes (2011) 60(10):2457—
64. doi: 10.2337/db10-1434

Pérez-Pérez A, Maymo6 ], Gambino Y, Guadix P, Duefas J, Varone C, et al.
Activated Translation Signaling in Placenta From Pregnant Women With
Gestational Diabetes Mellitus: Possible Role of Leptin. Hormone Metab Res
(2013) 45(06):436-42. doi: 10.1055/s-0032-1333276

Aguilar-Salinas CA, Garcia E, Robles L, Riafio D, Ruiz-Gomez DG, Garcla-
Ulloa AC, et al. High Adiponectin Concentrations Are Associated With the
Metabolically Healthy Obese Phenotype. J Clin Endocrinol Metab (2008) 93
(10):4075-9. doi: 10.1210/jc.2007-2724

Yamamoto Y, Hirose H, Saito I, Tomita M, Taniyama M, Matsubara K, et al.
Correlation of the Adipocyte-Derived Protein Adiponectin With Insulin
Resistance Index and Serum High-Density Lipoprotein-Cholesterol,
Independent of Body Mass Index, in the Japanese Population. Clin Sci
(2002) 103(2):137-42. doi: 10.1042/cs1030137

Xu J, Zhao YH, Chen YP, Yuan XL, Wang J, Zhu H, et al. Maternal
Circulating Concentrations of Tumor Necrosis Factor-Alpha, Leptin, and
Adiponectin in Gestational Diabetes Mellitus: A Systematic Review and
Meta-Analysis. Sci World ] (2014) 2014:1-12. doi: 10.1155/2014/926932
Wang J, Shang L-X, Dong X, Wang X, Wu N, Wang S-H, et al. Relationship
of Adiponectin and Resistin Levels in Umbilical Serum, Maternal Serum and
Placenta With Neonatal Birth Weight. Aust New Z ] Obstet Gynaecol (2010)
50(5):432-8. doi: 10.1111/j.1479-828X.2010.01184.x

Adam S, Pheiffer C, Dias S, Rheeder P. Association Between Gestational
Diabetes and Biomarkers: A Role in Diagnosis. Biomarkers (2018) 23
(4):386-91. doi: 10.1080/1354750X.2018.1432690

Dias S, Adam S, Rheeder P, Pheiffer C. No Association Between ADIPOQ or
MTHER Polymorphisms and Gestational Diabetes Mellitus in South African
Women. Diabetes Metab Syndrome Obes: Targets Ther (2021) 14:791-800.
doi: 10.2147/DMS0.S294328

Zimmet PZ, Shaten BJ, Kuller LH, Rowley MJ, Knowles W], Mackay IR.
Antibodies to Glutamic Acid Decarboxylase and Diabetes Mellitus in the
Multiple Risk Factor Intervention Trial. Am ] Epidemiol (1994) 140(8):683—
90. doi: 10.1093/oxfordjournals.aje.al17316

Juneja R, Hirsch IB, Naik RG, Brooks-Worrell BM, Greenbaum CJ, Palmer
JP. Islet Cell Antibodies and Glutamic Acid Decarboxylase Antibodies, But
Not the Clinical Phenotype, Help to Identify Type 1[Fracl2] Diabetes in
Patients Presenting With Type 2 Diabetes. Metabolism (2001) 50(9):1008-
13. doi: 10.1053/meta.2001.25654

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

. Nilsson C, Ursing D, Térn C, Aberg A, Landin-Olsson M. Presence of GAD

Antibodies During Gestational Diabetes Mellitus Predicts Type 1 Diabetes.
Diabetes Care (2007) 30(8):1968-71. doi: 10.2337/dc07-0157

Cossu E, Incani M, Pani MG, Gattu G, Serafini C, Strazzera A, et al. Presence
of Diabetes-Specific Autoimmunity in Women With Gestational Diabetes
Mellitus (GDM) Predicts Impaired Glucose Regulation at Follow-Up.
J. Endocrinol Invest. (2018) 41(9):1061-8. doi: 10.1007/s40618-018-0830-3
Lapolla A, Dalfra MG, Fedele D. Diabetes Related Autoimmunity in
Gestational Diabetes Mellitus: Is It Important? Nutrition Metab
Cardiovasc Dis (2009) 19(9):674-82. doi: 10.1016/j.numecd.2009.04.004
Metzger BE, Buchanan TA, Coustan DR, de Leiva A, Dunger DB, Hadden
DR, et al. Summary and Recommendations of the Fifth International
Workshop-Conference on Gestational Diabetes Mellitus. Diabetes Care
(2007) 30(Supplement_2):5251-60. doi: 10.2337/dc07-s225

World Health Organization, International Diabetes Federation. Definition
and Diagnosis of Diabetes Mellitus and Intermediate Hyperglycaemia: Report
of World Health Organization and International Diabetes Federation
Consultation. Geneva: WHO Press, World Health Organization (2006).
Available at: https://apps.who.int/iris/handle/10665/43588.
Haller-Kikkatalo K, Uibo R. Clinical Recommendations for the Use of Islet
Cell Autoantibodies to Distinguish Autoimmune and Non-Autoimmune
Gestational Diabetes. Clin Rev Allergy Immunol (2016) 50(1):23-33.
doi: 10.1007/s12016-014-8461-8

Hod M, Pretty M, Mahmood T. Joint Position Statement on Universal
Screening for GDM in Europe by FIGO, EBCOG and EAPM. Eur ] Obstet
Gynecol Reprod Biol (2018) 228:329-30. doi: 10.1016/j.¢jogrb.2018.05.037
Simmons D, Moses RG. Gestational Diabetes Mellitus: To Screen or Not to Screen?:
Is This Really Still a Question? Diabetes Care (2013) 36:2877. doi: 10.2337/dc13-
0833

Werner EF, Funai EF, Pettker CM, Henderson ], Zuckerwise L, Thung SF,
et al. Screening for Gestational Diabetes Mellitus: Are the Criteria Proposed
by the International Association of the Diabetes and Pregnancy Study Groups
Cost-Effective? Diabetes Care (2012) 35(3):529-35. doi: 10.2337/dc11-1643
Veeraswamy S, Vijayam B, Gupta VK, Kapur A. Gestational Diabetes: The
Public Health Relevance and Approach. Diabetes Res Clin Pract (2012)
97:350-8. doi: 10.1016/j.diabres.2012.04.024

National Institute for Clinical Excellence. Diabetes in Pregnancy:
Management From Preconception to the Postnatal Period. NICE
Guidelines. London (2015). Available at: https://www.nice.org.uk/
guidance/ng3 (Accessed 24 April 2022).

Provincial Government Western Cape. Diabetes in Pregnancy: A Guideline
for the Management of Diabetes and Its Complications From Pre-
Conception to the Postnatal Period. In: Pregnancy Western Cape
Guidelines (2010). Available at: https://www.scribd.com/document/
252323279/Diabetes-in-Pregnancy-Western-Cape-Guidelineshttps://www.
scribd.com/document/252323279/Diabetes-in-Pregnancy-Western-Cape-
Guidelines (Accessed February 16, 2022).

SEMDSA Type 2 Diabetes Guidelines Expert Committee. SEMDSA 2017
Guidelines for the Management of Type 2 Diabetes Mellitus. J. Endocrinol
Metab Diabetes South Afr (2017) 22(1):37-40.

Holt H. Nice’s Latest Guidelines on Diabetes in Pregnancy: Getting the
Balance Right. Pract Diabetes (2015) 32(3):87-8. doi: 10.1002/pdi.1930
Waugh N, Royle P, Clar C, Henderson R, Cummins E, Hadden D, et al.
Screening for Hyperglycaemia in Pregnancy: A Rapid Update for the
National Screening Committee. Health Technol Assess (2010) 14(45):1-83.
doi: 10.3310/hta14450

McCance DRNational Institute for Clinical Excellence. Diabetes in
Pregnancy: Management From Preconception to the Postnatal Period |
Guidance and Guidelines | NICE. Best Pract Res Clin Obstet Gynaecol (2015)
29(5):685-99. Available at: https://www.nice.org.uk/guidance/ng3.24 April
2022.

Chalas E. The American College of Obstetricians and Gynecologists in 2020.
Obstet Gynecol (2020) 135(6):1251-4. doi: 10.1097/a0g.0000000000003899
Hod M, Kapur A, Sacks DA, Hadar E, Agarwal M, di Renzo GC, et al. The
International Federation of Gynecology and Obstetrics (FIGO) Initiative on
Gestational Diabetes Mellitus: A Pragmatic Guide for Diagnosis,
Management, and Care. Int | Gynecol Obstet (2015) 131:S173-211.
doi: 10.1016/S0020-7292(15)30033-3

Frontiers in Clinical Diabetes and Healthcare | www.frontiersin.org

May 2022 | Volume 3 | Article 895743


https://doi.org/10.1007/s00125-019-4961-7
https://doi.org/10.1002/ijgo.12494
https://doi.org/10.1155/2020/7417356
https://doi.org/10.1111/j.1471-0528.2011.03156.x
https://doi.org/10.1007/s00592-013-0484-8
https://doi.org/10.1016/j.bbalip.2009.10.006
https://doi.org/10.1016/j.febslet.2007.11.070
https://doi.org/10.1016/j.febslet.2007.11.070
https://doi.org/10.2337/diabetes.47.5.847
https://doi.org/10.2337/db10-1434
https://doi.org/10.1055/s-0032-1333276
https://doi.org/10.1210/jc.2007-2724
https://doi.org/10.1042/cs1030137
https://doi.org/10.1155/2014/926932
https://doi.org/10.1111/j.1479-828X.2010.01184.x
https://doi.org/10.1080/1354750X.2018.1432690
https://doi.org/10.2147/DMSO.S294328
https://doi.org/10.1093/oxfordjournals.aje.a117316
https://doi.org/10.1053/meta.2001.25654
https://doi.org/10.2337/dc07-0157
https://doi.org/10.1007/s40618-018-0830-3
https://doi.org/10.1016/j.numecd.2009.04.004
https://doi.org/10.2337/dc07-s225
https://apps.who.int/iris/handle/10665/43588
https://doi.org/10.1007/s12016-014-8461-8
https://doi.org/10.1016/j.ejogrb.2018.05.037
https://doi.org/10.2337/dc13-0833
https://doi.org/10.2337/dc13-0833
https://doi.org/10.2337/dc11-1643
https://doi.org/10.1016/j.diabres.2012.04.024
https://www.nice.org.uk/guidance/ng3
https://www.nice.org.uk/guidance/ng3
https://www.scribd.com/document/252323279/Diabetes-in-Pregnancy-Western-Cape-Guidelines
https://www.scribd.com/document/252323279/Diabetes-in-Pregnancy-Western-Cape-Guidelines
https://www.scribd.com/document/252323279/Diabetes-in-Pregnancy-Western-Cape-Guidelines
https://www.scribd.com/document/252323279/Diabetes-in-Pregnancy-Western-Cape-Guidelines
https://www.scribd.com/document/252323279/Diabetes-in-Pregnancy-Western-Cape-Guidelines
https://doi.org/10.1002/pdi.1930
https://doi.org/10.3310/hta14450
https://www.nice.org.uk/guidance/ng3
https://doi.org/10.1097/aog.0000000000003899
https://doi.org/10.1016/S0020-7292(15)30033-3
https://www.frontiersin.org/journals/clinical-diabetes-and-healthcare
http://www.frontiersin.org/
https://www.frontiersin.org/journals/clinical-diabetes-and-healthcare#articles

Coetzee et al.

Hyperglycemia in Pregnancy South-Africa

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Barber SL, Kumar A, Roubal T, Colombo F, Lorenzoni L. Harnessing the
Private Health Sector by Using Prices as a Policy Instrument: Lessons
Learned From South Africa. Health Policy (2018) 122(5):558-64.
doi: 10.1016/j.healthpol.2018.03.018

Muhwava LS, Murphy K, Zarowsky C, Levitt N. Policies and Clinical
Practices Relating to the Management of Gestational Diabetes Mellitus in
the Public Health Sector, South Africa - A Qualitative Study. BMC Health
Serv. Res. (2018) 18(1):1-6. doi: 10.1186/s12913-018-3175-x

Macaulay S, Ngobeni M, Dunger DB, Norris SA. The Prevalence of
Gestational Diabetes Mellitus Amongst Black South African Women Is a
Public Health Concern. Diabetes Res Clin Pract (2018) 139:278-87.
doi: 10.1016/j.diabres.2018.03.012

Adam S, Rheeder P. Screening for Gestational Diabetes Mellitus in a South
African Population: Prevalence, Comparison of Diagnostic Criteria and the
Role of Risk Factors. South Afr Med ] (2017) 107(6):523-7. doi: 10.7196/
SAM]J.2017.v107i6.12043

Macaulay S, Munthali R], Dunger DB, Norris SA. The Effects of Gestational
Diabetes Mellitus on Fetal Growth and Neonatal Birth Measures in an
African Cohort. Diabetic Med (2018) 35(10):1425-33. doi: 10.1111/
dme.13668

Coetzee A, Sadhai N, Mason D, Hall DR, Conradie M. Evidence to Support
the Classification of Hyperglycemia First Detected in Pregnancy to Predict
Diabetes 6-12 Weeks Postpartum: A Single Center Cohort Study. Diabetes
Res Clin Pract (2020) 169:108421. doi: 10.1016/j.diabres.2020.108421
Clausen TD, Mathiesen E, Ekbom P, Hellmuth E, Mandrup-Poulsen T,
Damm P. Poor Pregnancy Outcome in Women With Type 2 Diabetes.
Diabetes Care (2005) 28(2):323-8. doi: 10.2337/diacare.28.2.323

Sesmilo G, Prats P, Garcia S, Rodriguez I, Rodriguez-Melcon A, Berges I,
et al. First-Trimester Fasting Glycemia as a Predictor of Gestational Diabetes
(GDM) and Adverse Pregnancy Outcomes. Acta Diabetol (2020) 57(6):697-
703. doi: 10.1007/s00592-019-01474-8

Immanuel J, Simmons D. Screening and Treatment for Early-Onset
Gestational Diabetes Mellitus: A Systematic Review and Meta-Analysis.
Curr Diabetes Rep (2017) 17(11):115. doi: 10.1007/s11892-017-0943-7
Simmons D. Paradigm Shifts in the Management of Diabetes in Pregnancy:
The Importance of Type 2 Diabetes and Early Hyperglycemia in Pregnancy.
Diabetes Care (2021) 44(5):1075-81. doi: 10.2337/dci20-0055

ADA. American Diabetes Association. Classification and Diagnosis of
Diabetes. Diabetes Care (2019) 42:S13-28. doi: 10.2337/dc19-S002
MclIntyre HD, Gibbons KS, Ma RCW, Tam WH, Sacks DA, Lowe J, et al.
Testing for Gestational Diabetes During the COVID-19 Pandemic. An
Evaluation of Proposed Protocols for the United Kingdom, Canada and
Australia. Diabetes Res Clin Pract (2020) 167:108353. doi: 10.1016/
j.diabres.2020.108353

Nachtergaele C, Vicaut E, Pinto S, Tatulashvili S, Bihan H, Sal M, et al.
COVID-19 Pandemic: Can Fasting Plasma Glucose and HbAlc Replace
the Oral Glucose Tolerance Test to Screen for Hyperglycaemia in
Pregnancy? Diabetes Res Clin Pract (2021) 172:108640. doi: 10.1016/
j.diabres.2020.108640

Dickson LM, Buchmann EJ, Janse van Rensburg C, Norris SA. Fasting Plasma
Glucose and Risk Factor Assessment: Comparing Sensitivity and Specificity in
Identifying Gestational Diabetes in Urban Black African Women. S Afr Med |
(2019) 110(1):21-6. doi: 10.7196/SAMJ.2019.v110i1.14089

Marais C, Hall DR, van Wyk L, Conradie M. Randomized Cross-Over Trial
Comparing the Diagnosis of Gestational Diabetes by Oral Glucose Tolerance
Test and a Designed Breakfast Glucose Profile. Int ] Gynecol Obstet (2018)
141(1):85-90. doi: 10.1002/ijgo.12427

Goyal A, Gupta Y, Singla R, Kalra S, Tandon N. American Diabetes
Association “Standards of Medical Care—2020 for Gestational Diabetes
Mellitus”: A Critical Appraisal. Diabetes Ther (2020) 11:1639-44.
doi: 10.1007/s13300-020-00865-3

Coustan DR, Lowe LP, Metzger BE, Dyer AR. The Hyperglycemia and
Adverse Pregnancy Outcome (HAPO) Study: Paving the Way for New
Diagnostic Criteria for Gestational Diabetes Mellitus. Am J Obstet Gynecol
(2010) 202(6):654-¢l. doi: 10.1016/j.aj0g.2010.04.006

Koivunen S, Viljakainen M, Miannistd T, Gissler M, Pouta A, Kaaja R, et al.
Pregnancy Outcomes According to the Definition of Gestational Diabetes.
PloS One (2020) 15(3):€0229496. doi: 10.1371/journal.pone.0229496

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

O’Kane M]J, Lynch PLM, Moles KW, Magee SE. Determination of a Diabetes
Control and Complications Trial-Aligned HbA1c Reference Range in Pregnancy.
Clin Chim Acta (2001) 311(2):157-9. doi: 10.1016/S0009-8981(01)00579-4
Renz PB, Chume FC, Timm JRT, Pimentel AL, Camargo JL. Diagnostic
Accuracy of Glycated Hemoglobin for Gestational Diabetes Mellitus: A
Systematic Review and Meta-Analysis. Clin Chem Lab Med (CCLM) (2019)
57(10):1435-49. doi: 10.1515/cclm-2018-1191

Yamamoto JM, Donovan LE, Feig DS, Berger H. Temporary Alternative
Screening Strategy for Gestational Diabetes Screening During the COVID-
19 Pandemic—The Need for a Middle Ground. Can ] Diabetes (2022) 46
(2):204-6. doi: 10.1016/}.jcjd.2021.08.008

Coetzee A, Mason D, Hall DR, Hoffmann M, Conradie M. Evidence for the
Utility of Antenatal HbAlc to Predict Early Postpartum Diabetes After
Gestational Diabetes in South Africa. Diabetes Res Clin Pract (2018) 143:50-
5. doi: 10.1016/j.diabres.2018.06.021

Campbell L, Pepper T, Shipman K. HbAlc: A Review of Non-Glycaemic
Variables. J. Clin. Pathol. (2019) 72(1):12-9. doi: 10.1136/jclinpath-2017-
204755

Chume FC, Renz PB, Hernandez MK, Freitas PAC, Camargo JL. Is There a
Role for Glycated Albumin in the Diagnosis of Gestational Diabetes
Mellitus? Endocrine (2021) 72(3):681-7. doi: 10.1007/s12020-021-02673-6
Hashimoto K, Noguchi S, Morimoto Y, Hamada S, Wasada K, Imai S, et al. A
1C But Not Serum Glycated Albumin Is Elevated in Late Pregnancy Owing to
Iron Deficiency. Diabetes Care (2008) 31(10):1945-8. doi: 10.2337/dc08-0352
Sufrin S, Nessa A, Islam MT, Das RK, Rahman MH. Study on Serum Albumin in
Third Trimester of Pregnancy. Mymensingh Med ] (2015) 24(3):464-6.

Soeters PB, Wolfe RR, Shenkin A. Hypoalbuminemia: Pathogenesis and
Clinical Significance. J. Parenteral Enteral Nutr (2019) 43:181-93.
doi: 10.1002/jpen.1451

Poon AK, Juraschek SP, Ballantyne CM, Steffes MW, Selvin E. Comparative
Associations of Diabetes Risk Factors With Five Measures of Hyperglycemia.
BM] Open Diabetes Res Care (2014) 2(1):000002. doi: 10.1136/bmjdrc-
2013-000002

Zhu ], Chen Y, Li C, Tao M, Teng Y. The Diagnostic Value of Glycated
Albumin in Gestational Diabetes Mellitus. J Endocrinol Invest (2018) 41
(1):121-8. doi: 10.1007/s40618-016-0605-7

Liu X, Wu N, Al-Mureish A. A Review on Research Progress in the
Application of Glycosylated Hemoglobin and Glycated Albumin in the
Screening and Monitoring of Gestational Diabetes. Int | Gen Med (2021)
14:1155-65. doi: 10.2147/]JGM.S296316

Rodrigo N, Glastras S]. The Emerging Role of Biomarkers in the Diagnosis of
Gestational Diabetes Mellitus. J Clin Med (2018) 7:120. doi: 10.3390/jcm7060120
Blither M, Fasshauer M, Tonjes A, Kratzsch J, Schén MR, Paschke R.
Association of Interleukin-6, C-Reactive Protein, Interleukin-10 and
Adiponectin Plasma Concentrations With Measures of Obesity, Insulin
Sensitivity and Glucose Metabolism. Exp Clin Endocrinol Diabetes (2005)
113(9):534-7. doi: 10.1055/s-2005-872851

Rodrigo N, Glastras SJPathophysiology Underpinning Gestational Diabetes
Mellitus and the Role of Biomarkers for Its Prediction. EM] Diabetes (2020).
Zhang B, Jin Z, Sun L, Zheng Y, Jiang J, Feng C, et al. Expression and
Correlation of Sex Hormone-Binding Globulin and Insulin Signal
Transduction and Glucose Transporter Proteins in Gestational Diabetes
Mellitus Placental Tissue. Diabetes Res Clin Pract (2016) 119:106-17.
doi: 10.1016/j.diabres.2016.07.003

Daval M, Gurlo T, Costes S, Huang C, Butler PC. Cyclin-Dependent Kinase 5
Promotes Pancreatic B-Cell Survival via Fak-Akt Signaling Pathways.
Diabetes (2011) 60(4):1186-97. doi: 10.2337/db10-1048

Lyssenko V, Nagorny CLF, Erdos MR, Wierup N, Jonsson A, Spégel P, et al.
Common Variant in MTNR1B Associated With Increased Risk of Type 2
Diabetes and Impaired Early Insulin Secretion. Nat Genet (2009) 41(1):82-9.
doi: 10.1038/ng.288

Popova PV, Klyushina AA, Vasilyeva LB, Tkachuk AS, Vasukova EA,
Anopova AD, et al. Association of Common Genetic Risk Variants With
Gestational Diabetes Mellitus and Their Role in GDM Prediction. Front
Endocrinol (2021) 12:628582. doi: 10.3389/fendo0.2021.628582

Rosik J, Szostak B, Machaj F, Pawlik A. The Role of Genetics and Epigenetics
in the Pathogenesis of Gestational Diabetes Mellitus. Ann Hum Genet (2020)
84:114-24. doi: 10.1111/ahg.12356

Frontiers in Clinical Diabetes and Healthcare | www.frontiersin.org

May 2022 | Volume 3 | Article 895743


https://doi.org/10.1016/j.healthpol.2018.03.018
https://doi.org/10.1186/s12913-018-3175-x
https://doi.org/10.1016/j.diabres.2018.03.012
https://doi.org/10.7196/SAMJ.2017.v107i6.12043
https://doi.org/10.7196/SAMJ.2017.v107i6.12043
https://doi.org/10.1111/dme.13668
https://doi.org/10.1111/dme.13668
https://doi.org/10.1016/j.diabres.2020.108421
https://doi.org/10.2337/diacare.28.2.323
https://doi.org/10.1007/s00592-019-01474-8
https://doi.org/10.1007/s11892-017-0943-7
https://doi.org/10.2337/dci20-0055
https://doi.org/10.2337/dc19-S002
https://doi.org/10.1016/j.diabres.2020.108353
https://doi.org/10.1016/j.diabres.2020.108353
https://doi.org/10.1016/j.diabres.2020.108640
https://doi.org/10.1016/j.diabres.2020.108640
https://doi.org/10.7196/SAMJ.2019.v110i1.14089
https://doi.org/10.1002/ijgo.12427
https://doi.org/10.1007/s13300-020-00865-3
https://doi.org/10.1016/j.ajog.2010.04.006
https://doi.org/10.1371/journal.pone.0229496
https://doi.org/10.1016/S0009-8981(01)00579-4
https://doi.org/10.1515/cclm-2018-1191
https://doi.org/10.1016/j.jcjd.2021.08.008
https://doi.org/10.1016/j.diabres.2018.06.021
https://doi.org/10.1136/jclinpath-2017-204755
https://doi.org/10.1136/jclinpath-2017-204755
https://doi.org/10.1007/s12020-021-02673-6
https://doi.org/10.2337/dc08-0352
https://doi.org/10.1002/jpen.1451
https://doi.org/10.1136/bmjdrc-2013-000002
https://doi.org/10.1136/bmjdrc-2013-000002
https://doi.org/10.1007/s40618-016-0605-7
https://doi.org/10.2147/IJGM.S296316
https://doi.org/10.3390/jcm7060120
https://doi.org/10.1055/s-2005-872851
https://doi.org/10.1016/j.diabres.2016.07.003
https://doi.org/10.2337/db10-1048
https://doi.org/10.1038/ng.288
https://doi.org/10.3389/fendo.2021.628582
https://doi.org/10.1111/ahg.12356
https://www.frontiersin.org/journals/clinical-diabetes-and-healthcare
http://www.frontiersin.org/
https://www.frontiersin.org/journals/clinical-diabetes-and-healthcare#articles

Coetzee et al.

Hyperglycemia in Pregnancy South-Africa

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

Botha N. Investigating the Genetic Factors for Gestational Diabetes Mellitus
(GDM) in a Black South African Coho. Johannesburg (2020). Available at:
https://wiredspace.wits.ac.za/bitstream/handle/10539/30000/N%20Botha_
FINAL%20MSc%20Dissertation__02.07.2020_signed.pdf?sequence=1.
Zinkova A, Marova D, Koperdakova ], Mirchi TP, Korabec¢na M, Jirkovska
M. Relative Amount of Telomeric Sequences in Terminal Villi Does Not
Differ Between Normal Term Placentas and Placentas From Patients With
Well-Controlled Type 1 Diabetes Mellitus. Placenta (2017) 55:1-4.
doi: 10.1016/j.placenta.2017.04.016

Garcia-Martin I, Penketh RJA, Janssen AB, Jones RE, Grimstead J, Baird
DM, et al. Metformin and Insulin Treatment Prevent Placental Telomere
Attrition in Boys Exposed to Maternal Diabetes. PloS One (2018) 13(12):
€0208533. doi: 10.1371/journal.pone.0208533

Biron-Shental T, Sukenik-Halevy R, Naboani H, Liberman M, Kats R, Amiel
A. Telomeres Are Shorter in Placentas From Pregnancies With Uncontrolled
Diabetes. Placenta (2015) 36(2):199-203. doi: 10.1016/j.placenta.2014.11.011
Hjort L, Vryer R, Grunnet LG, Burgner D, Olsen SF, Saffery R, et al. Telomere
Length Is Reduced in 9- to 16-Year-Old Girls Exposed to Gestational Diabetes
In Utero. Diabetologia (2018) 61(4):870-80. doi: 10.1007/s00125-018-4549-7
Kadayifci FZ, Haggard S, Jeon S, Ranard K, Tao D, Pan Y-X. Early-Life
Programming of Type 2 Diabetes Mellitus: Understanding the Association
Between Epigenetics/Genetics and Environmental Factors. Curr Genomics
(2019) 20(6):453-63. doi: 10.2174/1389202920666191009110724

Werlang ICR, Hahn MC, Bernardi JR, Nast M, Goldani MZ, Michalowski
MB. Exposure to Different Intrauterine Environments: Implications for
Telomere Attrition in Early Life. J. Maternal-Fetal Neonatal Med (2019)
32:3675-84. doi: 10.1080/14767058.2018.1468879

Cheng F, Carroll L, Joglekar MV, Januszewski AS, Wong KK, Hardikar AA,
et al. Diabetes, Metabolic Disease, and Telomere Length. Lancet Diabetes
Endocrinol (2021) 9:117-26. doi: 10.1016/52213-8587(20)30365-X

Elliott HR, Sharp GC, Relton CL, Lawlor DA. Epigenetics and Gestational
Diabetes: A Review of Epigenetic Epidemiology Studies and Their Use to
Explore Epigenetic Mediation and Improve Prediction. Diabetologia (2019)
62(12):2171-8. doi: 10.1007/s00125-019-05011-8

Hallows SE, Regnault TRH, Betts DH. The Long and Short of It: The Role of
Telomeres in Fetal Origins of Adult Disease. ] Pregnancy (2012) 2012.
doi: 10.1155/2012/638476

Howe CG, Cox B, Fore R, Jungius J, Kvist T, Lent S, et al. Maternal
Gestational Diabetes Mellitus and Newborn DNA Methylation: Findings
From the Pregnancy and Childhood Epigenetics Consortium. Diabetes Care
(2020) 43(1):98-105. doi: 10.2337/dc19-0524

Bouchard L, Hivert MF, Guay SP, St-Pierre J, Perron P, Brisson D. Placental
Adiponectin Gene DNA Methylation Levels Are Associated With Mothers” Blood
Glucose Concentration. Diabetes (2012) 61(5):1272-80. doi: 10.2337/db11-1160
Dias S, Adam S, van Wyk N, Rheeder P, Louw J, Pheiffer C. Global DNA
Methylation Profiling in Peripheral Blood Cells of South African Women
With Gestational Diabetes Mellitus. Biomarkers (2019) 24(3):225-31.
doi: 10.1080/1354750X.2018.1539770

Dias S, Adam S, Rheeder P, Louw J, Pheiffer C. Altered Genome-Wide Dna
Methylation in Peripheral Blood of South African Women With Gestational
Diabetes Mellitus. Int ] Mol Sci (2019) 20(23):5828. doi: 10.3390/ijms20235828
Sebastiani G, Nigi L, Grieco GE, Mancarella F, Ventriglia G, Dotta F.
Circulating microRNAs and Diabetes Mellitus: A Novel Tool for Disease
Prediction, Diagnosis, and Staging? J Endocrinol Invest (2017) 40(6):591-
610. doi: 10.1007/s40618-017-0611-4

Zhu Y, Tian F, Li H, Zhou Y, Lu J, Ge Q. Profiling Maternal Plasma microRNA
Expression in Early Pregnancy to Predict Gestational Diabetes Mellitus. Int |
Gynecol Obstet (2015) 130(1):49-53. doi: 10.1016/j.ijg0.2015.01.010

Tagoma A, Alnek K, Kirss A, Uibo R, Haller-Kikkatalo K. MicroRNA
Profiling of Second Trimester Maternal Plasma Shows Upregulation of
miR-195-5p in Patients With Gestational Diabetes. Gene (2018) 672:137-
42. doi: 10.1016/j.gene.2018.06.004

Pheiffer C, Dias S, Rheeder P, Adam S. Decreased Expression of Circulating
miR-20a-5p in South African Women With Gestational Diabetes Mellitus.
Mol Diagn Ther (2018) 22(3):345-52. doi: 10.1007/s40291-018-0325-0
Pheiffer C, Dias S, Rheeder P, Adam S. MicroRNA Profiling in HIV-Infected
South African Women With Gestational Diabetes Mellitus. Mol Diagn Ther
(2019) 23(4):499-505. doi: 10.1007/s40291-019-00404-2

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

Lekva T, Bollerslev ], Norwitz ER, Aukrust P, Henriksen T, Ueland T. Aortic
Stiffness and Cardiovascular Risk in Women With Previous Gestational
Diabetes Mellitus. PloS One (2015) 10(8):e0136892. doi: 10.1371/
journal.pone.0136892

Tobias DK, Stuart JJ, Li S, Chavarro J, Rimm EB, Rich-Edwards J, et al. Association
of History of Gestational Diabetes With Long-Term Cardiovascular Disease Risk
in a Large Prospective Cohort of US Women. JAMA Internal Med (2017) 177
(12):1735-42. doi: 10.1001/jamainternmed.2017.2790

Sears C, Hivert MF. Examination of Pathways Linking Maternal Glycemia
During Pregnancy and Increased Risk for Type 2 Diabetes in Offspring. Can.
] Diabetes (2015) 39(6):443-4. doi: 10.1016/j.jcjd.2015.09.007

Pintaudi B, Fresa R, Dalfra M, Dodesini AR, Vitacolonna E, Tumminia A,
et al. The Risk Stratification of Adverse Neonatal Outcomes in Women With
Gestational Diabetes (STRONG) Study. Acta Diabetol (2018) 55(12):1261-
73. doi: 10.1007/s00592-018-1208-x

Fan Z, Yang H, Gao X, Lintu H, Sun W. Pregnancy Outcome in Gestational
Diabetes. Int J Gynecol Obstet (2006) 94(1):12-6. doi: 10.1016/
1.ijg0.2006.03.021

Bell R, Bailey K, Cresswell T, Hawthorne G, Critchley J, Lewis-Barned N.
Trends in Prevalence and Outcomes of Pregnancy in Women With Pre-
Existing Type I and Type II Diabetes. BJOG: Int ] Obstet Gynaecol (2008) 115
(4):445-52. doi: 10.1111/j.1471-0528.2007.01644.x

Tennant PWG, Glinianaia S v, Bilous RW, Rankin J, Bell R. Pre-Existing
Diabetes, Maternal Glycated Haemoglobin, and the Risks of Fetal and Infant
Death: A Population-Based Study. Diabetologia (2014) 57(2):285-94.
doi: 10.1007/s00125-013-3108-5

McLeod L, Ray JG. Prevention and Detection of Diabetic Embryopathy.
Community Genet (2002) 5(1):33-9. doi: 10.1159/000064629

Natamba BK, Namara AA, Nyirenda MJ. Burden, Risk Factors and Maternal
and Offspring Outcomes of Gestational Diabetes Mellitus (GDM) in Sub-
Saharan Africa (SSA): A Systematic Review and Meta-Analysis. BMC
Pregnancy Childbirth (2019) 19(1):1-9. doi: 10.1186/s12884-019-2593-z
Macaulay S, Dunger DB, Norris SA. Gestational Diabetes Mellitus in Africa:
A Systematic Review. PloS One (2014) 9(6):e97871. doi: 10.1371/
journal.pone.0097871

van Zyl H, Levitt NS. Pregnancy Outcome in Patients With Pregestational
and Gestational Diabetes Attending Groote Schuur Hospital, Cape Town,
South Africa. South Afr Med J (2018) 108(9):772-6. doi: 10.7196/
SAM]J.2018.v108i9.12992

Hall D, du Toit M, Mason D, Conradie M. Diabetes Mellitus in Pregnancy,
Still Changing. J Endocrinol Metab Diabetes South Afr (2015) 20(3):108-14.
doi: 10.1080/16089677.2015.1069015

Catalano PM, Tyzbir ED, Roman NM, Amini SB, Sims EAH. Longitudinal
Changes in Insulin Release and Insulin Resistance in Nonobese Pregnant
Women. Am ] Obstet Gynecol (1991) 165(6):1667-72. doi: 10.1016/0002-
9378(91)90012-G

Schneider MB, Umpierrez GE, Ramsey RD, Mabie WC, Bennett KA.
Pregnancy Complicated by Diabetic Ketoacidosis: Maternal and Fetal
Outcomes [11]. Diabetes Care (2003) 26:958-9. doi: 10.2337/
diacare.26.3.958

Aldoretta PW, Hay WW. Metabolic Substrates for Fetal Energy Metabolism
and Growth. Clinics Perinatol (1995) 22(1):15-36. doi: 10.1016/S0095-5108
(18)30299-9

Sibai BM, Viteri OA. Diabetic Ketoacidosis in Pregnancy. Obstet Gynecol
(2014) 123(1):167-78. doi: 10.1097/A0G.0000000000000060

Chauhan SP, Perry KG, McLaughlin BN, Roberts WE, Sullivan CA,
Morrison JC. Diabetic Ketoacidosis Complicating Pregnancy. ] Perinatol
(1996) 16(3):5200. doi: 10.1016/j.2j0g.2015.10.397

Lowe WL, Scholtens DM, Lowe LP, Kuang A, Nodzenski M, Talbot O, et al.
Association of Gestational Diabetes With Maternal Disorders of Glucose
Metabolism and Childhood Adiposity. JAMA (2018) 320(10):1005.
doi: 10.1001/jama.2018.11628

Bellamy L, Casas JP, Hingorani AD, Williams D. Type 2 Diabetes Mellitus
After Gestational Diabetes: A Systematic Review and Meta-Analysis. Lancet
(2009) 373(9677):1. doi: 10.1016/S0140-6736(09)60731-5

Lowe WL, Scholtens DM, Kuang A, Linder B, Lawrence JM, Lebenthal Y,
et al. Hyperglycemia and Adverse Pregnancy Outcome Follow-Up Study
(HAPO FUS): Maternal Gestational Diabetes Mellitus and Childhood

Frontiers in Clinical Diabetes and Healthcare | www.frontiersin.org

May 2022 | Volume 3 | Article 895743


https://wiredspace.wits.ac.za/bitstream/handle/10539/30000/N%20Botha_FINAL%20MSc%20Dissertation__02.07.2020_signed.pdf?sequence=1
https://wiredspace.wits.ac.za/bitstream/handle/10539/30000/N%20Botha_FINAL%20MSc%20Dissertation__02.07.2020_signed.pdf?sequence=1
https://doi.org/10.1016/j.placenta.2017.04.016
https://doi.org/10.1371/journal.pone.0208533
https://doi.org/10.1016/j.placenta.2014.11.011
https://doi.org/10.1007/s00125-018-4549-7
https://doi.org/10.2174/1389202920666191009110724
https://doi.org/10.1080/14767058.2018.1468879
https://doi.org/10.1016/S2213-8587(20)30365-X
https://doi.org/10.1007/s00125-019-05011-8
https://doi.org/10.1155/2012/638476
https://doi.org/10.2337/dc19-0524
https://doi.org/10.2337/db11-1160
https://doi.org/10.1080/1354750X.2018.1539770
https://doi.org/10.3390/ijms20235828
https://doi.org/10.1007/s40618-017-0611-4
https://doi.org/10.1016/j.ijgo.2015.01.010
https://doi.org/10.1016/j.gene.2018.06.004
https://doi.org/10.1007/s40291-018-0325-0
https://doi.org/10.1007/s40291-019-00404-2
https://doi.org/10.1371/journal.pone.0136892
https://doi.org/10.1371/journal.pone.0136892
https://doi.org/10.1001/jamainternmed.2017.2790
https://doi.org/10.1016/j.jcjd.2015.09.007
https://doi.org/10.1007/s00592-018-1208-x
https://doi.org/10.1016/j.ijgo.2006.03.021
https://doi.org/10.1016/j.ijgo.2006.03.021
https://doi.org/10.1111/j.1471-0528.2007.01644.x
https://doi.org/10.1007/s00125-013-3108-5
https://doi.org/10.1159/000064629
https://doi.org/10.1186/s12884-019-2593-z
https://doi.org/10.1371/journal.pone.0097871
https://doi.org/10.1371/journal.pone.0097871
https://doi.org/10.7196/SAMJ.2018.v108i9.12992
https://doi.org/10.7196/SAMJ.2018.v108i9.12992
https://doi.org/10.1080/16089677.2015.1069015
https://doi.org/10.1016/0002-9378(91)90012-G
https://doi.org/10.1016/0002-9378(91)90012-G
https://doi.org/10.2337/diacare.26.3.958
https://doi.org/10.2337/diacare.26.3.958
https://doi.org/10.1016/S0095-5108(18)30299-9
https://doi.org/10.1016/S0095-5108(18)30299-9
https://doi.org/10.1097/AOG.0000000000000060
https://doi.org/10.1016/j.ajog.2015.10.397
https://doi.org/10.1001/jama.2018.11628
https://doi.org/10.1016/S0140-6736(09)60731-5
https://www.frontiersin.org/journals/clinical-diabetes-and-healthcare
http://www.frontiersin.org/
https://www.frontiersin.org/journals/clinical-diabetes-and-healthcare#articles

Coetzee et al.

Hyperglycemia in Pregnancy South-Africa

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

Glucose Metabolism. Diabetes Care (2019) 42(3):372-80. doi: 10.2337/dc18-
1646

Chivese T, Norris SA, Levitt NS. Progression to Type 2 Diabetes Mellitus and
Associated Risk Factors After Hyperglycemia First Detected in Pregnancy: A
Cross-Sectional Study in Cape Town, South Africa. PloS Med (2019) 16(9):
€1002865. doi: 10.1371/journal.pmed.1002865

Kramer CK, Campbell S, Retnakaran R. Gestational Diabetes and the Risk of
Cardiovascular Disease in Women: A Systematic Review and Meta-Analysis.
Diabetologia (2019) 62:905-14. doi: 10.1007/s00125-019-4840-2

Nicolaou V, Soepnel L, Levitt NS, Huddle K, Klipstein-Grobusch K, Shane N.
Cardiometabolic Outcomes of Women Exposed to Hyperglycaemia First
Detected in Pregnancy at 3-6 Years Post-Partum in an Urban South African
Setting. ] Endocr Soc (2021) 5(Supplement_1):A432. doi: 10.1210/jendso/
bvab048.882

Regnault N, Gillman MW, Rifas-Shiman SL, Eggleston E, Oken E. Sex-
Specific Associations of Gestational Glucose Tolerance With Childhood
Body Composition. Diabetes Care (2013) 36(10):3045-53. doi: 10.2337/
dc13-0333

Scholtens DM, Kuang A, Lowe LP, Hamilton J, Lawrence JM, Lebenthal Y,
et al. Hyperglycemia and Adverse Pregnancy Outcome Follow-Up Study
(HAPO FUS): Maternal Glycemia and Childhood Glucose Metabolism.
Diabetes Care (2019) 42(3):372-80. doi: 10.2337/dc18-2021

Perng W, Hockett CW, Sauder KA, Dabelea D. In Utero Exposure to
Gestational Diabetes Mellitus and Cardiovascular Risk Factors in Youth: A
Longitudinal Analysis in the EPOCH Cohort. Pediatr Obes (2020) 15(5):
€12611. doi: 10.1111/ijpo.12611

Houshmand-Oeregaard A, Hansen NS, Hjort L, Kelstrup L, Broholm C,
Mathiesen ER, et al. Differential Adipokine DNA Methylation and Gene
Expression in Subcutaneous Adipose Tissue From Adult Offspring of
Women With Diabetes in Pregnancy. Clin Epigenet (2017) 9(1)1-12.
doi: 10.1186/s13148-017-0338-2

Poston L. Intergenerational Transmission of Insulin Resistance and Type 2
Diabetes. Prog Biophys Mol Biol (2011) 106(1):315-22. doi: 10.1016/
j.pbiomolbio.2010.11.011

Nielsen JH, Haase TN, Jaksch C, Nalla A, Sestrup B, Nalla AA, et al. Impact
of Fetal and Neonatal Environment on Beta Cell Function and Development
of Diabetes. Acta Obstet Gynecol Scand (2014) 93(11):1109-22. doi: 10.1111/
20gs.12504

Shiau S, Wang L, Liu H, Zheng Y, Drong A, Joyce BT, et al. Prenatal
Gestational Diabetes Mellitus Exposure and Accelerated Offspring DNA
Methylation Age in Early Childhood. Epigenetics (2020) 16(2):186-95.
doi: 10.1080/15592294.2020.1790924

Soepnel LM, Nicolaou V, Slater C, Chidumwa G, Levitt NS, Klipstein-
Grobusch K, et al. Obesity and Adiposity of 3- to 6-Year-Old Children Born
to Mothers With Hyperglycaemia First Detected in Pregnancy in an Urban
South African Setting. Ann Hum Biol (2021) 48(2):81-92. doi: 10.1080/
03014460.2021.1918245

Chivese T, Haynes MC, van Zyl H, Kyriacos U, Levitt NS, Norris SA. The
Influence of Maternal Blood Glucose During Pregnancy on Weight Outcomes at
Birth and Preschool Age in Offspring Exposed to Hyperglycemia First Detected
During Pregnancy, in a South African Cohort. PloS One (2021) 16(10):¢0258894.
doi: 10.1371/journal.pone.0258894

Dabelea D, Knowler WC, Pettitt DJ. Effect of Diabetes in Pregnancy on
Offspring: Follow-Up Research in the Pima Indians. . Maternal-Fetal
Neonatal Med (2000) 9(1):83-8. doi: 10.3109/14767050009020519
Theodore RF, Broadbent J, Nagin D, Ambler A, Hogan S, Ramrakha S, et al.
Childhood to Early-Midlife Systolic Blood Pressure Trajectories: Early-Life
Predictors, Effect Modifiers, and Adult Cardiovascular Outcomes. Hypertension
(2015) 66:1108-15. doi: 10.1161/HYPERTENSIONAHA.115.05831

Louis JM, Bryant A, Ramos D, Stuebe A, Blackwell SC. Interpregnancy Care.
Am ] Obstet Gynecol (2019) 220(1):B2-18. doi: 10.1016/j.aj0og.2018.11.1098
ACOG Practice Bulletin No. 190. Gestational Diabetes Mellitus. Obstet
Gynecol (2018) 131(2):e49-64. doi: 10.1097/A0G.0000000000002501
Ferrara A, Peng T, Kim C. Trends in Postpartum Diabetes Screening and
Subsequent Diabetes and Impaired Fasting Glucose Among Women With
Histories of Gestational Diabetes Mellitus: A Report From the Translating
Research Into Action for Diabetes (TRIAD) Study. Diabetes Care (2009) 32
(2):269-74. doi: 10.2337/dc08-1184

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

Huddle KR. Audit of the Outcome of Pregnancy in Diabetic Women in
Soweto, South Africa, 1992-2002. J. Endocrinol Metab Diabetes South Afr.
(2005) 10(3):789-94. doi: 10.1080/22201009.2005.10872128

Kim C, Herman WH, Cheung NW, Gunderson EP, Richardson C.
Comparison of Hemoglobin A 1c With Fasting Plasma Glucose and 2-H
Postchallenge Glucose for Risk Stratification Among Women With Recent
Gestational Diabetes Mellitus. Diabetes Care (2011) 34(9):1949-51.
doi: 10.2337/dc11-0269

Soumya S, Rohilla M, Chopra S, Dutta S, Bhansali A, Parthan G, et al.
HbAlc: A Useful Screening Test for Gestational Diabetes Mellitus. Diabetes
Technol Ther (2015) 17(12):899-904. doi: 10.1089/dia.2015.0041

Claesson R, Ekelund M, Ignell C, Berntorp K. Role of HbAlc in Post-Partum
Screening of Women With Gestational Diabetes Mellitus. J Clin Trans
Endocrinol (2015) 2(1):21-5. doi: 10.1016/j.jcte.2014.10.003

Noctor E, Crowe C, Carmody LA, Avalos GM, Kirwan B, Infanti JJ, et al.
ATLANTIC DIP: Simplifying the Follow-Up of Women With Previous
Gestational Diabetes. Eur ] Endocrinol (2013) 169(5):681-7. doi: 10.1530/
EJE-13-0491

Katreddy MV. Hemoglobin Alc in Early Postpartum Screening of Women
With Gestational Diabetes. World ] Diabetes (2013) 4(3):76. doi: 10.4239/
wjd.v4.i3.76

Weinert LS, Mastella LS, Oppermann MLR, Silveiro SP, Guimaraes LSP,
Reichelt AJ. Postpartum Glucose Tolerance Status 6 to 12 Weeks After
Gestational Diabetes Mellitus: A Brazilian Cohort. Arquivos Brasileiros
Endocrinol Metabol (2014) 58(2):197-204. doi: 10.1590/0004-2730000003069
Herman WH, Cohen RM. Racial and Ethnic Differences in the Relationship
Between HbAlc and Blood Glucose: Implications for the Diagnosis of
Diabetes. ] Clin Endocrinol Metab (2012) 97:1067-72. doi: 10.1210/jc.2011-
1894

Herman WH, Ma Y, Uwaifo G, Haffner S, Kahn SE, Horton ES, et al.
Differences in A1C by Race and Ethnicity Among Patients With Impaired
Glucose Tolerance in the Diabetes Prevention Program. Diabetes Care (2007)
30(10):2453-7. doi: 10.2337/dc06-2003

Nathan DM, Knowler WC, Edelstein S, Crandall JP, Dabelea D, Goldberg
RB, et al. Long-Term Effects of Metformin on Diabetes Prevention:
Identification of Subgroups That Benefited Most in the Diabetes
Prevention Program and Diabetes Prevention Program Outcomes Study.
Diabetes Care (2019) 42(4):601-8. doi: 10.2337/dc18-1970

Aroda VR, Christophi CA, Edelstein SL, Zhang P, Herman WH, Barrett-Connor
E, et al. The Effect of Lifestyle Intervention and Metformin on Preventing or
Delaying Diabetes Among Women With and Without Gestational Diabetes: The
Diabetes Prevention Program Outcomes Study 10-Year Follow-Up. J Clin
Endocrinol Metab (2015) 100(4):1646-53. doi: 10.1210/jc.2014-3761

Russell MA, Phipps MG, Olson CL, Welch HG, Carpenter MW. Rates of
Postpartum Glucose Testing After Gestational Diabetes Mellitus. Obstet
Gynecol (2006) 108(6):1456-62. doi: 10.1097/01.A0G.0000245446.85868.73
Wessels A, Coetzee A, Mason D, Hall D, van de Vyver M, Conradie M.
Utility of in-Hospital Post-Delivery Fasting Plasma Glucose to Predict
Postpartum Glucose Status in Women With Hyperglycaemia First
Detected in Pregnancy: A Prospective Cohort Study. PloS One (2020) 15:
€0239720. doi: 10.1371/journal.pone.0239720

Conflict of Interest: The authors declare that the research was conducted without
any commercial or financial relationships construed as a potential conflict of
interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Coetzee, Hall and Conradie. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Clinical Diabetes and Healthcare | www.frontiersin.org

May 2022 | Volume 3 | Article 895743


https://doi.org/10.2337/dc18-1646
https://doi.org/10.2337/dc18-1646
https://doi.org/10.1371/journal.pmed.1002865
https://doi.org/10.1007/s00125-019-4840-2
https://doi.org/10.1210/jendso/bvab048.882
https://doi.org/10.1210/jendso/bvab048.882
https://doi.org/10.2337/dc13-0333
https://doi.org/10.2337/dc13-0333
https://doi.org/10.2337/dc18-2021
https://doi.org/10.1111/ijpo.12611
https://doi.org/10.1186/s13148-017-0338-2
https://doi.org/10.1016/j.pbiomolbio.2010.11.011
https://doi.org/10.1016/j.pbiomolbio.2010.11.011
https://doi.org/10.1111/aogs.12504
https://doi.org/10.1111/aogs.12504
https://doi.org/10.1080/15592294.2020.1790924
https://doi.org/10.1080/03014460.2021.1918245
https://doi.org/10.1080/03014460.2021.1918245
https://doi.org/10.1371/journal.pone.0258894
https://doi.org/10.3109/14767050009020519
https://doi.org/10.1161/HYPERTENSIONAHA.115.05831
https://doi.org/10.1016/j.ajog.2018.11.1098
https://doi.org/10.1097/AOG.0000000000002501
https://doi.org/10.2337/dc08-1184
https://doi.org/10.1080/22201009.2005.10872128
https://doi.org/10.2337/dc11-0269
https://doi.org/10.1089/dia.2015.0041
https://doi.org/10.1016/j.jcte.2014.10.003
https://doi.org/10.1530/EJE-13-0491
https://doi.org/10.1530/EJE-13-0491
https://doi.org/10.4239/wjd.v4.i3.76
https://doi.org/10.4239/wjd.v4.i3.76
https://doi.org/10.1590/0004-2730000003069
https://doi.org/10.1210/jc.2011-1894
https://doi.org/10.1210/jc.2011-1894
https://doi.org/10.2337/dc06-2003
https://doi.org/10.2337/dc18-1970
https://doi.org/10.1210/jc.2014-3761
https://doi.org/10.1097/01.AOG.0000245446.85868.73
https://doi.org/10.1371/journal.pone.0239720
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/clinical-diabetes-and-healthcare
http://www.frontiersin.org/
https://www.frontiersin.org/journals/clinical-diabetes-and-healthcare#articles

	Hyperglycemia First Detected in Pregnancy in South Africa: Facts, Gaps, and Opportunities
	Introduction
	Pathophysiology of Gestational Diabetes Mellitus
	Normal and Abnormal Glucose Metabolism in Pregnancy
	GDM Subtypes
	Auto-Immunity in GDM

	Definitions, Classification, and Screening for Hyperglycemia in Pregnancy
	Definitions and Classification
	Screening for Gestational Diabetes Mellitus
	Universal vs Selective Screening
	Global Screening Guidelines
	Local Screening Guidelines


	Diagnostic Tests and Criteria
	Oral Glucose Tolerance Tests and Blood Glucose Assessments
	Diagnostic Criteria Based on Blood Glucose Assessments

	Glycated Hemoglobin (HbA1c) and Albumin

	Novel Biomarkers for the Diagnosis of Gestational Diabetes Mellitus
	Metabolic Biomarkers
	Inflammatory Biomarkers
	Placental Factors
	Genetic Biomarkers
	Epigenetic Biomarkers

	Significance of Hyperglycemia in Pregnancy: Immediate and Long-Term Consequences and Management
	Immediate Consequences: Antenatal and Perinatal
	Long-Term Implications for Mothers and Offspring
	Transgenerational Effects on Offspring

	Postpartum Maternal Screening Following Pregnancy With Hyperglycemia
	Conclusion
	Author Contributions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


