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SUMMARY 

Background: Gestational diabetes mellitus (GDM) is defined as hyperglycaemia that is discovered 

for the first time during pregnancy and is not overt. The prevalence of GDM in South Africa varies 

between 9.1% and 25%.  Mothers with GDM are at increased risk of preeclampsia, caesarean 

delivery, and preterm birth. Similarly, babies born to GDM mothers are at increased risk of 

macrosomia, hypoglycaemia, respiratory distress, hypocalcaemia, hypomagnesaemia and Type 2 

diabetes(T2D) later in life.  Therefore, efficient screening and diagnosis remain the cornerstone for 

reducing GDM-related maternal and neonatal morbidity and mortality.  The oral glucose tolerance 

test (OGTT) is the current gold standard for screening for GDM. However, in South Africa, the test is 

not universally accessible as only pregnant women with GDM-related risk factors are tested. This 

approach is likely to miss a significant number of women with GDM. 

Aim: The overall aim of this research is to improve the current screening and diagnostic methods for 

GDM. Consequently, our first objective was to evaluate the performance of several point-of-care 

(POC) glucometers against the standard laboratory-based glucose measurements during an OGTT. 

The second objective was to evaluate the use of glycaemic markers namely, fasting plasma glucose 

(FPG), glycated albumin (GA) and glycated haemoglobin (HbA1c), for the diagnosis of GDM. The 

third objective was to determine the associations of various candidate biomarkers with glycaemia in 

both early and late pregnancy in Black African pregnant women. 

Methods: This is a prospective cross-sectional study that was carried out at five different health 

facilities in Johannesburg, South Africa. Pregnant Black African women under 21 weeks of gestation 

(early pregnancy) and at 24-32 weeks of gestation (late pregnancy) were recruited and stratified 

into three groups. The women in late pregnancy (groups 1 and 2) were tested for GDM using the 75 

g OGTT and classified into GDM and non-GDM following the International Association of Diabetes 

and Pregnancy Study Group (IADPSG) guidelines. Seven glucometers were compared to laboratory-

based glucose measurements for GDM diagnosis using blood samples from the OGTT (Group 1). In 

the second group of late-pregnancy women (Group 2), candidate biomarkers (TNFα, IL-6, free fatty 

acids (FFAs), branched-chain amino acids and acylcarnitines) and known markers of glycaemia (FPG, 

HbA1c and GA) were assessed for their ability to diagnose GDM using the OGTT as the reference. 

Fasting and random blood samples were taken in women in early pregnancy (group 3), and 

candidate biomarkers and blood glucose were measured. Univariate correlations and multivariate 

regression analysis were performed to determine the relationship between glycaemia and 
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candidate biomarkers in early and late pregnancy, and their discriminatory power was assessed by 

receiver-operator characteristic (ROC) curve analysis.  

Results: A total of 1716 women were recruited: 1076 from pregnancy (group 1), 477 also from late 

pregnancy (group 2), and 163 from early pregnancy (group 3). 

For the glucometer study (Group 1), 83 (7.7%) were classified as GDM. The sensitivity of the 

glucometers for GDM diagnosis ranged from 17.6% to 87.18% and their specificity from 62.7% to 

99.8%. The area under the ROC curve (AUC) was between 0.59 and 0.79. However, the laboratory-

based FPG showed better performance than the glucometers in terms of sensitivity, specificity, and 

AUC, with levels of 94.0%, 100%, and 0.98, respectively. 

Building on the observations from the Group 1 study, which showed potential for diagnosing GDM 

using a single test i.e. FPG, we subsequently compared the efficacy of FPG, glycated haemoglobin 

(HbA1c), and glycated albumin (GA), for the diagnosis of GDM in the Group 2 women. Overall, FPG 

at a 5.1mmol/L cut point performed better than HbA1c and GA, with sensitivity and specificity of 

87% and 100% respectively. At the 5.5.% cut-off point, HbA1c had sensitivity and specificity of 54% 

and 80% respectively and GA, had a sensitivity and specificity of 54% and 83%, respectively at a cut 

point of 37.6%. Based on the selective screening criteria currently used, all the women in group 2 

had one or more risk factors for GDM and as a result, would have qualified for OGTT. If FPG was 

then used as a second screening test, it would have averted the need for OGTTs in 77% of these 

women.  

Thereafter, we sought to identify novel biomarkers for GDM diagnosis. Metabolites and proteins 

known to be linked to GDM were measured in 163 women below 21 weeks of pregnancy (Group 3) 

and 477 women between 24-32 weeks of pregnancy (Group 2). Free fatty acids (FFAs), and 

isoleucine were positively associated with GDM whilst acylcarnitine C2 demonstrated an inverse 

association. The sensitivity and specificity of these candidate biomarkers for the diagnosis of 

gestational diabetes mellitus (GDM) were inadequate, and they did not exhibit a significant 

association with fasting or random plasma glucose levels during early pregnancy, with the exception 

of valine, which demonstrated a significant correlation with random plasma glucose. (p=0.0029) 

Conclusions: The current study showed that the performance of laboratory-based FPG 

measurements for GDM diagnosis is better than HbA1c, GA, and glucometers. Furthermore, we 

observed that a two-tiered approach utilising FPG would reduce the number of OGTTs required for 



iii 

 

women diagnosed with GDM.  In addition, valine has the potential to be used as an early marker of 

GDM, however, this would need to be validated in longitudinal studies.   
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SCI   systematic chronic inflammation  
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SEMDSA  South African Society of Endocrinology, Metabolism and Diabetes of South 
Africa  

T1D   Type 1 diabetes  
T2D  Type 2 Diabetes 

TCA  Tricarboxylic acid cycle 

TNF-α   Tumor necrosis factor-α  

WHO   World Health Organization 
WHR  Waist-to-hip ratio 

 
 

Units and symbols 

The International System of Units (SI) has been used throughout this thesis.  

 

%  Percent 
°C  Degrees Celcius 
g  Gram 

g/L  Gram per litre 

kg  Kilogram 

L  Litre 

mmol/L Millimol per litre 
µL  Microlitre 

>   Greater than  
<   Smaller than  
≥   Greater than or equal to  
±  Plus/minus α alpha β beta 
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THESIS FORMAT 
 

The thesis begins with a detailed literature review (Chapter 1), followed by a methods 

chapter (Chapter 2) describing the procedures that were common to all the papers that make 

up three results chapters (Chapters 3 to 5).  Each of the results chapters includes a 

description of the methods that were specific to that study and refers to the methods 

chapter for those methods that are shared across the studies.  Finally, as part of the 

integrated discussion (Chapter 6), each paper's results are summarized.  In addition, an 

overview of the thesis and how the papers within it address the challenges in the field of 

study.  
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CHAPTER 1: LITERATURE REVIEW 
 

Overview 

This literature review begins with a description of the epidemiology and the definitions of 

gestational diabetes mellitus (GDM).  This section also addresses GDM in the context 

of South Africa, focusing on the factors that may lead to the development of GDM among 

women living in urban areas. This information seeks to deepen the readers' understanding of 

the demographics studied. Subsequently adverse effects associated with GDM are outlined.  

The second section of the literature review outlines the pathophysiology of GDM and 

examines the potential role of selected biomarkers in its development.  

The third section deals with an examination of current screening and diagnostic methods for 

GDM including limitations. This section aims to elucidate the significance of exploring 

alternative methods for GDM screening and diagnosis, especially for public health facilities.  

Thereafter, current literature on the associations between selected biomarkers and GDM is 

reviewed while highlighting existing gaps in the research.  

The chapter concludes with a list of aims, objectives, and hypotheses.  
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1.1 EPIDEMIOLOGY  

1.1.1 Diabetes in pregnancy definitions 

Diabetes can manifest itself in a variety of ways during pregnancy. In this section, each type 

of diabetes in pregnancy including GDM is described.   

Pregestational diabetes refers to diabetes that develops before pregnancy. Affected women 

undergo therapy very early on, even before conception in preparation for pregnancy. 

Hyperglycaemia in pregnancy, also known as diabetes in pregnancy is a collective term for 

overt diabetes and gestational diabetes discovered for the first time during pregnancy. Thus, 

GDM can be classified as hyperglycaemia that is discovered in pregnancy, and which does not 

meet the diagnostic criteria for overt diabetes. 

The criteria that are used to distinguish GDM from overt diabetes are the levels of glucose 

from the oral glucose tolerance test (OGTT). Following the criteria from the International 

Association of Diabetes and Pregnancy Study Group (IADPSG), women with GDM must have 

one or more of the following glucose cut-off levels: 5.1 - 6.9 mmol/L fasting, 10.0 mmol/L at 

1 hour after glucose load, or 8.5 - 10.9 mmol/L after glucose load at 2 hours at 24 to 28 

weeks of gestation. This was formulated from the Hyperglycaemia and Adverse Pregnancy 

Outcome (HAPO) study  which found that at these levels the odds for birth weight, cord C-

peptide, and percent body fat being >90th percentile reached 1.75 [1].  

The women with overt diabetes  should have fasting blood glucose (FPG) and a 2-hour post-

glucose load above the cut-off levels for GDM [1]. The cut-off levels for GDM which were 

formulated following the outcome from the  

The distinction between GDM and overt diabetes is important because of the different 

therapeutic approaches. Women with overt diabetes are likely to be treated by insulin 

therapy [1] because of their risk for diabetes-related complications such as nephropathy and 

retinopathy and their offspring are at high risk for congenital anomalies.  Despite that GDM is 

associated with a lesser degree of complications than overt diabetes, its complications are 

those that should be prevented as they impact both the mother and the child in the long-

term. Therefore, screening and diagnostic methods for GDM should be accurate and precise 

to reduce complications in those affected by GDM.  
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1.1.2 Prevalence 

Historically, infectious diseases were the predominant cause of mortality in South Africa, 

primarily attributed to HIV/AIDS. However, the prevalence of non-communicable disease, 

particularly diabetes, is rising rapidly and is now ranked second globally and nationally based 

on the systematic analysis of the global and national disability-adjusted life years (DALY) 

systematic analysis from 1990 to 2021 [2]. Non-communicable diseases were second to 

Coronavirus disease 2019 (COVID-19).  The DALY is for objectively assessing the impact of 

diverse diseases and conditions on individuals' productivity and well-being. It incorporated 

both mortality and morbidity estimates. The international diabetes federation (IDF) 

estimates that 19.7% of live births in 2024 were affected by hyperglycaemia in pregnancy, 

with 79% of cases due to gestational diabetes mellitus (GDM) [3]. Globally, there are 

considerable variations in the prevalence of GDM amongst different groups, ranging from 1% 

to 15%, with low and middle-income countries (LMICS) contributing more than 90% of the 

women with GDM (see Figure 1.1  for the prevalence by World Health Organization (WHO) 

regions) [4,5]. The highest prevalence is in the Middle East and North Africa at 15.2%, and 

the least in Europe at 6.1%. The disparities in the prevalence of GDM globally is mainly 

driven by the differences in ethnicities but the environment and socio-economic 

determinants of health such as access to healthcare, economic stability, discrimination, 

migration, lifestyle and other sociocultural factors contribute to the variations in prevalence.  

This varying prevalence is also evident among subpopulations in sub-Saharan Africa. This 

could be contributed to the varying methodologies and diagnostic criteria making estimation 

of the true prevalence very difficult.  Macauley et al.[6] in a meta-analysis of 14 African 

studies estimated a prevalence ranging from 0% in Tanzania to 13·9% in Nigeria.  In contrast, 

a meta-analysis of 22 African studies by Mwanri et al. [7] estimated the prevalence of GDM 

to be between 2% and 6% in Africa.  In South Africa (SA), the prevalence of GDM is estimated 

to range between 5,7% and 25,8% [8–10].  Globally, in attempt to harmonise the GDM 

criteria,  several health organisations have adopted   the IADPSG criteria [11–13].  

Nevertheless, there is a significant amount of disparity in South Africa with respect to the 

screening and diagnostic methodologies for GDM. This will be discussed later in this chapter. 

The transition from other criteria to IAPDSG criteria will likely cause a spike in the prevalence 

of GDM because of the lower cut-off points of the IADPSG criteria compared to the other 
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criteria. The diagnostic criteria are discussed later in this chapter. Considering that GDM is 

among the most common complications during pregnancy and is estimated to rise globally 

with the rise in T2D and obesity, efficient GDM diagnostics and early management of the 

disease need to be prioritised.  

 

Figure 1.1 Median  (interquartile range) prevalence (%) of gestational diabetes mellitus (GDM) by 
WHO region, 2005–2018 (map generated from WHO website) [5]. 

 

1.1.3 Gestational Diabetes in South Africa  

There has been a noticeable rise in the occurrence of GDM in multiple countries over time. 

This increase appears to be linked to the increasing prevalence of obesity globally. The 

increase in the prevalence of obesity and GDM may be largely driven by the nutrition 

transition [14]. The term nutrition transition refers to changes in food intake and energy 

expenditure that occur in conjunction with economic, demographic, and epidemiological 

transitions [15]. Generally, nutrition transition is observed when individuals transition from 

consuming ethnic food to adopting more Western diets and engaging in fewer physical 

activities. In SA, there is a trend where people from rural areas move to cities (urban areas) 

in search for job opportunities[16]. The move from rural to urban environments coincides 

with changes in food and increased dependence on technology, for example, people in the 

cities drive more often than walk. As a result,  they engage in less physical exercise, which 

increases their risk of obesity [17].  

 

The discussion of the nutrition transition is incomplete without acknowledging fundamental 
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socio-economic changes in SA that may play a role in increasing obesity rates. The 

unemployment rate is currently at its highest level, with 47.3% (95%CI 49.9-55.6) of 

household heads being unemployed. This is more pronounced for women of childbearing 

age (60.7% in females vs. 33.2% in males) [18]. There was a significant rise in the 

unemployment rate from 32.6% in 2021 to 47.3% in 2023 following the COVID-19 pandemic 

in 2019 due to working people being retrenched from work [19]. Unemployment raises 

poverty rates and negatively impacts the country's economy. As a result, an increasing 

number of people choose to buy less expensive food, which may not always be conducive to 

their health due to the low nutritional value. Many individuals end up putting on weight 

increasing their risks of developing T2D and for women, GDM. Studies suggest that 

impoverished communities are likely to have poor health and lower life expectancy  [20,21]. 

 

In SA, there are more women who are obese than men (41.3 vs 15.3%) as shown in Figure 

1.2 [18]. Furthermore, a greater percentage of women have a waist-to-hip ratio (WHR) 

greater than 0.85, (52% vs. 11.2%). A WHR greater than 0.85 is linked with an increased risk 

of developing T2D and hypertension [18].   Together, these figures indicate that majority of 

women in SA are obese and those in the reproductive age group are likely at risk of 

developing GDM during pregnancy. 

 

Figure 1.2 BMI distribution in adults by gender in South Africa [18].  

 

Access to healthcare is one of the socioeconomic factors that influence health outcomes. 

Even though antenatal care services are accessible at no cost to women in South Africa, 



7 

 

testing for hyperglycemia in pregnancy is limited to a few public health facilities which are 

likely tertiary hospitals [22]. When screening for GDM using the risk factors criteria is used at 

the local clinics,  the women are often  referred to the nearest hospitals equipped to perform 

diagnostic testing. However, these hospitals are often far from where the women live, forcing 

them to spend money on transport, take time off work, and make additional arrangements 

to attend the test. In some hospitals, women are even required to purchase their own 

glucose powder from local pharmacies. These logistical and financial barriers create 

significant inconvenience, leading some women to forgo GDM diagnosis altogether. The 

referral system is not without challenges as many hospitals are overcrowded and often 

health workers have to stretch their limited resources to do their daily tasks.  As a result, 

many women choose to stay at home. Based on the above and other public health system 

challenges, pregnant women with GDM are likely to be missed within the South African 

health system [23].  Although some hospitals are equipped for GDM testing, resources are 

not distributed equally across facilities. As a result, hospitals often adopt diagnostic criteria 

that align with their available budget and resources, leading to inconsistencies in testing 

practices and standards of care [24]. Aside from the logistics of administering the GDM test, 

there appears to be a knowledge gap regarding the significant indirect costs such as absence 

from work or from usual activities, childcare, and travel costs, which in some countries may 

be greater than the direct costs of testing. Therefore, GDM screening and diagnostic tools in 

SA should take into consideration cost implications both direct and indirect.  

1.1.4 Impact of GDM on Maternal and Foetal Health  

Women who have GDM typically return to euglycaemia following childbirth. However, the 

diagnosis of GDM can lead to complications for both the mother and the infant, both in the 

short and long term [25,26]. Therefore, it is crucial to ensure proper testing and treatment. If 

women are not identified during their antenatal visits, they may not be screened for long-

term complications after pregnancy. 

According to the HAPO study outcomes, moderate glucose intolerance in pregnancy 

correlated with birth weight, cord-blood serum C-peptide level, primary caesarean delivery, 

neonatal hypoglycaemia and maternal blood glucose levels [27]. Other known complications 

of GDM are  preeclampsia, preterm delivery (defined as delivery before 37 weeks gestation), 
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shoulder dystocia or birth injury, hyperbilirubinaemia, and neonatal intensive care admission 

[28] (Table 1.1).  

Other studies demonstrated that infants of women with GDM have higher odds of 

respiratory distress, hypocalcaemia, hypomagnesaemia and birth trauma [5,7,29]. Natural 

delivery of a foetus with macrosomia is linked with a high risk of shoulder dystocia, 

postpartum haemorrhaging, fourth-degree lacerations and uterine rupture in the mother 

because of the large size of the foetus [30]. For this reason, most mothers with GDM are 

compelled to have a caesarean delivery which also carries anaesthetic and surgical risks. The 

incidence of preeclampsia, a common cause of maternal and foetal morbidity in Africa has 

been shown to be influenced by the severity of GDM and the woman’s prenatal body mass 

index (BMI) [31,32]. 

After pregnancy, women diagnosed with GDM are at higher odds of developing GDM in 

subsequent pregnancies. The risk rises with the number of previous GDM-affected 

pregnancies [33].  Furthermore, both the mother and child are at risk of obesity,  T2D and 

cardiovascular diseases later on in life [25,26,34]. It is estimated that between 22 and 28 

years following the first pregnancy, T2D will develop in 70% of women with GDM [25,35,36] 

and the risk is more pronounced in certain populations [37]. Table 1.1. below is a summary of 

the short and long-term complications of GDM 

Table 1.1 Short- and long-term complications observed in mother and child following GDM diagnosis. 

Short-term maternal complications Short-term foetal complications 

• Gestational hypertension 

• Assisted delivery, caesarean 

section, and preterm delivery 

• Pre-eclampsia 

• LGA or macrosomia 

• Neonatal complications including 

shoulder dystocia, neonatal 

hypoglycaemia, hypocalcaemia 

hyperbilirubinemia, and 

hypomagnesaemia,  

• Neonatal respiratory distress. 

• Elevated cord-blood serum C-peptide 

levels 

• Neonatal intensive care admission 
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Long-term maternal complications Long-term foetal complications 

• T2D and recurrent GDM 

• cardiovascular complications 

• T1D (depends on the population) 

• T2D  

• obesity 

• cardiovascular complications 

1.2 PATHOPHYSIOLOGY 

1.2.1 Insulin Resistance and β-cell Dysfunction 

The aetiology of GDM  is not fully understood, however, the prevailing common 

understanding is that it is a multifaceted disorder identified by reduced insulin sensitivity and 

β-cell function[38]. Insulin is a polypeptide hormone composed of 51 amino acids that is 

synthesised and secreted by the β-cells of the pancreatic islets of Langerhans when the 

concentration of blood glucose increases [39]. Normally, insulin promotes glucose removal 

from the circulation by mediating the translocation of Glucose Transporter Type 4 (GLUT-4) 

from the cytoplasm to the membrane in skeletal muscle and adipose tissues (Figure 1.3) [40].  

The signalling pathway for insulin-induced glucose uptake is initiated by the binding of insulin 

or insulin-like growth factor to the insulin receptor which initiates a downstream signalling 

pathway. The signalling pathway is primarily regulated through the tyrosine phosphorylation 

of the insulin receptor substrate-1 (IRS-1) by the insulin receptor. Tyrosine phosphorylation of 

IRS-1 will result in the stimulation of the phosphatidylinositol 3-kinase (PI3K)-protein kinase B 

(PKB/AKT) or extracellular signal‑regulated kinase 1 or 2/mitogen-activation protein kinase 

(ERK/MAPK) pathways, inducing the translocation of GLUT-4 from the cytoplasm to the 

membrane of that cell [41–43], whilst the ERK/MAPK pathway mediates in part processes 

involved in cell proliferation, differentiation and stress responses [44].  

In the liver, insulin increases glucose uptake by activating the enzyme glucokinase (GCK) 

enzyme. This enzyme catalyses the phosphorylation of glucose to glucose-6-phosphate, a 

substrate for glycogen production [45].  
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Figure 1.3 This figure illustrates the main steps of insulin action including insulin binding, signalling 

cascade, GLUT-4 exocytosis and translocation. Created in BioRender. (2025) 

https://BioRender.com/t32q818 

The rate of glucose uptake stimulated by insulin is estimated to decline by 32% in the late 

stage of normal pregnancy [38]. This pregnancy-induced insulin resistance (IR) is the body's 

strategy to supply energy to both the growing foetus and the mother by reserving glucose for 

the foetus and using the stored lipids in the form of fatty acids for the mother [46]. The body 

achieves this by reducing glucose transport and/or tyrosine phosphorylation of IRS-1  which 

result in some degree of IR [47]. Pancreatic β-cells normally compensate for IR stimulated by 

pregnancy by increasing insulin production in response to the elevated circulatory glucose 

levels [38]. However, if the demand exceeds the supply of insulin, glucose will accumulate in 

circulation, ultimately leading to hyperglycaemia.  

Below is a review of some of the common processes that are thought to contribute to the 

development of GDM. 
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1.2.2 The Role of Hormones in Inducing Insulin Resistance.   

Pregnancy is regulated in part by pregnancy hormones. As the pregnancy advances, 

hormones such as oestrogen, progesterone, cortisol, human placental lactogen (hPL)  and 

human placental growth hormone (hPGH) also rise [48]. 

The rise in these hormones coincides with the decline in insulin sensitivity [49]. Although the 

mechanisms by which these hormones regulate insulin action are not entirely clear, the 

literature suggests that these hormones play a critical role in the development of pregnancy-

induced IR [50–54]. This theory is also supported by the fall in hormone levels just after 

delivery [55,56].    

In pregnancy, the increase in progesterone and hPGH is associated with low rates of GLUT4 

translocation which also inhibits IRS-1 action and downstream signalling pathways [51,52]. In 

animal studies, glucocorticoids such as cortisol directly suppress insulin release in β-cells 

[50]. However, in humans, cortisol stimulates gluconeogenesis to increase glucose levels 

while simultaneously inhibiting glucose uptake in tissues during periods of stress, including 

pregnancy. 

The precise role of hPL in pregnancy is not fully understood. However, it is thought that hPL 

has multiple effects. One function involves enhancing insulin secretion, synthesis, β-cell 

proliferation, and promoting glucose oxidation and glycogen storage. The other function is to 

induce IR by inhibiting insulin from binding to insulin receptors.  It has also been shown to 

promote lipolysis in adipose tissues, facilitating the mother's use of stored lipids [58].   

This process of inducing IR during pregnancy by way of pregnancy hormones is part of the 

changes that occur during normal pregnancies. Under normal circumstances the pregnancy-

induced IR is compensated by increased insulin secretion.  

1.2.3 Low-grade Chronic Inflammation and the development of GDM 

Inflammation is the body’s natural defence mechanism against toxins, infections, and other 

stress-inducing processes. However, persistent release of cytokines and chemokines results 

in tissue damage. This process of sustained inflammation is known as chronic inflammation. 

Normal pregnancy is associated with low-grade chronic inflammation. This process is critical 

during the development of human embryos. During embryo implantation, trophoblast 

invasion and placentation there is an increase in cytokine levels [41]. The success or failure of 
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the embryo implantation depends on the balance between the release of pro-to-anti-

inflammatory cytokine release. This process is orchestrated by the trophoblast cells together 

with pregnancy hormones [59,60]. Pro-inflammatory cytokines such as TNF-α and IL-6 induce 

IR in part by stimulating the c-JUN N-terminal kinase (JNK) pathway and IκB kinase (IkappaB 

kinase or IKK) of the nuclear factor-kappa B (NF-κB) signalling pathway.  The JNK signalling 

pathway, when activated can inhibit insulin signalling by initiating serine phosphorylation of 

IRS-1 [61,62]. Furthermore, TNF-α was found to downregulate the transcription factor 

peroxisome proliferator-activated receptor (PPAR-γ), a ligand-activated transcription factor 

that functions to induce insulin action and enhance glucose metabolism [63,64]. 

Adipose tissue may also stimulate low-grade-chronic inflammation. Adipocytes are the main 

storage site for lipids. However, adipocytes also possess the ability to function as endocrine 

cells and thus can release adipocytokines, hormones, and other peptides that regulate 

hunger to maintain energy homeostasis. However, in obesity,  the extent to which the 

adipokines are released is imbalanced and the scale is shifted more towards pro-

inflammatory adipokines [65].  Thus, if pro-inflammatory cytokines can inhibit insulin action 

as mentioned above, then  the development of IR in pregnant women who are obese is a 

combination of pregnancy-induced-IR and IR induced by adipokines which places them at a 

much higher odds of developing GDM [66]. The correlation between adipose tissue and 

insulin action in obese women is further supported by findings indicating that  loss of  weight 

improves insulin sensitivity [67].  

The levels of TNF-α correlate positively with IR in late pregnancy. [68]. This effect is more 

defined in women with GDM compared to healthy pregnant women [68,69]. Similarly, the 

level of interleukin-6 (IL-6), a pro-inflammatory biomarker, is greater in women with GDM  

compared to healthy pregnant women and women with GDM [70,71]. In addition,  a direct 

association have been found between elevated IL-6 levels and pregravid BMI, fasting plasma 

glucose, and postprandial glucose levels [72], and inversely associated with insulin action 

[73].  

However, studies reporting the association of IL-6 and TNF-α with GDM are inconsistent. 

According to López-Tinoco et al. [74], TNF-α and not IL-6 is linked to GDM. In addition, it is 

unclear whether the correlation between TNF- α and GDM is independent of BMI. According 
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to Winkler et al. [75],  BMI attenuated the association of TNF-α with GDM in a multivariate 

model. Therefore, more research is required to determine whether TNF-α and IL-6 can 

predict GDM. 

In addition to the aforementioned, other factors that play a part in the development of 

chronic low-grade inflammation include cigarette smoking, poor diet, psychological stress, 

sleep disturbances, altered circadian rhythm, and physical inactivity [76]. 

1.2.4 Branched-Chain Amino Acids' Role in Insulin Resistance  

Branched-chain amino acids (BCAAs) are made up of three amino acids namely, leucine, 

isoleucine, and valine. These amino acids are essential amino acids, which means they 

cannot be synthesised endogenously.  The elevated levels in circulation are linked to IR [77–

80]. The structures of BCAAs are illustrated in Figure 1.4. The association of BCAAs with IR 

does not explain whether BCAA elevation is a result of or the cause of IR.  In literature, there 

is a body of work that claims that elevated BCAAs cause IR [47,77,81,82]. In the studies, 

BCAAs are thought to induce IR through the stimulation of the mammalian target of 

rapamycin (mTOR) signalling pathway. The mTOR signalling pathway regulates protein 

synthesis and breakdown in cells and is a key signalling mediator in the crosstalk between 

amino acids and insulin [83]. The mTOR can exist as two complexes: mTORC1 and mTORC2. 

mTORC1 is primarily related to cell growth and proliferation, protein synthesis, suppression 

of autophagy and hypoxia, and transcription. On a theoretical level, researchers suggest that 

sustained elevated levels of BCAAs, observed in obese and T2D patients, may lead to 

overstimulation of the mTOR pathway. This overstimulation subsequently activates the 

mTORC1 signalling pathway, which initiates a negative feedback loop that inhibits insulin by 

inducing serine phosphorylation of IRS-1 (73,76,77). Serine phosphorylation of IRS-1 inhibits 

interaction between insulin receptors and IRS-1, while also initiating its degradation.  

In addition, elevated levels of BCAAs are believed to interfere with the normal processes of 

catabolism of BCAA, subsequently disrupting mitochondrial β-oxidation to a degree that may 

lead to mitochondrial stress [47,77,84,85]. This theory claims that first there has to be BCAA 

overload/ nutrition overload, which leads to the disruption of normal BCAA catabolism in 

adipose tissue, in turn decreasing BCAA oxidation [84].  Secondly, circulatory BCAAs may 

further be elevated  by other factors such as gene variation or increased BCAA synthesis by 

the gut microbiome [47]. The elevated circulatory BCAAs are thought  to spill into the liver 
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and skeletal muscles,  where they too will have impaired BCAA catabolism and mitochondrial 

oxidation, in turn, increasing circulatory BCAAs [77,81,82].  The combination of 

mitochondrial stress from different tissues ultimately leads to impaired insulin action [86–

88]. However, whether they play a role in the aetiology of GDM is currently not known. 

 

 

Figure 1.4 The chemical structure of branched-chain amino acids Created in BioRender. (2025) 

https://BioRender.com/o24h764 

1.2.5 Free Fatty Acids Role in Insulin Resistance 

Free fatty acids (FFAs) are important source of energy for body tissues and circulatory levels 

are elevated during times of starvation, prolonged exercise, and pregnancy. In pregnancy, 

particularly, late pregnancy, there is an increase in the level of FFA levels to compensate for 

the pregnancy-induced IR. This increase shifts the maternal energy source from glucose to 

lipids to reserve glucose for the growing foetus. Structurally, the FFAs are key components of 

esterified lipids such as triglycerides and phospholipids and are classified as saturated or 

unsaturated based on their length [89].  

Normally, insulin regulates lipolysis (the breakdown of triglycerides into glycerol and FAs) in 

adipocytes, the main storage depot for triglycerides, by suppressing lipolysis during meals 

and promoting lipolysis in the fasting state (35).  As mentioned previously, in pregnancy, hPL 

further stimulates lipolysis as compensation for low maternal glucose uptake induced by 

pregnancy hormones. This process preserves glucose for the foetus resulting in the elevation 

of FFAs. The above is more profound in pregnant women who are overweight or obese 

[90,91].  

https://biorender.com/o24h764
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Some research indicates that unusually high FFAs are associated with decreased IR and 

glucose uptake [92–95]. It is thought that impaired FFA metabolism initiated by the increase 

in circulatory fatty acids disrupts the normal fatty acid oxidation (FAO) processes. This is 

shown by the increase in  FAO enzymes that are not matched with an increase in the 

tricarboxylic acid cycle (TCA) enzymes [47,96] which are required for the metabolism of 

acetyl-CoA, which is the major breakdown product resulting from FFA catabolism. The 

disparity between the two processes (FAO and TCA) is thought to form incomplete FAO which 

increases fatty acid intermediates such as acylcarnitine (ACs). The impaired FAO may also 

lead to mitochondrial stress ultimately impairing insulin action [96,97].  In addition, it is 

thought that in the liver,  excess FFAs are shifted from oxidative to esterification pathways, 

which create lipids with signalling characteristics such as diacylglycerol which blocks tyrosine 

phosphorylation of IRS-1 [98].  

Metabolomic studies have found associations between FFAs and their metabolites with GDM 

[99–104]. This explains why women with high pregravid BMI are at increased risk of GDM in 

pregnancy.  

1.2.6 Genetic and Epigenetic Factors Contributing to GDM 

The prevalence of GDM is believed to be influenced to a lesser extent by genetic factors. 

There is less than 5% of women with GDM have monogenic(single gene mutation) 

disorders[54,105] and approximately 10% of GDM patients have autoantibodies that target 

specific β-cell antigens [106–108]. In addition, the pathophysiology of genetic defects related 

to the development of GDM is not widely studied and literature in this area is scarce. 

However, from existing studies available, it appears that GDM may arise from mutation of 

genes involved in glucose metabolism, insulin secretion and/ or β-cell function. For example, 

the GCK heterozygous mutation may result in a mild elevation of blood glucose levels, 

potentially leading to GDM in individuals with this mutation during pregnancy[109]. 

According to a systematic review by Zhang et al. [110], gene modifications of the following 

genes TCF7L2, GCK, KCNJ11, CDKAL1, IGF2BP2 and MTNR1B, are significantly associated with 

GDM and linked to pancreatic islet β-cell function.  Studies outside of pregnancy found that 

gene modifications of the two genes, PPARG and IRS1, contribute to IR development. In 

addition, studies suggest that the degree of the IR formed may be population-dependent as 

seen with the GLY1057 Asp variation of the IRS-2 gene. This variation was strongly linked with 
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IR and T2D but the degree to which the IR manifested was not the same across all 

populations studied [111–113]. Variations in the gene encoding zinc transporter 8 (ZnT8), a 

zinc regulator in β-cells, were identified as being linked to an increased risk for GDM in the 

Chinese population [114]. 

According to Steyn et al. [115], the degree of methylation in the promoter region of the 

glucose-6-phosphate dehydrogenase gene (G6PD) in both blood and placenta tissue is 

considerably great in women with GDM when compared to controls, and this was found to 

be correlated with reduced levels of  G6PD mRNA expression. 

There is the belief that women who develop GDM enter pregnancy with an already IR albeit 

asymptotic. Therefore, there is a high probability that the underlying processes described 

above, which may exist before pregnancy, are exacerbated by pregnancy-induced IR that 

occurs in the later stages of pregnancy. This results in an increased demand for insulin 

production, ultimately resulting in the depletion of β-cells and consequently, the 

development of GDM (Figure 1.5) [116].  

 

Figure 1.5. Mean (±SD) insulin sensitivity during a euglycaemic-hyperinsulinaemic clamp in pregnant 
women. GDM=Gestational diabetes mellitus, Pt= p value for individual longitudinal changes with 
time, Pg= p value for difference between groups. Taken from Catalano (1991) [117]. 
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1.3 DIAGNOSTIC METHODS FOR GDM 

1.3.1 Definitions 

The primary objective of a diagnostic test is to determine whether the disease is present or 

not and to guide treatment options for individuals showing symptoms or identified as high 

risk through screening.  On the contrary, a screening test aims to identify individuals who are  

at higher odds of developing a disease, thereby facilitating early intervention to avert the 

onset of the disease and its associated complications[118] .  

Target 3.8 of the sustainable developmental goals (SDG) established by the United Nations 

General Assembly in 2017 to be achieved by 2030  states that  by 2030 all countries should 

achieve universal health coverage[119,120].  This is aligned with the World Health 

Organization's recommendations of universal screening for GDM[11].  Universal screening 

means that all persons in a given group, regardless of whether they have risk factors or 

symptoms for the disease are tested. This is currently not practised in many countries due to 

limited resources. Instead, countries that can implement some form of screening use 

selective screening.  Selective screening uses risk factors to screen individuals considered to 

be at risk for a given condition, in this case, GDM.  

1.3.2 Overview of Conventional Diagnostic Criteria for GDM  

Following the HAPO study, where hyperglycaemia in pregnancy was linked to adverse 

maternal and neonatal outcomes, at moderate glucose levels [121], the IADPSG formulated 

new diagnostic criteria for the diagnosis of GDM [1]. The revised recommendations received 

substantial endorsement from multiple organisations, such as the World Health Organization 

(WHO) [11], American Diabetes Association (ADA) [12], Endocrine Society [122], 

International Federation of Gynaecology and Obstetrics [13] and Society of Endocrinology, 

Metabolism and Diabetes of South Africa (SEMDSA) [123] . However, there are also push-

backs from various health organizations such as the National Institutes of Health (NIH) and 

the American Congress of Obstetricians and Gynaecologists (ACOG) who feel that there is not 

enough evidence to support the IADPSG criteria [12], therefore its use could lead to 

unnecessary treatment and increased burden on women who are likely low risk. The 

organizations also feel that the criteria will likely raise the prevalence of GDM which likely 

poses an extra burden to those women who have mild gestational diabetes [124,125]. Apart 
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from the logistics of GDM management and testing, other less researched implications 

include the psychological burden of being diagnosed with the disease. Moreover, the authors 

caution that the findings may not be transferable to other populations which were not 

included in the HAPO study. Thus, studies similar to the HAPO study in non-Caucasians are 

necessary to establish cut-offs specific to those populations. 

Another commonly applied diagnostic criteria in SA are the United Kingdom National 

Institute for Health and Care Excellence (NICE) guidelines which recommend a selective 

screening method for GDM. Women with GDM risk factors are advised to go through a 

diagnostic 75-g 2-hour OGTT at 26 to 28 weeks of pregnancy (Table 1.3) using slightly higher 

cut-off levels than the IADPSG criteria [126]. The conventional risk factors recommended by 

NICE are BMI > 30 kg/m2, previous macrosomia (≥4500 g), previous GDM, family history of 

diabetes, and ethnic origin with a high prevalence of diabetes (South Asian, Black Caribbean, 

Middle Eastern) (Table 1.4). One of the major contrasts of NICE guidelines from IADPSG is 

that they have higher cut -off levels which consequently play a role in the prevalence of 

GDM.    

There are a few public health centres in SA that follow the ADA 2-step guidelines for GDM 

screening (Table 1.2), particularly in women with GDM risk factors in early pregnancy. 

However, there are an ongoing debate about whether it is appropriate to expose expectant 

mothers to a significant glucose challenge like the one suggested by the 2 Steps approaches 

mentioned above [127]. Also it should be considered  that the glucose challenge test (GCT), 

the first step of the 2 -step approach, is generally only 85% sensitive with markedly less 

sensitivity among ethnic groups whose GDM is associated more with fasting hyperglycaemia 

[128].   

For these reasons, there is still no consensus on the diagnostic criteria for GDM. The 

diagnostic criteria are shown in Table 1.2 and Table 1. 3.    

Table 1.2. Conventional diagnostic criteria for GDM before “harmonization”. 

Diagnostic 
criteria 

Glucose 
load (g) 

using the 
OGTT 

Glucose threshold (mmol/L) Recommendation 

Fasting   1 h  2 h  3h  
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WHO; 1999 75 ≥7.0 - ≥7.8 - One or more of the cut-offs to 
be diagnosed with GDM 

ADA 2 step 50 (GCT) - ≥ 10   If 1hr ≥10mM then proceed to 
do the 3hr, 100g OGTT 

according to Carpenter and 
Coustan criteria 

IADPSG; 
2010 

75 ≥ 5.1 ≥ 10 ≥ 8.5 - One or more of the cut-offs to 
be diagnosed with GDM 

NICE; 2015 75 ≥ 5.6 - ≥ 7.8 - One or more of the cut-offs to 
be diagnosed with GDM 

Carpenter 
and Coustan 

100 ≥ 5.3 ≥ 10 ≥ 8.6 ≥ 7.8 More than one of the cut-offs 
to be diagnosed with GDM 

NDDG 100 ≥ 5.8 ≥ 10.6 ≥ 9.2 ≥ 8.0 More than one of the cut-offs 
to be diagnosed with GDM 

WHO= World Health Organization, ADA= American Diabetes Association, IADPSG= International Association of 

the Diabetes and Pregnancy Study Groups, NICE= United Kingdom-based National Institute for Health and Care 

Excellence, GCT= glucose challenge test; OGTT= oral glucose tolerance test; NDDG= National Diabetes Data 

Group. Adapted from Khambule and George (2019)[83].   

 

 

 

 

Table 1.3 Latest recommendations from International and national bodies 

Guidelines Recommendations 

WHO 2013 IADPSG criteria for GDM anytime 

SEMDSA 2017 Selective screening and IADPSG diagnostic criteria  

ADA 1. One-step screening approach with IADPSG criteria 

2. Two-step screening approach with 50-g GCT and 100-g OGTT with 

the Carpenter and Coustan criteria or the NDDG criteria 

ACOG Two-step screening strategy with 50-g GCT and 100-g OGTT with the 

Carpenter and Coustan criteria or the NDDG criteria 

NICE The selective screening approach, whereby women with risk factors for 

GDM are recommended to undergo a diagnostic 75-g 2-hour OGTT at 26 

to 28 weeks gestation, with diagnostic (fasting or 2-hour post glucose 

load) glucose thresholds higher than the IADPSG diagnostic criteria for 
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GDM, 5.1 mmol/L vs. 5.3mmol/L for fasting and 8.5mmol/L vs. 8.6mmol/L 

for 2-hour post glucose load.  

WHO= World Health Organization; ADA= American Diabetes Association; SEMDSA= Society of Endocrinology, 

Metabolism and Diabetes of South Africa; ACOG: American College of Obstetricians and Gynecologists; IADPSG: 

the International Association of Diabetes and Pregnancy Study Groups; GCT: glucose challenge test; OGTT: oral 

glucose tolerance test; NDDG: National Diabetes Data Group 

1.3.3 Limitations and Challenges of Current Diagnostic Methods 

The OGTT is a cumbersome test which involves the patient drinking a concentrated glucose 

solution, after which blood glucose levels are measured at specified time intervals, fasting, 

after 1 and 2 hours respectively. This requires multiple blood withdrawals, and the glucose 

solution can cause nausea. While the OGTT is considered the gold standard for the diagnosis 

of GDM, it has some drawbacks including a high chance of preanalytical errors and the 

requirement of well-trained personnel to conduct the test. Preanalytical errors are largely 

caused by mishandling of glucose samples [129,130]. Preservatives such as fluoride and 

citrate stop ex-vivo glycolysis, leading to glucose consumption. However, a 0,5mmol/l 

decrease in glucose over a 2-4 h period is noted with fluoride tubes, and most of the decline 

occurs during the first post-collection [129]. Pre-analytical issues also include physical 

activity, gastric emptying, stress and sleep, and length of time spent in the fasting state  

[131,132]. There is also research which has shown that the OGTT is not reliable and 

reproducible [133,134].  Thus, according to Pintaudi et al (2022), GDM prevalence varied 

significantly depending on the OGTT glucose level estimates at the lowest (4.5%) or highest 

(25.3%) allowed value according to the total maximum allowable error [133]. As a result, 

there is a growing interest in practical solutions, particularly in developing countries and 

healthcare facilities with high patient loads and limited resources. Another drawback is that 

the conventional method for glucose measurement is lab-based thus the site at which the 

OGTT is performed should be near a laboratory.  This is the main reason why in SA only a few 

health centres can perform the test.  

Regarding universal screening, there are concerns that testing all pregnant women with the 

OGTT may increase costs and there is an increased burden of imposing excessive testing on 

women who would otherwise have been classified as low risk.  
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Although universal screening is currently not practical in SA, the risk-factor approach is not 

entirely effective in practice  either and has failed to identify over 50%  of women who would 

later develop GDM [8,10,135,136]. A study performed in SA showed that out of 554 women 

tested for GDM using the IADPSG criteria, 59 (10.6%) would be missed if the risk-factor 

approach was applied [137]. Furthermore, 170 (30.7%) of the 554 women tested had one or 

more of the risk factors mentioned below but tested negative for GDM. A study from Nigeria, 

showed that 31% of the women with GDM would be missed if selective screening was used 

[135]. Another South African study showed that 43.9% of GDM cases would be missed if the 

selective screening was used in a black African population [8]. Similarly, a study in Uganda 

found that 57% of the GDM cases would have been missed based on the selective screening 

[136]. 

The diagnosis of GDM in early pregnancy (<24 weeks) is not well established. The WHO 2013 

guidelines stipulate that GDM may be diagnosed at any time using the IADPSG criteria [11], 

however, they acknowledge that the evidence supporting this recommendation is 

insufficient.  Another option could be the possible use of biomarkers, which could be a 

cheaper and less invasive way to diagnose. Furthermore, there is a need for compelling data 

indicating how preventative interventions, notably routine GDM screening, can improve 

long-term health outcomes for both women and their children.  

 

Table 1.4 Risk factors for GDM. 

 Risk factors for GDM 

1. Repeated glycosuria 

2. Previous GDM 

3. First-degree relative with diabetes 

4. History of stillbirths of unknown origin, previous congenital anomalies and 

suspicion of polyhydramnios in present pregnancy. 

5. History of high-birth weight infant ≥4.5 kg 

6. Obesity (BMI >30 kg/m2) 

7. History of polycystic ovarian syndrome 
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8. History of unexpected perinatal death 

9. Women of South-Asian descent 

 

In the following section, the recent advancements in the discovery of GDM-related 

biomarkers are discussed. 

1.3.4 Recent Advancements and Modifications in Diagnostic Criteria  

Point-of-care glucose analysis 

One promising solution to address some of the drawbacks of OGTT is point-of-care (POC) 

glucose testing. The POC glucometers may provide numerous operational benefits, including 

shorter turnaround times, fewer health visits, timely health interventions and eliminating 

preanalytical sample handling errors associated with glucose stability [138]. The International 

Federation of Gynaecology and Obstetrics (FIGO) guidelines also encourage using 

glucometers to test for GDM in resource-limited settings because of the associated low cost, 

convenience of use, availability, and ability to identify and treat GDM as soon as possible [1]. 

To adopt this recommendation POC should be comparable with laboratory results. There has 

been conflicting data regarding the glucometers' performance in different clinical settings 

[139,140]. A study by Adams et al. [141] indicated that the Roche AccuChek active 

glucometer was not ideal for utilisation in GDM diagnosis when using the FIGO criteria. In a 

2020 publication by Gracia-Claver et al.[140] on the performance of the AccuChek or Contour 

Next for diagnosis of GDM using the National Diabetes Data Group (NDDG) criteria showed 

good, acceptable performance for fasting sample and met the ISO 151917:2013 specification.  

The ISO 151917:2013 specifies the analytical performance specification of self-monitoring 

capillary glucose compared to the plasma venous glucose methods. 

Glycaemic markers for GDM diagnosis 

Given that most women diagnosed with GDM in the HAPO study were identified using fasting 

plasma glucose (FPG) alone, using FPG instead of the complete  OGTT for diagnosing GDM 

may be beneficial  for countries with limited resources[121].  However, patients would still 

need to come fasted for this test, therefore glycated albumin (GA) and glycated haemoglobin 
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(HbA1c) may be more desirable, as they can be measured in random blood samples. These 

glycaemic markers are formed through a naturally occurring process known as glycation. 

Glycation is a non-enzymatic addition of a reducing sugar to a protein. The first stage of the 

glycation process entails the attachment of the sugar to the amine group of the N-terminal or 

lysine residue on the proteins, resulting in the production of the intermediate Schiff base 

[142,143]. The Schiff base is an unstable, reversible product that leads to the formation of 

the irreversible Amadori product. This process is also known as early-stage glycation 

[142,143] and is illustrated in Figure 1.6. The benefit of using these glycaemic markers is that 

POC devices are available, but as mentioned previously, they would need to be validated and 

compared with the laboratory-based measurements before use [139,144,145].  

 

Figure 1.6 The general reaction for glycation of a protein. Taken from Anguizola et al. [142] 

 

Metabolomics and proteomics 

Metabolomics and proteomics use techniques such as liquid chromatography-tandem mass 

spectrometry (LCMS/MS) and gas chromatography-tandem mass spectrometry (GCMS/MS) 

to investigate metabolites and proteins in a biological system at a certain stage and time 

point. These techniques have fast-tracked biomarker research and have been used to gain 

insights into the pathophysiology of a disease that was not possible previously. These 

techniques can be used to discover biomarkers for GDM in early pregnancy. This is important 
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as it will facilitate prompt treatment and may prevent the adverse outcomes associated with 

GDM.  

Metabolomics and proteomics have significantly expanded our understanding of diabetes. 

Before that, analysing individual amino acids, FFAs, and proteins simultaneously was a 

challenge, and the commonly used methods provided minimal opportunity for the discovery 

of new biomarkers.  

The main drawback in metabolomics and proteomics is the likelihood of uncertainty in 

identified analytes, which may undermine the significance of the biomarkers, and this is 

possible even when standard operating procedures are utilised. Uncertainty can be 

generated by intrinsic biological variety among individual participants, participant 

compliance with instructions, clinical state fluctuations, and analyser/researcher experience. 

Therefore, to confirm the validity of the biomarkers, validation should be performed. 

However,  this step is frequently by-passed in many studies due to the expense implications 

of performing the validation [146].  Another disadvantage is that reference standards for the 

biomarkers are required for quantitation and in some cases the reference standard is not 

commercially available. 

Metabolomic studies aimed at GDM biomarker discovery are inconsistent and this might be 

caused by the varying diagnostic criteria and analytical platforms applied. Moreover, the 

differences in the genetic makeup of the population may influence the outcome of the 

studies [99,100,147–152]. There has not been many metabolomic studies conducted in the 

African population.  

While metabolomics and proteomics have significantly enhanced our understanding of the 

pathophysiology of GDM, the existing studies have yet to identify reproducible, and clinically 

useful diagnostic biomarkers. However, the previous metabolomics and proteomics research 

has added knowledge on certain dysregulated proteins and metabolic pathways related to 

the pathophysiology of GDM [153].  
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1.4 SUMMARY OF THE LITERATURE REVIEW 

• GDM shares similar pathophysiological characteristics with T2D including insulin 

resistance and β-cell dysfunction however the aetiology of these processes is still not 

fully understood 

• There are not many studies conducted on GDM in SA and Africa, even though 

developing countries are estimated to contribute 99 % to maternal and childbirth 

mortality (141) and within developing countries, the rural and poor communities are 

mostly affected. The few published studies on GDM in Africa differ in methodology 

which makes the interpretation of results difficult. 

• To date, there has not been a consensus on which screening method to apply for 

GDM. Although the OGTT test defined by the IADPSG is advocated by some 

international organisations such as WHO, its use as a screening test is not practical in 

resource-limited environments. Thus, within LMICs pre-screening tests are used 

which pick out women with GDM risk factors to whom the OGTT is then applied. 

However, these tests have low sensitivity and specificity. 

• While South African women have access to antenatal care, there is a shortage of 

public health centres that can make the diagnosis of hyperglycaemia during 

pregnancy due to the lack of resources [23]. 

• The diagnosis of GDM is based entirely on the identification of hyperglycaemia in 

pregnancy through performing the OGTT. Therefore, other biological markers such as 

GA, HbA1c, BCAA and FFAs and metabolites and markers of inflammation, could also 

be investigated for the screening and diagnosis of GDM as they are markers of 

glycaemia and/or are implicated in the development of pregnancy-related 

hyperglycaemia. 

• Metabolic and proteomic methodologies for screening for novel biomarkers for GDM 

have not yet identified such biomarkers but they have contributed to our 

understanding of the metabolic dysfunction that underpins the development of GDM  

 

1.5 AIMS, OBJECTIVES AND HYPOTHESES OF THE STUDY 

• In light of the above, the study was aimed at investigating alternative methods for 

detecting dysglycaemia and diagnosing GDM in African women.  
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• The specific objectives of this study are as follows:  

1. To determine the accuracy of seven POC glucometers in diagnosing GDM among 

high-risk pregnant women in South Africa using the OGTT and laboratory-based 

measures of glucose as the gold standard. 

2. To compare the accuracy of FPG, HbA1c and GA against the OGTT for diagnosing 

GDM in a high-risk black African population. 

3. To determine whether metabolites and proteins chosen from the literature as 

markers of GDM (IL-6, TNF-α, FFAs, BCAAs, and ACs), are associated with 

glycaemia at early and late stages of pregnancy and whether they may be used for 

diagnosing GDM and for uncovering more information on the pathophysiology of 

GDM in this population.  

 

• The study hypotheses based on the objectives above are as follows: 

1. POC glucometers are comparable to laboratory-based glucose measurements for 

GDM diagnosis. 

2. FPG, HbA1c and GA performance is comparable to OGTT when used to diagnose 

GDM. 

3. Selected biomarkers, IL-6, TNF-α, FFAs, BCAAs and ACs are associated with glycaemia 

in early and late pregnancy in black African pregnant women and contribute to the 

pathophysiology of the disease. 
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CHAPTER 2: STUDY DESIGN AND METHODS 
 

This chapter describes the procedures that were common to all the results chapters.  The 

overall study design is explained, and the sample analysis is described in detail.  

2.1 STUDY DESIGN 

This study focused on three primary groups: women between 24 and 32 weeks recruited for 

the POC study and biomarker study designated as Group 1 and Group 2, respectively and 

women in early pregnancy (between 8 and 20 weeks), designated as Group 3. The study 

design for each study is discussed below and a flow diagram illustrating the participant 

recruitment is shown in Figure 2.1. Moreover, a detailed description of the testing 

procedures is also included. 

2.1.1 Women in late pregnancy 

Group 1 participants comprised pregnant women in late pregnancy who participated in the 

comparison of glucose POC devices with the laboratory-based glucose measurements 

obtained from OGTTs.  Group 2 included pregnant women who underwent OGTTs and whose 

blood samples were used for comparing diagnostic accuracy of glycaemic markers and 

biomarkers. 

Sample size calculation for Group 1 

Using an estimated prevalence of GDM at 10%, the minimum required sample size was 

determined to be 1070. This sample size is necessary to achieve a sensitivity and specificity 

of at least 0.80, with a statistical power of 80% and an alpha threshold of 0.05 [154]. 

Sample size calculation for Group 2 

The sample size for Group 2 was calculated based on the ability to detect a significant 

correlation of the selected blood biomarkers with fasting or random glucose levels, 

respectively. Thus, to detect an effect size (r) of 0.3 at p<0.05 at 80% power, we would need a 

sample size of 55 [155]. This was increased to 75 for each of the two groups (fasted and non-

fasted). Therefore, the total sample size was 150. 
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Figure 2.1 Participants’ recruitment flow diagram. Created in https://BioRender.com
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Inclusion and exclusion criteria for Groups 1 and 2 

Groups 1 and 2 had the same inclusion and exclusion criteria. All  Black African pregnant 

women visiting the ante-natal clinic who were scheduled for OGTT were informed about the 

study and those between 24-30 weeks of pregnancy and 18 years or older were invited to 

participate in the study. Women who were pre-diabetics, who did not fast for at least 8-12 

hours before the OGTT, who smoked during that period, who had overt acute illness or 

infection were excluded. Overt diabetes/prediabetes was defined as [11]:  

• Random plasma glucose ≥ 11.1mmol/L, 

• Fasting plasma glucose ≥ 7mmol/L OR 

• HbA1c ≥ 6.5% 

Those who expressed interest in the study and fulfilled the inclusion criteria had their blood 

drawn. Gestational age was confirmed by ultrasound. 

In order for a woman to be scheduled for an OGTT, she must have had one or more of the 

following risk factors for GDM: repeated glycosuria, previous GDM, first-degree relative with 

GDM, history of stillbirths of unknown origin, previous congenital anomalies and suspicion 

of polyhydramnios in present pregnancy, history of high-birth weight infant (≥4.5 kg), obese 

(body mass index (BMI) ≥30 kg/m2), history of polycystic ovarian syndrome (PCOS) and 

history of unexpected perinatal death. These risk factors were recommended according to 

the guidelines of the Society of Endocrinology, Metabolism and Diabetes of South Africa 

(SEMDSA),  the American College of Obstetricians and Gynecologists (ACOG) and the 

National Institute for Health and Care Excellence (NICE) [123,156,157].  

Study sites 

Participants were recruited from ante-natal clinics in Charlotte Maxeke Johannesburg 

Academic Hospital (CMJAH), Chris Hani Baragwaneth Academic Hospital (CHBAH) Edenvale 

Hospital and Rahima Moosa Mother and Child Hospital (RMMCH). The central public 

hospital,  CMJAH has 1088 beds serving patients from across Gauteng and neighbouring 

provinces [158]. The third largest hospital in the world, CHBAH is involved in research and 

the training of healthcare professionals.  The maternity hospital treats approximately 60,000 

patients, with an average of 1400-1600 deliveries per month [159]. The RMMC is a maternity 
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hospital which also trains health care professionals with 80-120 beds and reports 15000 

deliveries every year, the second highest number of neonates in SA, after CHBAH [160,161]. 

The Edenvale Regional Hospital is a hospital that treats patients from the surrounding 

catchment area including nearby townships. 

 

2.1.2 Women in early pregnancy 

The participant's blood samples were analysed for several proposed biomarkers of GDM, 

namely GA, BCAAs (leucine, isoleucine and valine), FFAs, ACs (C2, C4, C5 and C8-carnitine) 

and inflammatory markers. The correlation of fasting and random glucose with each of these 

potential biomarkers was investigated.  

Sample size calculation 

The sample size for Group 3 was calculated based on the ability to detect a significant 

correlation of the selected blood biomarkers with fasting or random glucose levels. Thus, to 

detect an effect size (r) of 0.3 at p<0.05 at 80% power, we would need a sample size of 55 

[155]. This was increased to 75 for each of the two groups (fasted and non-fasted). 

Therefore, the total sample size was 150. 

Inclusion and exclusion criteria 

All  Black African pregnant women visiting the ante-natal clinic who were between 8-20 

weeks gestation and 18 years or older were invited to participate in the study. The 

information sheet and consent form is shown in Appendix D. Women who were overt 

diabetics and were from ethnic groups other than Black African were excluded. The criteria 

for overt diabetes was  as defined previously [11].   

Gestational age was reported by using the participants’ last menstrual period (LMP). 

Those who expressed interest in the study and fulfilled the inclusion criteria had their blood 

drawn and information documented on questionnaires (Appendix C).  

  

Study sites 

Participants were recruited from the Hilbrow Community Health Care Center (Hillbrow CHC) 

antenatal clinic and CMJAH antenatal clinic. The Hillbrow CHC offers a variety of services, 
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such as family planning, antenatal and postnatal services, pregnancy termination, mother 

and child health services, 24-hour casualty services, a polyclinic, and outpatient services 

[162].  

 

2.2 SAMPLE COLLECTION 

The participant’s demographic characteristics, and anthropometric data such as body 

weight, height and blood pressure measurements were collected using questionnaires 

(Appendix C) by the principal investigator (LK). An electronic scale and a wall-mounted 

stadiometer were used to measure the participant's body weight and height.  The blood 

pressure was measured once in the right arm while the participant was seated. For women 

in late pregnancy, the mean blood pressure calculated from the measurements taken at the 

two most recent visits was utilised and one reading at the first visit was used for women in 

early pregnancy. Women who were HIV positive were included in this study as the 

prevalence of HIV is relatively high (16.8%) in South African women [163]. The HIV status of 

all the study participants was known due to routine clinic-based screening tests, and 

therefore HIV status was included in all the statistical tests to determine whether it affects 

glucose levels and risk for GDM at 16-20 and ≥24 weeks of gestation, respectively. To 

determine the HIV status, an in vitro qualitative immunoassay (Alere Determine HIV -1/2, 

Alere Medical, MA, United States) was utilised, which detects antibodies to HIV-1 and HIV-2 

in capillary blood. Meditape UC-12S dipsticks (Sysmex, ZRG, Switzerland) were utilised to 

analyse the glucose levels in the urine in late pregnancy, and the presence of glycosuria was 

defined as a glucose level of 2+ or above. The anthropometry and biological fluid analysis for 

HIV and glycosuria were done by clinical staff at the designated site.  

For all women in early pregnancy (Group 3) and those in the biomarker study in late 

pregnancy (Group 2), a qualified nurse collected 15 ml of venous blood from each 

participant at one time-point into one 5ml EDTA tube, one 5ml serum separating tube (SST) 

and one 5ml sodium fluoride tube. EDTA samples were used to measure HbA1c and glycated 

albumin, and SST samples were used to analyse BCAAs, FFAs, ACs and inflammatory markers. 

The sodium fluoride samples were used to measure blood glucose.  After HbA1c analysis, 

the EDTA samples were fractionated by centrifugation at a speed of 1300 - 1400 x g for 15 
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minutes at 4°C. The SST tubes were allowed to clot before fractionation and were 

fractionated as described above. The serum and plasma samples were aliquoted into 

cryogenic tubes and stored at -80°C  

The group 3 (early pregnancy) participants were classified into fasting and non-fasting 

(random glucose) groups. The participants who had not eaten or drank fluids in the last eight 

hours were classified as fasted and the rest were classified as non-fasted.  

2.2.1 Oral glucose tolerance test and GDM diagnostic criteria  

All the participants in Groups 1 and 2 underwent OGTT as per IADPSG guidelines [1]. Venous 

blood samples were taken at fasting, 1 hour, and 2 hours post glucose solution ingestion 

using the standard WHO phlebotomy technique in sodium fluoride tubes and glucose levels 

were measured on the same day of collection at the on-site laboratory.  

Diagnosis of GDM was according to the IADPSG criteria, where one or more of the following 

cut-off levels of glucose had to be met: 5.1 - 6.9 mmol/l at fasting, ≥10.0 mmol/l at 1 hour of 

the OGTT or 8.5 - 10.9 mmol/l at 2 hours [1].  

2.3 SAMPLE ANALYSIS 

2.3.1 Plasma glucose and glycated albumin analysis by automated instruments 

Plasma glucose was measured using the Cobas 8000 (Roche Diagnostics, Mannheim, DE) in 

CMJAH and CHBAH and the au480 chemical analyser (Beckman Coulter, Riyadh, KSA) in 

RHMMCH and Edenvale Hospital; both instruments used the glucose hexokinase method. 

Briefly, the principle of the method is, that hexokinase converts glucose to glucose-6-

phosphate (G-6-P) in the presence of ATP. Glucose-6-phosphate dehydrogenase then 

transforms G-6-P to gluconate-6-phosphate in the presence of NADP+. As the NADP+ is 

reduced to NADPH during this reaction, the resulting increase in absorbance at 340 nm 

(secondary wavelength = 700 nm) is measured. Internal quality controls (IQC) were 

monitored regularly. The intra- assay CV for glucose was 1.00 and the inter-assay CV was 

0.68. 

Glycated albumin was measured using an auto-analyser Cobas 8000, 502 module (Roche, 

Basal, Switzerland) with spectrophotometric detection, at the National Health Laboratory 
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Service in CMJAH. GA was measured in serum samples. The quantILab Glycated Albumin 

enzymatic assay (Werfen, Milano, Italy, Ref 0018256640) was used to measure GA and 

albumin simultaneously on the Roche Cobas auto-analyser strictly following the 

manufacturer's instructions [164].  

Briefly, the principle of the method is, that samples react with albumin-specific protease 

which converts GA protein to glycated amino acids. Then the glycated amino acids are 

reacted with ketoamine oxidase. The resultant solution (glucosone, amino acids and 

hydrogen peroxide) is oxidised using peroxidase in the presence of N, N-Bis (4-Sulfobutyl)-3-

Methylaniline Disodium salt, and yields a blue-purple coloured product. The colour was 

assessed using absorbance measurements. Albumin was measured by the bromocresol 

purple colourimetric technique simultaneously. The results were utilised to determine the 

GA/albumin ratio which was expressed as a percentage. Internal quality controls (IQC) were 

monitored regularly. The intra-assay and inter-assay CV for the low-quality control (QC) 

sample were 0.10 and 2.04, and for high QC were 0.12 and 0.35, respectively.  

 

2.4 DATA ANALYSIS 

Data was collected on questionnaires (Appendix C) and transferred to Microsoft Excel 

spreadsheets. The data was only available to the principal investigator (LK) and supervisors.  

Statistical analyses were run using Stata (StataCorp, version 16) and MedCalc Software Ltd 

v22.021. Details of the statistical tests used are provided in each of the results chapters. 

2.5 ETHICS 

Ethics clearance for the PhD study was obtained from the University of the Witwatersrand 

Human Research Ethics Committee (HREC) (Medical); ethics clearance certificate M230675 

for the project title ‘The use of novel biomarkers to improve screening for gestational 

diabetes in a Black African population’. In addition, an ethics clearance certificate, M220219 

for the project title ‘A comparison between whole blood point of care testing and plasma 

glucose determination for the diagnosis of gestational diabetes mellitus’ was obtained. 

Copies of all two ethics clearance certificates can be found in Appendix E. 
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CHAPTER 3: PERFORMANCE OF POC GLUCOSE TESTING FOR THE 

DIAGNOSIS OF GESTATIONAL DIABETES IN SOUTH AFRICA 
 

Khambule L, Chikomba C, Adam Y, Khan L, Haldane C, Vetter B, George J.A. Performance of 

point-of-care glucose testing for the diagnosis of gestational diabetes in South Africa. Int J 

Gynecol Obstet. 2024; 00:1-10. doi:10.1002/ijgo.15914 

3.1 ABSTRACT  

Objective: Lack of accessibility to oral glucose tolerance tests (OGTT) in South Africa (SA) 

means many pregnant women go without testing for gestational diabetes mellitus (GDM). 

This study evaluated point-of-care (POC) glucometers against the laboratory-based glucose 

method in pregnant women. 

Methods: A cross-sectional study on pregnant women attending the prenatal clinic in 

Johannesburg who were recommended for the OGTT. OGTTs were conducted as per 

International Association of Diabetes and Pregnancy Study Groups (IADPSG) guidelines. 

Women who consented to the study donated both venous blood and capillary blood for lab-

based and POC glucose measurements using seven POC glucometers: I-STAT, Xpress, LDX, 

VivaChek-Ino, Accu-Chek Active, StatStrip, and Codefree. By assessing sensitivity, specificity, 

and area under the receiver operating characteristic curve (AUC) and comparing Bland-

Altman plots, the diagnostic accuracy of each glucose meter was compared to the reference 

method, the laboratory-based glucose method.  

Results: Data were analysed for 1076 pregnant women. Based on OGTT testing, 83 women 

had GDM (7.7%). Overall, the POC glucometers performed poorly with sensitivity ranging 

from 17.6% to 87.18 and specificity ranging between 62.7% to 99.8%. The AUC ranged from 

0.59 to 0.79. All POC glucometers showed moderate to poor reliability. Lab-based fasting 

plasma glucose (FPG) surpassed the POC glucometers in sensitivity, specificity, and AUC, with 

values of 94.0%, 100%, and 0.98, respectively.  

Conclusion: We demonstrated that lab-based FPG has the potential to be used as a 

diagnostic test for GDM and that the POC glucometers cannot replace OGTT lab-based 

measurements. 
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3.2 INTRODUCTION 

Gestational diabetes mellitus (GDM), defined as hyperglycaemia first discovered in 

pregnancy, is one of the most common complications of pregnancy, affecting about 16% of 

pregnant women worldwide [165], with the majority of women with GDM (87.6%) in low- 

and middle-income countries (LMICs) [166]. The first step to optimum GDM care and T2DM 

prevention/delay is the diagnosis [121]. In 2015, the International Federation of 

Gynaecology and Obstetrics (FIGO) published GDM consensus guidelines recommending a 

universal screening approach, the oral glucose tolerance test (OGTT) being the gold standard 

for screening and diagnosing GDM [121]. While these recommendations are widely 

recognised, LMICs like South Africa (SA),  face many challenges to GDM screening, including 

individual, healthcare work-related, and health-system barriers [167].  

However, the test involves laboratory-based glucose readings and there are only a few 

facilities that provide this service [8]. The point-of-care (POC) testing offers many operational 

advantages to the OGTT such as reduced turnaround time, eradication of preanalytical 

sample handling, stability errors, and prompt health interventions [138]. In SA, strip-based 

glucometers are readily available for self-monitoring among diabetics, however, strips are 

affected by external variables such as humidity, temperature, haematocrit, medicines and 

hypotension [168]. Cassette-based devices minimise the limitations of strips [169]. However, 

the evidence for the performance of the glucometers in the various clinical scenarios has 

been inconsistent [139,140].  Therefore, this study aimed to determine the accuracy of 

seven POC glucometers in diagnosing GDM among pregnant women in SA. We anticipate 

that the study will identify POC glucometers that accurately detect GDM. 

3.3 MATERIALS AND METHODS 

3.3.1 Study design  

This cross-sectional study was conducted between the 13th of July 2022 and the 28th of 

February 2023, among pregnant women who attend the antenatal clinic at Chris Hani 

Baragwanath Academic Hospital (CHBAH).  

The study followed the Standards for Reporting Diagnostic Accuracy Studies (STARD) 

guidelines, please see Table S1 for the checklist.  
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3.3.2 Study population  

The sample size and study design is described in Chapter 2. In addition, women who were 

acutely ill, or on high dose vitamin C (>2000mg/day) or corticosteroid therapy, were 

excluded as were those with previous bariatric surgery, and those who smoked during the 

OGTT.  

3.3.3 Medical history and sample collection 

Data on women’s age, and gestational age by last date of menstrual cycle and confirmed by 

ultrasound scans, parity, gravidity, history of miscarriages, medication and their weight were 

collected on the day of the OGTT test by LK and LK.  

3.3.4 Sample collection 

Capillary and venous plasma glucose samples were collected at three OGTT time points: 

fasting, 1-hour, and 2-hour post-glucose load. Each time, a finger was pricked once, and the 

blood was collected using a capillary tube to analyse the glucometers except for I-STAT and 

LDX glucometers as it required a larger volume of blood.  Venous blood was collected in 

sodium fluoride and sodium citrate tubes and immediately analysed on I-STAT and LDX and 

the rest of the blood was used for lab-based glucose measurement. Information on the POC 

glucometers is reported in the supplementary files, Table S2. 

3.3.5 Oral glucose tolerance test  

The OGTTs were conducted by qualified nurses and diagnosed as per International 

Association of Diabetes and Pregnancy Study Groups (IADPSG) guidelines as described in 

Chapter 2. However, in this study, samples were kept in an ice slurry and separated within 10 

minutes after the OGTT ended. Glucose was measured using the hexokinase method in the 

central lab by the Roche Cobas 8000/502 (Roche Diagnostics, Mannheim, Germany).  Details 

of the glucose method are described in Chapter 2. 

3.3.6 Statistical analysis 

Statistical analyses and graphical representations for method agreement and reliability were 

conducted using MedCalc software v22.021. (Ostend, Belgium) and the rest was performed 

using STATA 18 software (StataCorp, College Station, TX, USA). A p-value <0.05 was assumed 
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to be statistically significant. The Shapiro-Wilk test was used to test for normality, normally 

and distributed data was reported as means ± standard deviation (SD) and non-normally 

distributed data were reported as medians with interquartile range (IQR). Categorical 

variables were expressed as sample numbers and percentages. Demographic and clinical 

characteristics in the GDM and non-GDM groups were compared using the student’s t-test 

(for normally distributed data) or the Wilcoxon rank-sum test (for skewed data). Categorical 

data were analysed using a chi-squared or Fisher’s exact test where expected frequencies 

were <5.  

Methods were compared by  Pearson correlation coefficient (PCC) and scatter plots with the 

least squares best-fit line and 95% confidence intervals (CI) band, intra-rater class coefficient 

(ICC) and Bland–Altman (BA) plots [170]. The ICC estimates and their 95% CI were based on 

single measurements absolute-agreement, 2-way random-effects model.  

Sensitivity, specificity, negative predictive values (NPVs), positive predictive values (PPVs) and 

area under the receiver operating characteristic curve (AUC) were calculated to determine 

the diagnostic accuracy of each POC glucometer. The lab-based OGTT method and GDM 

diagnosis by IADPSG criteria were used as reference methods.  Three criteria for GDM 

diagnosis were analysed, 1) GDM diagnosis by OGTT (as per IADPSG criteria), 2) FPG at 5.1 

mmol/L and 3) FPG at 4.8 mmol/L.  Both reference and classification methods were binary 

variables (classified as GDM yes /no). Criteria 2 and 3 were guided by literature that 

indicated that FPG can potentially diagnose GDM [8,138]. 

An ICC, PCC and AUC near the value of 1.0 suggest a high degree of method reliability, 

correlation or accuracy, respectively. For BA plots, POC glucometers with a mean difference 

of 1.3% or less and with narrow 95% limits of agreements (LOA) were deemed optimum 

[171]. 

3.4 RESULTS 

3.4.1 Study population 

In total, 1144 women were recruited, of whom 68 (5.94%) were excluded from the study. 

Reasons for exclusion were incomplete OGTT (6 (0.52%)), withdrew from the study (2 

(0.17%)), vomited (=1(0.09%)), <18 years (1(0.09%)), and prediabetic (9 (0.79%)). Among the 
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1125 women included in the study, 49 (4.36%) had incomplete lab-based glucose 

measurements due to the following reasons: the specimen was insufficient, grossly 

haemolyzed, lipidemic, or clotted. Therefore, data were analysed for 1082 women (Figure 

3.1). 

The mean age of this population was 35 years (IQR: 29, 39). Mean gestational age was 25 

weeks (IQR: 21, 29). Based on OGTT testing using the IADPSG criteria, 83 (7.7%) women had 

GDM.  

 Women with GDM had a significantly higher median (IQR) weight (89 kg [76, 104] vs. 80 [67, 

95], p-value =0.001). Of note, there were no significant differences between groups in age, 

parity, and miscarriages, p value>0.05) (Table 3.1).  

Table 3.1 Clinical characteristics in all women and by GDM status 

Variable Total 

observations 

All Non-GDM 

 

GDM  p-value 

Age (years) 1048 35 (29;39) 35 (29;39) 37 (31;39) 0.125 

Gestational age (weeks) 1015 25 (21;29) 25 (21;29) 24 (20;28) 0.492 

Miscarriages (n) 1034 0 (0;1) 0 (0;1) 0 (0;1) 0.889 

Parity (n) 1034 2 (1;3) 2 (1;3) 2 (1;2) 0.198 

Gravidity (n) 1034 4 (2;5) 4 (3;5) 3 (2;4) 0.255 

Weight (kg) 1062 80 (68;95) 80 (67;95) 89 (73;101) 0.001 

Fasting glucose from 

the laboratory (mmol/L)  

1076 4.2 (3.9;4.5) 4.1 (3.9;4.4) 5.5 

(5.2;5.8) 

<0.0001 

OGTT, 1-hour glucose 

from the laboratory 

(mmol/L) 

1076 5.7 (4.9;6.8) 5.6 (4.9;6.6) 8.2 

(6.2;9.7) 

<0.0001 

OGTT, 2-hour glucose 

from the laboratory 

(mmol/L) 

1076 5.2 (4.5;6.0) 5.1 (4.5;5.8) 7.0 

(5.8;8.6) 

<0.0001 

Data presented are median (IQR) unless stated otherwise. GDM, gestational diabetes mellitus; OGTT, 
oral glucose tolerance test. 
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Figure 3.1. Diagram of participant recruitment, OGTT = oral glucose tolerance test 

3.4.2 Method agreement and reliability analysis 

Average glucose levels measured with the seven POC glucometers are shown in Table 3.2. 

Data was normally distributed, and the PCC ranged from 0.62 for Codefree at fasting to 0.87 

for I-STAT and LDX at the 1-hour time point (p-value <0.001 for all, Figures 3.2- 3.4).   
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Table 3.2 Median glucose measured by glucometers at each OGTT time point 

Device Time point 
Median glucose level (mmol/L) 

All participants Non-GDM GDM 

Laboratory 

Fasting 4.2 (3.9; 4.5) 4.1 (3.9; 4.4) 5.5 (5.2; 6.0) 

OGTT, 1-hour 5.8 (6.9; 5.8) 5.7 (4.9; 6.6) 8.2 (6.2; 10.4) 

OGTT, 2-hour 5.2 (4.5; 6.0) 5.1 (4.5;5.8) 7.1 (5.9; 8.8) 

I-STAT 

Fasting 3.7 (3.4; 4.0) 3.6 (3.4; 3.9) 4.5 (4.1; 5.1) 

OGTT, 1-hour 4.9 (4.1; 5.9) 4.8 (4.1; 5.7) 7.2 (5.6; 8.8) 

OGTT, 2-hour 4.4 (3.9; 5.1) 4.3 (3.8; 5.0) 5.9 (4.9; 7.4) 

Xpress 

Fasting 4.5 (4.1;4.9) 4.4 (4.1; 4.9) 5.7 (4.9; 6.3) 

OGTT, 1-hour 7.2 (6.3; 8.3) 7.0 (6.2; 8.0) 9.0 (7.7; 11.2) 

OGTT, 2-hour 6.4 (5.7; 7.3) 6.3 (5.6; 7.0) 8.4 (7.0; 10.1) 

LDX 

Fasting 3.8 (3.5; 4.1) 3.7 (3.5; 4.0) 4.6 (4.2; 5.2) 

OGTT, 1-hour 5.1 (4.2; 5.9) 4.9 (4.2; 5.7) 7.2 (5.7; 8.5) 

OGTT, 2-hour 4.5 (3.9; 5.1) 4.4 (3.9; 5.0) 6.0 (5.1; 7.3) 

Vivachek Ino 

Fasting 4.7 (4.3; 5.1) 4.6 (4.3; 5.0) 6.1 (5.2; 6.5) 

OGTT, 1-hour 7.5 (6.5; 8.6) 7.3 (6.5; 8.3) 9.7 (8.3; 11.3) 

OGTT, 2-hour 6.6 (5.9; 7.5) 6.5 (5.8; 7.3) 9.0 (7.3; 10.6) 

AccuChek Active 

Fasting 4.5 (4.1; 4.9) 4.4 (4.1; 4.8) 5.5 (4.8; 6.3) 

OGTT, 1-hour 7.1 (6.1; 8.2) 7.0 (6.0; 8.0) 9.6 (8.1; 10.9) 

OGTT, 2-hour 6.2 (5.4; 7.1) 6.2 (5.3; 6.9) 8.1 (6.8; 10.0) 

Statstrip 

Fasting 4.3 (3.9; 4.8) 4.2 (3.8; 4.7) 5.4 (4.9; 5.9) 

OGTT, 1-hour 6.9 (6.0; 8.0) 6.3 (5.9; 7.8) 9.0 (7.6; 10.7) 

OGTT, 2-hour 6.1 (5.4; 7.0) 6.1 (5.3; 6.8) 8.0 (6.8; 9.5) 

Codefree 

Fasting 4.8 (4.5;5.3) 4.7 (4.4; 5.2) 5.8 (5.3; 6.6) 

OGTT, 1-hour 7.6 (6.6, 8.9) 7.5 (6.5; 8.6) 10.0 (8.0; 11.7) 

OGTT, 2-hour 6.7 (6.0; 7.6) 6.6 (6.0; 7.4) 8.7 (7.5; 11.0) 

Data presented are median (IQR). GDM, gestational diabetes; OGTT, oral glucose tolerance test. 
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Figure 3.2. Scatter plots with the least squares best-fit line + 95% confidence band (blue) and line y=x (orange) of each glucometer against the laboratory at 

fasting. 
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Figure 3.3. Scatter plots with the least squares best-fit line + 95% confidence band (blue) and line y=x (orange) of each glucometer against the laboratory at 

1-hour post glucose load 
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Figure 3.4. Scatter plots with the least squares best-fit line + 95% confidence band (blue) and line y=x (orange) of each glucometer against the laboratory at 

2-hour post glucose load 
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According to the BA plots, Statstrip had the optimum mean differences (0.20%) at fasting 

and a desirable mean difference (-2.82%) at 1-hour post glucose load. Codefree had the 

highest mean difference (23.1%) at 1-hour post glucose load. All POC glucometers including 

Statstrip, had wide 95% LOA at all time points. The postprandial glucose readings showed 

the biggest mean percentage difference. According to the ICC estimates, all POC glucometers 

had moderate to poor reliability with a wide 95% CIs (Table 3.3 and Figure 3.5-3.7).  

Table 3.3 Average difference, Bland–Altman 95%-limits of agreement, intraclass correlation 

coefficient (ICC, 95% Cl) of point of care glucometers at three-time points. 

At fasting (0 hr) 

 Observations 

(n) 

Differences % 

(SD) 

95%-Limits of 

agreement (%) 

ICC (95% CI) 

Accucheck Active 1021 -4.86 (12.1) -28.5 to 19.0 0,525 (0,364 -0,639) 

Codefree 1036 -12.2 (10.8) -33.3 to 9.10 0,332 (-0,024 - 0,572) 

I-STAT 976 16.6 (15.6) -17.6 to 50.8 0,385 (-0,067 - 0,657) 

LDX 987 13.0 (13.0) -12.5 to 38.5 0,458 (0,013 - 0,703) 

StatStrip 1062 0.20 (17.7) -34.7 to 35.1 0,500 (0,452 - 0,544) 

VivaChek 1001 -9.62 (10.3) -29.9 to 10.6 0,450 (0,042 - 0,674) 

Xpress 1071 -5.34 (12.2) -29.2 to 18.5 0,521 (0,332 - 0,648) 

At 1 hr post glucose load 

Accucheck Active 1008 -15.8 (16.2) -47.5 to 16.0 0,592 (-0,011 - 0,811) 

Codefree 1049 -23.1 (15.0) -52.4 to 6.21 0,344 (-0,066 - 0,613) 

I-STAT 978 20.0 (26.0) -31.0 to 70.9 0,706 (0,098 - 0,875) 

LDX 981 18.1 (21.2) -23.5 to 59.7 0,708 (0,126- 0,873) 

StatStrip 1051 -2.82 (22.3) -46.6 to 41.0 0,599 (0,058 - 0,806) 

VivaChek 999 -21.2 (14.4) -49.6 to 7.03 0,438 (-0,079 - 0,717) 

Xpress 1052 -17.8 (12.9) -43.1 to 7.57 0,587 (-0,068 to 0,830) 

At 2 hrs post glucose load 

Accucheck active 988 -14.1 (15.7) -44.8 to 16.6 0,569(0,049 - 0,784) 

Codefree 1033 -21.7 (13.2) -47.5 to 4.0 0,361 (-0,085 - 0,647) 

I-STAT 980 20.0 (23.6) -26.2 to 66.2 0,624 (0,015 - 0,834) 

LDX 976 18.0 (18.3) -17.9 to 54.0 0,631 (0,045 - 0,833) 

StatStrip 1051 -12.9 (14.4) -41.1 to 15.2 0,606 (0,096 - 0,804) 

VivaChek 993 -19.8 (12.0) -43.3 to 3.69 0,490 (-0,094 - 0,777) 

Xpress 1057 -16.8 (12.2) -40.7 to 7.01 0,559 (-0,073 to 0,812) 
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Figure 3.5.  Bland-Altman plots ((mean difference (blue) and 95% limit of agreements (red)) of each point of care glucometer against laboratory-based 

measurements at fasting. A1= Accucheck active, B1 = Codefree, C1= I-STAT, D1= LDX, E1 = Statstrip, F1= Vivacheck and G1=Xpress. 
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Figure 3.6.  Bland-Altman plots ((mean difference (blue) and 95% limit of agreements (red)) of each point of care glucometer against laboratory-based 

measurements at 1-hour post glucose load. A2= Accucheck active, B2 = Codefree, C2= I-STAT, D2= LDX, E2 = Statstrip, F2= Vivacheck and G2=Xpress 
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Figure 3.7.  Bland-Altman plots ((mean difference (blue) and 95% limit of agreements (red)) of each point of care glucometer against laboratory-based 

measurements at 1-hour post glucose load. A3= Accucheck active, B3 = Codefree, C3= I-STAT, D3= LDX, E3 = Statstrip, F3= Vivacheck and G3=Xpress



48 

 

 

3.4.3 Accuracy of POC glucometers 

For criteria 1) GDM diagnosis by OGTT (as per IADPSG criteria, sensitivity (95%CI) varied 

from 17.57 (15.17-19.96) for I-STAT to 87.18(85.14- 89.22) for Codefree (Table 3.4).  

Specificity (95%CI) was poorest for Codefree at 62.71(59.76-65.66) and was highest for I-

STAT at 99.78 (99.48-100). The NPV (95% CI) were good for all POC devices and ranged from 

93.76 (92.24 to 95.15) for LDX to 98.35 (97.58 to 99.13) for the Codefree. PPVs (95% CI) 

ranged between 16.08 (13.83-18.32) for Codefree to 86.67 (84.53-88.81) for the I-STAT. The 

AUC (95%CI) ranged from 0.59 (0.54-0.63) for I-STAT to 0.79 (0.74-0.85) for Accucheck.  

The accuracy of POC glucometers when using FPG glucose alone was lower than when all 

three time points were used (Table S3 and S4). However, for lab-based FPG at 5.1 mmol/L 

threshold, sensitivity (95% CI) and specificity (95% CI) were 100 (100-100) and 93.98 (92.55; 

95.40) respectively (Table S4). 
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Table 3.4 The accuracy of each glucometer when compared to laboratory-based measurements 

 Accucheck active Codefree I-STAT LDX Statstrip Vivacheck Xpress  

Observations 982 1030 969 964 1076 983 1052 

PPV, % (95% CI) 28.25 (25.44; 

31.07) 

16.08 (13.83; 

18.32) 

86.67 (84.53; 

88.81) 

83.33 (80.98; 

85.69) 

27.06 

(24.41;29.72) 

17.96 (15.56; 

20.36) 

24.36 )21.77; 

26.96) 

NPV, % (95% CI) 98.02 

(97.15;98.89) 

98.35 (97.58; 

99.13) 

93.61 (92.07; 

95.15) 

93.76 (92.24; 

95.29) 

97.20 

(96.22;98.19) 

98.00 (97.12; 

98.87) 

98.07 (97.24 

;98.90) 

Sensitivity, % 

(95% CI) 

80.77 (78.30; 

83.23) 

87.18 (85.14; 

89.22) 

17.57 (15.17; 

19.96) 

20.27 (17.73; 

22.81) 

71.08 (68.38; 

73.79) 

82.19 (79.80; 

84.58) 

81.71 (79.37; 

84.04) 

Specificity, % 

(95% CI) 

82.30 (79.91; 

84.69) 

62.71 (59.76; 

65.66) 

99.78 (99.48; 

100.00) 

99.66 (99.30; 

100.00) 

83.99 (81.80; 

86.18) 

69.89 967.02; 

72.76) 

78.56 (76.08; 

81.04) 

False +ve, n 160 355 2 3 159 274 208 

False -ve, n 15 10 61 59 24 13 15 

True +ve, n 63 68 13 15 59 60 67 

True -ve, n 744 597 893 887 834 636 762 

AUC 0.79 (0.74; 0.85) 0.74 (0.69; 

0.79) 

0.59 (0.54; 

0.63) 

0.59 (0.55; 

0.64) 

0.76 (0.69; 0.82) 0.74 (0.68; 0.80) 0.78 (0.73; 0.84) 

AUC, area under the curve; CI, confidence interval; OGTT, oral glucose tolerance test  
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We then compared the GDM cases that were missed by Statstrip (the glucometer that 

performed better than the other glucometers) with all GDMs using the laboratory method as 

the reference method. The GDM cases that were missed by Statstrip had higher mean 

laboratory-based fasting glucose measurements than the overall mean glucose 

measurement of all GDM cases (Table 3.5). 

Table 3.5 The comparison of missed GDM cases by StatStrip with true GDM cases (as diagnosed by 

laboratory method) 

OGTT 
time 
point 

Missed GDM cases by Stratstrip GDM p-value 

Observations 
(n) 

StatStrip 
measurement 

Laboratory 
measurement 

Observations 
(n) 

Laboratory 
measurement 

 

Fasting 
glucose 

(mmol/L) 
21 4.39 (0.58) 5.74 (0.45) 83 5.46 (0.52) 0.026* 

All glucose measurements expressed as mean (SD); *comparisons between the missed GDM 

cases (lab-based glucose) and all GDM cases. 

 

3.5. DISCUSSION 

This study, conducted among pregnant women in a tertiary care hospital in SA, investigated 

the accuracy of seven POC glucometers in diagnosing GDM. Compared with laboratory 

diagnosis, the POC glucose testing performed with a sensitivity ranging between 18 and 87% 

and a specificity ranging between 63 and 99%. The number of diagnoses that would have 

been missed with the POC glucose testing ranged from 10 to 61. 

In vitro glycolysis is a key consideration with laboratory GDM diagnosis and pre-analytical 

protocols should be designed to minimise glycolysis. As a result, the HAPO research included 

strict pre-analytical procedures for sample collection and processing [27]. In SA, most OGTT 

testing during pregnancy is performed in tertiary academic or provincial tertiary hospitals 

with variable proximity to a laboratory.  Nurses are unable to centrifuge samples 

immediately and transport on ice slurry rarely happens. Pre-analytical error is likely 

significant in these settings, underpinning the need for POC testing. Considering that POC 

glucometers are readily available and, in most cases, less expensive than conventional lab-

based measurements, POC testing is an economically viable choice [139]. Handheld 

glucometers are simple to use and rarely require calibration, while bench-top platforms like 

the LDX and I-STAT need regular calibration and technical oversight. Ensuring readiness 
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requires clear guidelines for maintenance, spare parts, and laboratory supervision. Operator 

training is crucial alongside competency checks, refresher courses, and troubleshooting 

support as part of the day-to-day operation of the instruments. Bench-top glucometers 

require more advanced training, including calibration and quality control.  Therefore, to 

maintain accuracy and reliability across sites, these requirements must be integrated into 

existing quality management systems with regular QC, external assurance, and supervision 

even for the handheld glucometers.   

However, our study shows a lack of diagnostic accuracy among POC glucometers, with the 

number of women with GDM diagnosed based on glucose meter readings varying widely, 

which indicates that the POC glucose testing cannot be used interchangeably. Such variation 

has been reported previously in a comparative performance of 5 POC glucometers [139].  

Our results are in line with several other studies which suggest that POC glucose testing 

compares poorly to laboratory measures for the diagnosis of GDM [172,173]. In a study 

among 529 pregnant women attending a primary healthcare clinic in Johannesburg, the 

Accuchek Active glucose meter diagnosed GDM with a sensitivity of 27.0% and a specificity 

of 89.4% which is not very different to our PPV and NPV [10]. In contrast to the above study,  

Gallardo-Rincón et al. [174],  reported a sensitivity and specificity of 89.5% and  66.6%, 

respectively for Accucheck Instant.  According to Daly et al. [138], lowering the diagnostic 

threshold for FPG from 5.1 to 4.8mmol/L increased sensitivity from 51% to 92.5% but 

decreased specificity from 100% to 76.5% [138]. Interestingly, the same authors also used a 

regression equation to predict plasma glucose levels based on glucose meter readings, 

indicating that such an approach may be acceptable in LMICs where plasma samples are 

subject to glycolysis [138]. In our study, the greatest differences between POC-measured and 

laboratory-measured glucose levels were at the 1-hour time point which may be an 

indication of poor performance of the POC glucose testing at higher glucose concentrations.  

In addition, when comparing the fasting glucose levels in GDM cases diagnosed with the 

laboratory method but not by the StatStrip glucometer it was found that the glucose levels 

from the laboratory method were higher than the mean glucose level for all the GDM cases. 

Similar results were found for VivaCheck and Codefree. This discovery is concerning because 

it suggests that GDM cases with fasting glucose levels  well above the diagnostic cut point of 
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5.1 mmol/L may go unnoticed, potentially leading to health complications associated with 

GDM for the mother and the child. Possible reasons for this bias include device variability 

between strip lots (despite our efforts to limit testing to a single lot), humidity, temperature, 

haematocrit, medicines and hypotension [168]. However, previous literature showed 

that StatStrip is not affected by haematocrit levels or impacted by substances such as 

maltose, galactose, dopamine, or uric acid [175]. 

Another option for GDM screening is the use of FPG measurements. In the current study, the 

measurement of FPG showed good sensitivity and specificity for diagnosing GDM when 

samples were analysed in the laboratory. These findings are in line with those from several 

other studies conducted in SA which showed high accuracy of laboratory fasting glucose in 

diagnosing GDM [139,141]. In addition, the FPG may be a better GDM screening test than 

universal OGTT testing due to its quick turnaround and simplicity of use. However, it is 

important to determine the diagnostic performance and optimal cut-off of FPG in the 

screening of GDM. In addition, it must be noted that pre-analytical errors and glycolysis are 

also risks with laboratory analysis of FPG. In addition, the use of lab-based FPG would not 

address the geographical barriers in the country as the women would still need to travel to 

the clinic to get tested. 

Given the high NPV of the glucometers at fasting, which suggests the likelihood of not having 

GDM when tested negative, we recommend the use of POC for screening for GDM using FPG 

at 5.1 mmol/L and reserve OGTTs (by lab-based glucose measurements) for women who test 

positive. Furthermore, we recommend that future studies should perform modelling 

analyses to evaluate the impact of having access to POC GDM screening versus being 

undiagnosed/untreated for GDM entirely. Of note, if POC glucose testing is to be used for 

diagnosis, manufacturers should meet the performance specifications as recommended by 

the Milan hierarchy (179). 

Our study had several limitations. First was the length of time between the collection of 

blood and analysis in the central laboratory. During this time, there was a risk of glycolysis. 

POC analysis was sometimes interrupted mid-OGTT due to POC glucometer malfunctions or 

insufficient cartridges/strips, especially for I-STAT and LDX, whose cartridges were stored far 

from the clinic. This contributed to the uneven observations across the POC glucometers. 
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Patient information such as singleton or twin pregnancy, foetal weight, and 

oligo/polyhydramnios was not collected. Finally, this study was conducted in a high-risk 

group, which may skew the results for the study population compared to the healthy 

pregnant women. Our study also had several notable strengths including the number of 

women participating in the study, as well as the wide range of POC glucometers. As such, 

these results are a valuable source of information on the accuracy of POC glucose testing in 

diagnosing GDM among women in SA.  

3.6 CONCLUSION 

Based on the present study, the use of these POC glucometers for the diagnosis of GDM 

cannot be recommended. Nonetheless, the POC glucometers have the potential to screen 

for GDM when a two-step screening process is considered. This may be beneficial in 

resource-constrained settings where access to laboratory measurement of glucose may be 

difficult. In addition, lab-based FPG has the potential to be used as a diagnostic test for 

GDM. Future research should look at why POC devices such as Statstrip, VivaCheck, and 

Codefree in some GDM cases were unable to accurately measure fasting glucose levels that 

were significantly higher than the diagnostic cut point of 5.1 mmol/L. 

Building on these findings, we proceeded to explore the application of glycaemic indicators, 

specifically FPG, glycated albumin (GA), and glycated haemoglobin (HbA1c), in the diagnosis 

of GDM. We re-assessed the diagnostic accuracy of FPG in a new population to confirm the 

results from the current study, whilst GA and HbA1c were tested because they do not 

require the collection of fasting glucose samples. The glycaemic markers were evaluated in 

relation to the OGTT, and GDM was diagnosed according to the IADPSG criteria. This 

manuscript (Chapter 4) has been submitted to the International Journal of Gynaecology and 

Obstetrics.  
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3.7 SUPPLEMENTARY MATERIAL 

 

Table S1: STARD 2015 Checklist 

 Section & Topic No Item 

 TITLE OR 

ABSTRACT 

  

  1 Identification as a study of diagnostic accuracy 

using at least one measure of accuracy 

(such as sensitivity, specificity, predictive values, 

or AUC) 

 ABSTRACT   

  2 Structured summary of study design, methods, 

results, and conclusions  

(for specific guidance, see STARD for Abstracts) 

 INTRODUCTION   

  3 Scientific and clinical background, including the 

intended use and clinical role of the index test 

  4 Study objectives and hypotheses 

 METHODS   

 Study design 5 Whether data collection was planned before the 

index test and reference standard  

were performed (prospective study) or after 

(retrospective study) 

 Participants 6 Eligibility criteria  

  7 On what basis potentially eligible participants 

were identified  

(such as symptoms, results from previous tests, 

inclusion in registry) 



55 

 

  8 Where and when potentially eligible participants 

were identified (setting, location and dates) 

  9 Whether participants formed a consecutive, 

random or convenience series 

 Test methods 10a Index test, in sufficient detail to allow replication 

  10b Reference standard, in sufficient detail to allow 

replication 

  11 Rationale for choosing the reference standard (if 

alternatives exist) 

  12a Definition of and rationale for test positivity cut-

offs or result categories  

of the index test, distinguishing pre-specified from 

exploratory 

  12b Definition of and rationale for test positivity cut-

offs or result categories  

of the reference standard, distinguishing pre-

specified from exploratory 

  13a Whether clinical information and reference 

standard results were available  

to the performers/readers of the index test 

  13b Whether clinical information and index test 

results were available  

to the assessors of the reference standard 

 Analysis 14 Methods for estimating or comparing measures of 

diagnostic accuracy 

  15 How indeterminate index test or reference 

standard results were handled 

  16 How missing data on the index test and reference 

standard were handled 

  17 Any analyses of variability in diagnostic accuracy, 

distinguishing pre-specified from exploratory 
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  18 Intended sample size and how it was determined 

 RESULTS   

 Participants 19 Flow of participants, using a diagram 

  20 Baseline demographic and clinical characteristics 

of participants 

  21a Distribution of severity of disease in those with 

the target condition 

  21b Distribution of alternative diagnoses in those 

without the target condition 

  22 Time interval and any clinical interventions 

between index test and reference standard 

 Test results 23 Cross tabulation of the index test results (or their 

distribution)  

by the results of the reference standard 

  24 Estimates of diagnostic accuracy and their 

precision (such as 95% confidence intervals) 

  25 Any adverse events from performing the index 

test or the reference standard 

 DISCUSSION   

  26 Study limitations, including sources of potential 

bias, statistical uncertainty, and generalisability 

  27 Implications for practise, including the intended 

use and clinical role of the index test 

 OTHER 

INFORMATION 

  

  28 Registration number and name of registry 

  29 Where the full study protocol can be accessed 

  30 Sources of funding and other support; role of 

funders 
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Table S2: Information on the instruments used. 

Before commencing the study, all POC glucometers were evaluated using the CLSI EP15 

precision study protocol [176] and internal quality controls from Randox Laboratories (Co. 

Antrim, UK)  and Nova Biomedical (Cheshire, UK) were used.  

Manufacturer, 

country, year  

Instrument 

name, year, 

country  

Instrument type Sample type 

used for 

analysis in the 

study 

Test principle 

Roche, Germany Cobas c 502 

(reference) 

Automated 

analyser at the 

core laboratory 

Plasma Hexokinase with 

spectrophotomet

ric detection. 

Abbott, USA, 2021 I-STAT Handheld multi-

analyser, 

cartridge-based  

Whole blood Glucose oxidase   

Nova Biomedical, 

USA, 2021 

StatStrip Xpress 

2 

SMBG Capillary Glucose oxidase 

Abbott, USA, 2021 Alere Cholestech 

LDX 

Benchtop Whole blood Glucose oxidase 

Vivachek 

Laboratories, USA, 

2021 

VivaChek Ino 

[177] 

SMBG Capillary Glucose oxidase  

Roche, Germany, 

2021 

Accu-Chek 

Active 

SMBG Capillary Glucose 

dehydrogenase 

Nova Biomedical, 

USA, 2018 

StatStrip Handheld multi-

analyser, strip-

based 

Capillary Glucose oxidase 

SD Biosensor, 

Republic of Korea, 

2021 

SD Codefree 

[178] 

SMBG Capillary Glucose oxidase 

SMGB-self-monitoring of blood glucose, USA- United States of America  
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Table S3: The accuracy of each POC glucometer at fasting (4.8 mmol/L threshold) when 

compared to laboratory-based OGTT results 

 Accucheck 

active 

Codefree I-STAT LDX Statstrip Vivacheck Xpress  

Participants 1026 1055 979 991 1067 1008 1075 

PPV, % (95% 

CI) 

18.24 

(15.85; 

20.57) 

12.57 

(10.57; 

14.57) 

75.86 

(73.18; 

78.54) 

60.00 

(56.95; 

63.05) 

23.05 

(20.52; 

25.58) 

14.12 

(11.97; 

16.27) 

18.21 

(15.90; 

20.51) 

NPV, % 

(95% CI) 

97.25 

(96.25; 

98.25) 

97.51 

(96.57; 

98.45) 

94.32 

(92.87; 

95.77) 

94.32 

(92.88; 

95.76) 

97.49 

(96.56; 

98.43) 

97.74 

(96.83; 

98.66) 

97.88 

(97.02; 

98.74) 

Sensitivity, 

% (95% CI) 

76.25 

(73.65; 

78.850 

83.75 

(81.52; 

85.98) 

28.95 

(26.11; 

31.79) 

30.77 

(27.90; 

33.64) 

75.61 

(73.03; 

78.19) 

82.43 

(80.08; 

84.78) 

81.71 

(79.40; 

84.02) 

Specificity, 

% (95% CI) 

71.04 

(68.26; 

73.81) 

52.21 

(49.19; 

55.22) 

99.22 

(98.68; 

99.77) 

95.25 

(97.43; 

99.06) 

78.98 

(76.54; 

81.43) 

60.28 

(57.26; 

63.30) 

69.69 

(66.94; 

72.44) 

False +ve, n 274 466 7 16 207 371 301 

False -ve, n 19 13 54 54 20 13 15 

True +ve, n 61 67 22 24 62 61 67 

True -ve, n 672 509 896 897 778 563 692 

AUC 0.74 

(0.68; 

0.79) 

0.67 

(0.62; 

0.72) 

0.65 

(0.59; 

0.71) 

0.62 

(0.57; 

0.68) 

0.77 

(0.72; 

0.83) 

0.71 

(0.66; 

0.76) 

0.76 

(0.71; 

0.81) 

AUC, area under the curve; CI, confidence interval; NPV, negative predictive value; PPV, 

positive predictive value. 
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Table S4: The accuracy of each POC glucometer at fasting (5.1 mmol/L threshold) when 

compared to laboratory-based OGTT results 

 Accucheck 

active 

Codefree I-STAT LDX Statstrip  Vivacheck Xpress 

2 

Laboratory* 

Participants 1013 1055 976 991 1067 1008 1075 1076 

PPV, % 

(95% CI) 

31.49 

(28.65; 

34.33) 

17.40 

(15.12; 

19.69) 

85.71 

(83.52; 

87.91) 

78.95 

(76.41; 

81.49) 

33.97 

(31.13; 

36.82) 

20.65 

(18.15; 

23.15) 

25.99 

(23.37; 

28.61) 

100  

(100; 100) 

NPV, % 

(95% CI) 

97.28 

(96.28; 

98.27) 

97.55 

(96.61; 

98.48) 

93.37 

(91.81; 

94.93) 

93.52 

(91.99; 

95.05) 

96.82 

(95.76; 

97.87) 

97.68 

(96.75; 

98.61) 

97.29 

(96.32; 

98.26) 

99.50  

(99.08; 

99.92) 

Sensitivity, 

% (95% CI) 

71.25 

(68.48; 

74.02) 

78.75 

(76.28; 

81.22) 

15.79 

(13.51; 

18.07) 

19.23 

(16.78; 

21.68) 

64.63 

(61.77; 

67.50) 

77.03 

(74.43; 

79.62) 

71.95 

(69.27; 

74.64) 

93.98 

(92.55; 

95.40) 

Specificity, 

% (95% CI) 

86.89 

(84.83; 

88.96) 

69.33 

(66.55; 

72.12) 

99.78 

(99.48; 

100.00) 

99.56 

(99.15; 

99.97) 

89.54 

(87.71; 

91.38) 

76.55 

(73.94; 

79.17) 

83.08 

(80.84; 

85.32) 

100  

(100; 100) 

False +ve, n 124 299 2 4 103 219 168 0 

False -ve, n 23 17 64 63 29 17 23 5 

True +ve, n 57 63 12 15 53 57 59 78 

True -ve, n 822 679 901 909 882 715 825 993 

AUC 0.79 

(0.73; 

0.85) 

0.73 

(0.68; 

0.79) 

0.57 

(0.53; 

0.62) 

0.57 

(0.53; 

0.61) 

0.77 

(0.70; 

0.83) 

0.76 

(0.70; 

0.82) 

0.77 

(0.71; 

0.83) 

0.98 (0.94; 

1.00) 

AUC, area under the curve; CI, confidence interval; NPV, negative predictive value; PPV, 

positive predictive value. *glucose at 5.1 mmol/L fasting blood 
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CHAPTER 4: FASTING PLASMA GLUCOSE PERFORMS BETTER THAN 

GLYCATED HAEMOGLOBIN AND GLYCATED ALBUMIN FOR DIAGNOSING 

GESTATIONAL DIABETES 
 

Khambule L, Chauke L, Crowther N.J., George J.A. Fasting plasma glucose performs better 

than glycated haemoglobin and glycated albumin for diagnosing gestational diabetes.  

Submitted to the Int J Gynecol Obstet (under review). 

4.1 ABSTRACT 

Objective: Universal screening for gestational diabetes mellitus (GDM) using the oral glucose 

tolerance test (OGTT) has been recommended. In resource-poor environments, OGTTs are 

only administered to women at high-risk for GDM. In countries such as South Africa, where 

female obesity is common, this translates into high numbers of tests. We therefore 

investigated glycated haemoglobin (HbA1c), glycated albumin (GA) and fasting plasma 

glucose (FPG) as OGTT alternatives. 

Methods: This was a cross-sectional study in black South African women between 24-32 

weeks of gestation who were at high risk for GDM (N=524). All women underwent an OGTT 

and were classified as non-GDM or GDM based on the International Association of Diabetes 

and Pregnancy Study Group (IADPSG) criteria.  Demographic and anthropometric data were 

documented, and blood glucose, GA and HbA1c levels were measured using standardised 

laboratory procedures. Cut points for GDM diagnosis using HbA1c and GA were calculated 

using ROC curve analysis. 

Results: The sensitivity and specificity of HbA1c at a 5.5% cut-point for GDM diagnosis were 

54% and 80% and for GA at a 37.56% cut-point were 54% and 83% whilst FPG at a 5.1mmol/L 

cut-point were 87% and 100%, respectively, missing 10 of 78 women with GDM. Applying an 

FPG cut point of 4.6mmol/L, 9 of the 10 remaining women with GDM were identified, with 

sensitivity and specificity of 90% and 75%, respectively. This two-tiered approach missed 1 of 

78 women with GDM. 

Conclusion: Unlike GA and HbA1c, FPG is a viable method for GDM diagnosis that when used 

in a two-tiered modality reduces the number of required OGTTs by 77%.  
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4.2 INTRODUCTION 

Over 90% of the women with GDM in the world are found in low- and middle-income 

countries (LMICs) [7] and in South Africa, GDM prevalence ranges from 9.1 to 25.8% [9,10]. 

Complications of GDM are preventable if it is diagnosed and treated in time. 

A number of organisations recommend universal screening for GDM using the OGTT, but in 

resourced limited settings selective screening based on the risk factors for GDM is often used 

to reduce the number of OGTTs. Selective screening has however, displayed contradictory 

findings, with some research stating that it has high sensitivity and specificity and others 

indicating that it only averted a small number of OGTTs and created unnecessary 

complications of testing [118]. A South African study showed that 59 (10.6%) out of 554 

women would be missed if selective screening was applied and 170 (30.7%) of the 554 

women tested had one or more of the risk factors mentioned below but tested negative for 

GDM [137]. The inadequacy of the selective screening approach has also been observed in 

European, South American and South Asian populations [179–181]. Thus, the choice of 

screening and diagnostic methods for GDM must take into consideration the infrastructural 

and financial constraints of the healthcare system within each country. 

The HbA1c test is a common method for monitoring glycaemic control and diagnosing 

diabetes in non-pregnant individuals. However, because of the changing erythrocyte count 

during pregnancy, HbA1c testing may inaccurately indicate the person's glycaemic 

status [143,182–185]. Unlike HbA1c, glycated albumin (GA) is unaffected by iron levels and, 

therefore, not altered by iron deficiency during pregnancy and maybe a more accurate 

measure of glycaemia through pregnancy than HbA1c [183]. In addition, a study conducted 

in a Japanese population showed an association between GA and neonatal health problems 

such as respiratory issues, hypoglycaemia, macrosomia, and polycythaemia [186]. The use of 

HbA1c or GA  for GDM diagnosis is appealing because these tests do not require an OGTT, 

and HbA1c stability is superior to that of plasma glucose [187]. In addition, point-of-care 

(POC) instruments are available for both HbA1c and GA measurements. However, 

internationally accepted cut points for the diagnosis of GDM using HbA1c or GA are not 

currently available. 
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Using fasting plasma glucose (FPG) alone would reduce the cost implications of performing a 

full OGTT. In addition, POC instruments for glucose are readily available. In the HAPO study, 

out of the cohort, 16% had GDM, and FPG identified 8.3% of the cohort with GDM. Another 

5.7% and 2.1% of the cohort were detected by 1-h and 2-h plasma glucose measurements 

[188].   

In a South African black population, FPG at 5.1 mmol/L exhibited a sensitivity of 88% (95% 

CIs 74 - 96) and a specificity of 100% [8].  

Therefore, this study aimed to compare the diagnostic accuracy of HbA1c, GA and FPG for 

GDM diagnosis in urban black African women as an alternative to the OGTT.   

4.3 METHODOLOGY 

4.3.1 Study design and population 

This was a multicentre cross-sectional study of pregnant black African women between 24 

and 32 weeks of gestation who were scheduled for an OGTT by the nurses as they had one 

or more risk factors for GDM.  This study was conducted between November 2018 and May 

2022. The sample size and study design are described in Chapter 2. 

4.3.2 Ethics 

Institutional ethics approval was obtained; details are available in Chapter 2. 

4.3.3 Sample Collection and Analysis 

Haemoglobin was tested using a HemoCue POCT Hb 201 analyser (Danaher, CA, USA). The 

HIV status and glucosuria were tested as described in Chapter 2.  Anthropometric 

measurements were performed on the day of the OGTT by the healthcare workers and the 

PI collected the data onto questionnaires. Body mass index (BMI; kg/m2) was calculated and 

categorised as normal or overweight (18.5–29.9 kg/m2) or obese (≥30.0 kg/m2). Medical and 

family history were recorded on questionnaires by the principal investigator and was taken 

from the participants’ clinical records and by interview; participants were asked about their 

employment, alcohol use and smoking status. All participants had their gestation period 

confirmed by ultrasound. 
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4.3.4 Oral glucose tolerance test  

All the participants went through OGTT as per IADPSG guidelines described in Chapter 2. 

Whole blood samples were collected in sodium fluoride tubes and glucose levels were 

measured within 30 minutes of collection. Glucose was measured using the Cobas 8000 

(Roche Diagnostics, Mannheim, DE) in CMJAH and the au480 chemical analyser (Beckman 

Coulter, Riyadh, KSA) in RHMMCH and Edenvale Hospital; both instruments used the glucose 

hexokinase method.   

4.3.5 Glycated haemoglobin (HbA1c) and glycated albumin (GA) measurement 

Glycated haemoglobin (HbA1c) was measured using the Variant II kit and high-pressure 

liquid chromatography (HPLC) system from Bio-Rad (Hercules, CA). Briefly, the method uses 

the principle of ion-exchange HPLC. Haemoglobins are separated based on their ionic 

interactions with a pH gradient buffered cartridge, the separated haemoglobins are detected 

using absorbance at 415nm and the background was corrected using 690nm. The detection 

of haemoglobin variants, including HbS, HbC, and HbE was done by analysing 

chromatograms of each patient sample, none of which were observed in participants. The 

intra-assay and inter-assay CVs for HbA1c were 0.64 and 1.15, respectively. 

Albumin and GA measurements were determined by the quantILab Glycated Albumin 

enzymatic assay (Werfen, Italy) on a Cobas 8000 autoanalyzer, as per the manufacturer’s 

instructions [164]. The GA levels were expressed as a percentage derived from the 

GA/albumin ratio. Details pertaining to GA analysis are available in Chapter 2  

4.3.6 Statistical analysis 

Statistical analysis was performed using STATA 16.1 software (StataCorp, College Station, TX, 

USA). Continuous variables with a normal distribution were expressed as means and SDs and 

as medians with an interquartile range if not normally distributed. Categorical variables were 

expressed as sample numbers with percentages. The Student’s t-test for normally 

distributed data and the Wilcoxon rank-sum test for skewed data were used to compare 

continuous variables between the women with GDM and the control group. The chi-squared 

test was performed for categorical data and Fisher’s exact test was used in cases where 

counts were <5. The area under the receiver operator characteristic (ROC) curve (AUC) with 

95% CI were determined for GDM diagnosis using HbA1c, GA and FPG as continuous 
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variables and the OGTT as the reference method.  The optimum GA and HbA1c thresholds 

for diagnosing GDM were estimated using the Youden index [189]. Sensitivity (%), specificity 

(%), positive predictive value (PPV) and negative predictive value (NPV) were calculated for 

each test at the optimum threshold. A p<0.05 was assumed to be statistically significant. 

4.4 RESULTS 

4.4.1 Participants 

Five hundred and twenty-four women met the inclusion criteria. Following the OGTT and 

HbA1c analysis, 47 (8.97%) women were excluded as a result of 28 (5.34%) women with 

missing OGTT results and 19 (3.63%) women classified as prediabetics leaving a final sample 

size of 477 (Figure 4.1). Within this group, 268 (56.2%) women had an HbA1c test, routinely 

performed only at CMJAH and RHMMAH. The GA test was performed on 200 randomly 

selected blood samples.   

 

Figure 4.1 Flow diagram of the recruitment process. 



65 

 

4.4.2 Clinical characteristics of GDM and non-GDM women 

Out of the 477 women in the study, 78 (16.35%) had GDM. The number of women with GDM 

by site was 37 (14.12%), 34 (18.58%) and 7(21.88%) for CMJAH, Edenvale Regional Hospital 

and RMMCH, respectively (Table 4.1).  

Table 4.1 The prevalence of GDM by site 

Study Site  Prevalence (%) 

Charlotte Maxeke Johannesburg Academic Hospital 14.12 

Edenvale Regional Hospital  18.58 

Rahimah Moosa Mother and Child Hospital 21.88 

The women diagnosed with GDM were younger (p-value = 0.02) and had significantly higher 

BMI (p-value = 0.01), blood glucose and glycated markers (p-value <0.0001 for all) but had a 

significantly lower proportion of HIV-positive women (p-value = 0.03) when compared to 

those without GDM (Table 4.2).  
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Table 4.2 The clinical characteristics of all women and by GDM status 
Variable All Non-GDM GDM p-

value 

N Value N Value N Value  

Age (years) 477 37 (32, 40) 399 37 (33, 40) 78 36 (30, 38) 0.02 

Gestational 
age (weeks) 

477 28 (26, 32) 399 28 (26, 32) 78 28 (27, 31) 0.93 

BMI (kg/m2) 469 33.02 
(28.55, 
38.30) 

392 33.56 (28.43, 
37.50) 

77 34.41 (29.40, 
41.50) 

0.01 

Alcohol 
consumers 

470 28 (5.96) 394 21 (5.33) 76 7 (9.21) 0.19 

Smokers 471 5 (1.06) 395 3 (0.76) 76 2 (2.63) 0.15 

HIV positive 467 135 (28.91) 390 121 (31.02) 77 14 (18.18) 0.03 

Haemoglobin 
(g/L) 

331 11.95 ± 1.60 282 11.88 ± 1.62 49 12.3 ± 1.43 0.08 

FPG (mmol/L) 477 4.4 (4.0, 4.7) 399 4.3 (4.0, 4.6) 78 5.3 (5.1, 5.6) <0.001 

Glucose 1hr 
after post load 

(mmol/L) 

477 6.5 (5.4, 7.8) 399 6.2 (5.3, 7.2) 78 9.2 (7.8, 
10.1) 

<0.001 

Glucose 2hr 
after post load 

(mmol/L) 

477 5.5 (4.8, 6.5) 399 5.4 (4.7, 6.2) 78 7.45(6.1, 8.8) <0.001 

HbA1c (%) 268 5.2 (4.9, 5.5) 227 5.1 (4.9, 5.4) 41 5.5 (5.2, 5.9) <0.001 

Glycated 
Albumin (%) 

199 22.98 
(11.36, 
38.62) 

128 13.51 (10.99, 
30.66) 

71 36.12 (21.63, 
51.26) 

<0.001 

Data expressed as n (%), mean ± SD or median (interquartile range); GDM=gestational diabetes, 

BMI=body mass index, HbA1c=glycated haemoglobin, HIV=human immunodeficiency virus, 

FPG=fasting plasma glucose 

4.4.3 Comparison of GDM risk factors between those with and without GDM 

The GDM risk factors were not significantly different between women diagnosed with GDM 

and controls with the exception of repeated glycosuria (p=0.02) and history of GDM (p=0.03) 

(Table 4.3).  
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Table 4.3 The GDM risk factors, overall and by GDM status  

Risk Factors All participants Non-GDM GDM p-

value 
N Frequency N Frequency N Frequency 

Obese 469 315 (67.16) 392 258 (65.82) 77 57 (74.03) 0.16 

Repeated 

glycosuria 

475 15 (3.16) 397 9 (2.27) 78 6 (7.69) 0.02 

History of 

GDM 

475 5 (1.05) 397 2 (0.50) 78 3 (3.85) 0.03 

Adverse 

pregnancy 

outcome 

475 53 (11.16) 397 44 (11.8) 78 9 (11.54) 0.85 

PCOS 476 0 (0.00) 398 0 (0.00) 78 0 (0.00) n/a 

Advanced 

maternal age 

476 300 (63.03) 398 257 (64.57) 78 43 (55.13) 0.11 

History of 

miscarriages 

475 136 (28.63) 397 111 (27.96) 78 25 (32.05) 0.47 

History of an 

LGA newborn 

476 61 (12.82) 398 50 (12.56) 78 11 (14.10) 0.71 

First-degree 
relative with 

T2D 

476 91 (19.12) 398 72 (18.08) 78 19 (24.36) 0.20 

Data expressed as n (%), N=number of observations, GDM=gestational diabetes mellitus, 

PCOS=polycystic ovarian syndrome, T2D=type 2 diabetes, LGA=large for gestational age 

 



68 

 

4.4.4 Sensitivity and specificity of fasting plasma glucose, glycated haemoglobin and glycated 

albumin  

The ROC curve analysis (Figure 4.2) demonstrated that FPG had the highest AUC (95%CI), 

followed by HbA1c then GA at 0.98 (0.96, 1.00), 0.73 (0.65, 0.83) and 0.73 (0.66, 0.80), 

respectively. Using the ROC curves the optimum threshold for FPG, GA and HbA1c for 

diagnosing GDM were 5.1mmol/L, 37.56% and 5,5%, respectively. 

 

Figure 4.2 ROC curve analysis of GDM diagnosis by fasting plasma glucose (FPG), glycated 

albumin (GA) and glycated haemoglobin (HbA1c).  

The FPG had the highest sensitivity and specificity, with values of 87.2% and 100% 

respectively. HbA1c and GA showed lower values, with sensitivities of 53.7% and 53.5% and 

specificities of 79.7% and 82.8% respectively (Table 4.3). Thus, FPG was superior to HbA1c or 

GA and was studied further. The cut point of 5.1mmol/L for FPG incorrectly identified 10 

women as not being GDM. We, therefore, carried out a ROC curve analysis on all the women 

who were labelled as ‘non-GDM’ using the 5.1mmol/L FPG cut point (n=409) and obtained a 
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new cut point of 4.6mmol/L providing a sensitivity of 90.0%, a specificity of 74.9%, a positive 

predictive value of 8.3% and a negative predictive value of 99.7% (Table 4.4; also included 

are characteristics of the 4.6mmol/l cut point if applied to all 477 women). Therefore, from 

the 109 women with FPG≥4.6mmol/L, it correctly identified 9 of the 10 undiagnosed women 

with GDM as having GDM but misdiagnosed 100 women as having GDM. In addition, 300 

women had FPG <4.6mmol/L of whom one woman was misdiagnosed at not having GDM.  

Table 4.4 Accuracy of glycated haemoglobin, glycated albumin and FPG when compared to 

all OGTT time points  
 FPG at ≥5.1 

mmol/L 

HbA1c at ≥5.5 

% 

GA at 

≥35.76% 

FPG between 

4.6 mmol/L and 

5.0 mmo/L 

FPG ≥ 4.6 
mmol/L 

Participants 477 268 199 409 477 

Sensitivity, % 

(95%CI) 

87.2 (77.7, 

93.7) 

53.7 (37.4, 

69.3) 

53.5 (41.3, 

65.5) 

90.0 (55.5, 99.7) 98.7 (97.7,99.7) 

Specificity, % 

(95% CI) 

100 (99.1, 100) 79.7 (73.9, 

84.8) 

82.8 (75.1, 

88.9) 

74.9 (70.4, 79.1) 74.9 (71.1, 78.8) 

PPV, % (95%CI) 100 (94.7, 100) 32.4 (21.5, 

44.8) 

63.3 (49.9, 

75.4) 

8.26 (3.85, 15.1) 43.5 (39.1, 48.0) 

NPV, % (95%CI) 97.6 (95.5, 

98.8) 

90.5 (85.6, 

94.2) 

76.3 (68.3, 

83.1) 

99.7 (98.2, 100) 99.7 (99.2, 100) 

False positive, N 0 46 22 100 100 

False negative, 

N 

10 19 33 1 1 

True positive, N 68 22 38 9 77 

True negative, N 399 181 106 299 299 

PPV=positive predictive value; NPV=negative predictive value, FPG=fasting plasma glucose, 

GA=glycated albumin, HbA1c=glycated haemoglobin 

 

Applying an OGTT to these 109 women would be necessary to single out the 9 women with 

GDM. Therefore, such a two-tiered approach would cut down the number of OGTTs by 77% 

(i.e., from 477 to 109) and would miss one woman with GDM. This is shown 

diagrammatically in Figure 4.3.   
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4.5 DISCUSSION 

This cross-sectional study focused on black African women who were at high risk for GDM. 

Our findings indicate that HbA1c and GA are unacceptable diagnostic tests for GDM. 

However, FPG alone identified 87.2% (68 of 78) of women with GDM, but 12.8% (10 of 78) of 

women with GDM were not diagnosed, but 90% of these GDM cases were identified when 

using a FPG cut point of 4.6 mmol/L.   

The IADPSG recommends that for environments where universal screening by OGTT is not 

applicable, FPG may be used and a full OGTT should be reserved for those women with a 

non-diagnostic FPG [190]. If we translate this to the current study, 409 of 477 women would 

have to be tested using the OGTT, but with our two-tiered approach, this would be reduced 

to 109 OGTTs.  

Several studies agree with the use of FPG cut-points to identify pregnant women who should 

have an OGTT, using IADPSG diagnostic criteria [8,191–193].  A study from the United Arab 

Emirates on women with high risk for GDM (n=10283) used a FPG cut point of ≥4.4mmol/L 

and reported a reduction in the number of OGTTs of 50.6% and a sensitivity of 95.4% [30]. 

Other studies used FPG for universal screening of all pregnant women. Thus, an Australian 

study using a FPG cut-point of ≥4.7mmol/L in 4650 women reported an 82.9% reduction in 

OGTTs [192]. A study from Switzerland using a FPG cut-point of ≥4.4mmol/L in 2298 women 

reported 78.5% sensitivity and a reduction in OGTTs of 63.8% [194]. These studies 

demonstrate that FPG applied in a two-tier approach may be used for universal GDM 

screening. This would be particularly relevant in resource-limited environments where it 

would reduce the number of OGTTs. The variations in FPG levels across the studies may be 

attributed to the prevalence of obesity and the level of abnormal glucose tolerance within 

each population studied [193]. 
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Figure 4.3. The comparison between a two-tiered diagnostic method (A) and the OGTT (B), created in https://BioRender.com. 
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As demonstrated in the current study, HbA1c for GDM diagnosis has poor performance 

[1,195–197].  A Belgium study reported an AUC of 0.73 and sensitivity, specificity, PPV and 

NPV of  12.0%, 99.4%, 20 and 0.88, respectively, for HbA1c at a 5.5% threshold [197]. Few 

publications are investigating GA as a diagnostic test for GDM however, two previous studies 

do report similar findings to the current study demonstrating AUC for the ROC curve of 0.53 

[198] and 0.57 [199]. In both these studies, FPG was superior to HbA1c and GA  for GDM 

diagnosis [198,199]. 

Furthermore, this study demonstrated that conventional risk factors discriminate poorly 

between women with and without GDM except for repeated glycosuria and a history of 

GDM. Previous studies from South Africa [8,10] have shown that selective screening carries 

the risk of missing significant proportions of the women with GDM, leading to OGTTs being 

performed in a large proportion (34.6% and 45.8%, respectively) of the screened individuals. 

Similarly, a study conducted in Nigeria reported that 14 out of 45 women with GDM were 

missed using selective screening [135]. 

One of the main reasons why selective screening using risk factors for GDM has poor 

sensitivity for detecting GDM may be due to the high prevalence of female obesity in South 

Africa. Thus, in 2017 the prevalence of obesity in women of childbearing age (18-49 years) 

was 35.2% and this high prevalence is mirrored in the present study where 67.2% of the 

subjects at increased risk for GDM were obese. However, although BMI was slightly higher in 

those women who were diagnosed with GDM, the prevalence of obesity did not differ 

between GDM cases and those without GDM. Thus, the high prevalence of obesity in this 

population will lead to a large number of pregnant women meeting the criteria for an OGTT, 

(one risk factor needed to meet the criteria), but as shown in this study only a small 

percentage will have GDM. This could be due to the fact that GDM is a multifactorial disease, 

and a combination of factors contributes to its development. 

One of the strengths of our study is that we have reported sensitivity and specificity for 

three different glycaemic tests (FPG, HbA1c and GA) for diagnosing GDM and have estimated 

the optimum diagnostic thresholds for each test in an under-studied population. This is the 

first time that such an analysis has been undertaken on the African continent. In addition, 

we have confirmed that FPG is an appropriate screening test for GDM in this population and 
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have further shown that once screened OGTTs need only be performed in women with FPG 

between 4.6 and 5.1 mmol/L. This process reduces the number of required OGTTs by 77% in 

this high-risk group. This study is important in that it demonstrates that this screening 

process may dramatically reduce the number of OGTTs necessary within a financially 

constrained healthcare system and that HbA1c and GA are not appropriate tests for GDM 

diagnosis in this population. A limitation is that the study focused on women with high risk 

for GDM and GA and HbA1c measurements were not available for all study participants.  

4.6 CONCLUSION 

 

In conclusion, FPG used in a two-tiered process for identifying women with GDM amongst a 

high-risk population provides a diagnostic method of high sensitivity and specificity and 

reduces OGTTs.   

Although this study shows that FPG may be a useful method of screening high risk 

individuals for GDM it still requires the collection of a fasting blood glucose sample whilst 

other markers of glycaemia that do not require fasting blood samples (GA and HbA1c) had 

poor diagnostic ability. Furthermore, none of these blood analytes have recognised cut 

points for diagnosing GDM in early pregnancy. We therefore believe that it is important to 

study prospective biomarkers that go beyond glycaemic markers, and which may provide 

important information on the pathophysiology of GDM.  In the following study we 

investigated potential biomarkers of GDM in early and in late pregnancy. This manuscript 

(Chapter 5) will be submitted to the British Journal of Obstetrics & Gynaecology.
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CHAPTER 5: THE USE OF NOVEL BIOMARKERS FOR THE DIAGNOSIS OF 

GESTATIONAL DIABETES MELLITUS IN BLACK AFRICAN WOMEN 
 

Khambule L, Chauke L, Crowther N.J., George J.A. The use of novel biomarkers for the 

diagnosis of gestational diabetes mellitus in Black African women. Written in a scientific 

journal format. 

5.1 ABSTRACT 

Objective: This study aimed to evaluate whether IL-6, TNF-α, free fatty acids (FFAs), 

branched-chain amino acids (BCAAs; valine, leucine, isoleucine), phenylalanine, and 

acylcarnitines (C2, C4, C5, and C8-carnitines) were associated with glycaemia in early and late 

stages of pregnancy and whether they could be potential biomarkers of gestational diabetes 

mellitus (GDM) in African women.  

Methods: This cross-sectional study involved two cohorts of women: one comprised of 

women in early pregnancy (≤20 weeks), and the other included women in late pregnancy 

(24-32 weeks). The women in late pregnancy were assessed for GDM using an oral glucose 

tolerance test (OGTT) following the International Association of Diabetes and Pregnancy 

Study Groups (IADPSG) criteria. Potential biomarkers selected from the literature were 

analysed in both cohorts. Biomarker levels were compared between women who had and 

did not have GDM in late pregnancy, and their discriminatory power assessed by receiver-

operator characteristic (ROC) curve analysis and their correlation with glycaemia levels was 

measured in both cohorts.  

Results: A total of 477 and 170 women in late and early pregnancy, respectively, were part of 

the analysis. Among the 477 women, 78 (16.4%) had GDM. Women with GDM showed 

significantly higher levels of FFAs, and isoleucine, alongside significantly lower levels of C2, 

C4, and C5-carnitines, when compared to the non-GDM group (all p-values < 0.05) but ROC 

curves demonstrated sensitivities from 7.7% to 44.9% and specificities from 79.3% to 87.7% 

for GDM diagnosis. In early pregnancy, only valine correlated with blood glucose, 

independent of BMI and age (p=0.029). 
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Conclusion: The selected biomarkers are not suitable for diagnosis of GDM. Furthermore, 

they do not reflect levels of glycaemia in early pregnancy (except for valine) but do so in late 

pregnancy where they demonstrate altered FFA and BCAA metabolism in those with GDM. 

 

5.2 INTRODUCTION  

The aetiology of GDM has some similarities to that of type 2 diabetes (T2D), and like T2D, is 

greatly influenced by the high prevalence of female obesity that exists presently in South 

Africa [18]. The rising prevalence of obesity in South Africa can be attributed to the nation's 

rapid economic growth and increased migration from rural areas to cities, where lifestyles 

are characterised by high consumption of calorie-dense foods and less exercise [17].  

The conventional selective screening procedure for GDM that is used in many low-and-

middle-income countries such as South Africa, is known to have poor sensitivity and 

specificity for GDM [10]. One method that could be used to improve the screening procedure 

for GDM would be to make use of early biomarkers for GDM. This may be feasible as a 

number of studies have shown that metabolic differences are observed between women 

with and without GDM [100,200,201] and a significant body of literature has emerged 

focused on identifying early pregnancy biomarkers for GDM [100,103,202–204].  

The majority of the GDM biomarker studies emanate from untargeted metabolomics or 

proteomic analysis, but none of them were conducted in African populations and none have 

been confirmed in validation studies, which are expensive to perform [146]. The biomarkers 

that are currently being investigated represent the pathophysiological pathways linked with 

GDM, one of the factors contributing to GDM development being inflammation. Adipose 

tissue, beyond storing lipids, acts as an endocrine organ releasing adipocytokines. In obesity, 

this release shifts toward pro-inflammatory adipokines, compounding pregnancy-induced 

insulin resistance (IR) and increasing GDM risk.  The pro-inflammatory adipokines 

investigated in the current study are interleukin-6 (IL-6) and tumor necrosis factor-α (TNF-α). 

These were selected as they were found to be elevated in women diagnosed with GDM [68–

71]. Moreover, TNF-α is thought to contribute to IR directly through the c-JUN N-terminal 

kinase (JNK) pathway and IκB kinase (IkappaB kinase or IKK) of the nuclear factor-kappa B 
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(NF-κB) signalling pathway. Elevated IL- 6 levels were found to be directly associated with 

pregravid BMI, FPG, and postprandial glucose levels [72], and conversely associated with 

insulin action in Pima Indians with GDM [73]. These inflammatory markers are more specific 

to GDM than other inflammatory markers linked to GDM such as creatine reactive protein 

(CRP) [205].  

Impaired metabolism of branch-chained amino acids (BCAAs; valine, leucine, isoleucine), free 

fatty acids (FFAs) and their metabolites acylcarnitines have also been strongly linked to IR 

directly and indirectly. BCAAs are thought to induce IR through the stimulation of the 

mammalian target of rapamycin (mTOR) signalling pathway [47,77,81,82]. The mTOR 

signalling pathway regulates protein synthesis and breakdown in cells and is a key signalling 

mediator in the crosstalk between amino acids and insulin [83]. The BCAAs have been 

identified as novel biomarkers for T2D [206,207], IR[81], metabolic syndrome[208] obesity 

[77,82] and incident CVD [209]. BCAAs have also been associated with 

GDM [99,100,151,152,210]. Thus, maternal plasma, umbilical venous and arterial plasma 

BCAAs were higher in GDM cases than in controls mid-pregnancy [99,150,152] and early-

pregnancy [100]. In pregnancy, human placental lactogen (hPL) further stimulates lipolysis as 

a compensation for the IR thus elevating FFAs in circulation [58].  Disrupted metabolism of 

FFAs and BCAAs results in abnormal accumulation of their metabolites such as acylcarnitines 

(ACs) and could possibly discriminate between GDM and healthy pregnancy. ACs have been 

reported to be associated with GDM in early pregnancy and late pregnancy [202,211–214]. 

One study  showed a 30% increase in AC levels in GDM cases when compared to controls 

(p=0.005) [214]. In the present study, the following ACs were selected, isobutyryl- carnitine, 

isovaleryl-carnitine, acetyl-carnitine and octanoyl-carnitine as they showed stronger 

association with GDM in literature [147,211,213]. These inflammatory markers and 

metabolites are linked to IR, except for the ACs which are indicators of incomplete oxidation 

of BCAAs and FFAs metabolism, however they are all commonly found to be elevated in 

women with GDM. 

Our main aim was to determine whether any of these chosen metabolites and proteins were 

associated with glycaemia at either of these stages of pregnancy and whether they may be 

possible biomarkers of GDM in this population. In addition, these analyses may provide 

important information on the pathophysiology of GDM in African women. 
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5.3 METHODOLOGY 

5.3.1 Study design 

This was a multicentre cross-sectional study which included two cohorts.  One cohort was made up of 

black African women between 24 and 32 weeks of pregnancy who are at high risk of developing GDM 

[123] and had gone through an OGTT between November 2018 and May 2022.  The second cohort 

included pregnant women visiting the Hillbrow Community Health Centre (CHC) ante-natal clinic in 

Johannesburg for the first time between 8-20 weeks of pregnancy. The study design and sample size 

estimates are described in Chapter 2.  If the selected biomarkers can distinguish between GDM and 

non-GDM, it would be advantageous to evaluate their efficacy as indicators of poor glycaemic control 

in the early stages of pregnancy. The inclusion of the second cohort in the study aimed to investigate 

the relationship between potential biomarkers and glucose levels in early pregnancy. The OGTT was 

not conducted in the early pregnancy group because there are currently no guidelines that define 

glucose cut points for diagnosing GDM in the first or second trimester of pregnancy. Ideally, the early 

pregnant women would be followed up until late pregnancy where the OGTT can be performed, 

however, this was not done in current study as the estimated dropout rate of participants is about 

40% as observed in a longitudinal study performed in a population similar to the current study [215]. 

It was hoped that the present study would identify biomarkers that would associate with glycaemia 

in early pregnancy and would distinguish between GDM and non-GDM cases later in pregnancy. Such 

molecules could then be used in a future longitudinal study to determine if they can identify GDM 

early in pregnancy.  

5.3.3 Sample and data collection 

A standardised questionnaire was used to collect information on age, gestational age, parity, 

and gravidity. The gestational age was estimated from the first day of the last menstrual 

period. HIV positive women were included in this study as the prevalence of HIV is relatively 

high (16.8%) in South African women [163]. The HIV status of all the study participants was 

known due to routine clinic-based screening tests, and therefore HIV status was included in 

all the statistical tests to determine whether it affects glucose levels and risk for GDM at 16-

20 and ≥24 weeks of gestation, respectively. 

Blood samples of participants in the late pregnancy cohort were collected during a 75g oral 

glucose tolerance test (OGTT), as per IADPSG guidelines described in Chapter 2.  
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5.3.4 Biochemical analysis 

Plasma glucose and serum glycated albumin (GA) were measured using a Roche auto-

analyser, Cobas 8100 system (Basal, Switzerland).  The GA kits were purchased from 

QuantLab, Werfen (Milano, Italy).  Details of the glucose and glycated albumin analysis are 

provided in Chapter 2. The intra-assay CV for glucose and GA were 1.00 and 0.10 % 

respectively. The inter-assay CV for glucose and GA were 0.68 and 2.87%, respectively. 

The inflammatory markers, TNF-α and IL-6 were measured using commercially available 

enzyme-linked immunosorbent assay (ELISA) kits from ELabscience (Houston, TX, USA) and 

R&D systems (Bio-tech, Minneapolis, MN, USA), respectively.  The analysis was carried out by 

strictly following the manufacturers' instructions. The assays used a quantitative sandwich 

enzyme immunoassay method. Absorption at 450nm was calculated using a Synergy HT 

microplate reader (Biotek, Vermont, USA) and the background was corrected using 540nm.  

The microplates were incubated and washed using the Thermostar incubator (BMG Labtech, 

Ortenberg, Germany) and ELX50 microplate washer (Biotek, Vermont, USA), respectively. The 

intra-assay and inter-assay CVs for TNF-α were 1.56 and 1.21 %, respectively. The intra-assay 

and inter-assay CVs for IL-6  were 1.6 and 3.3%, respectively. 

Total FFAs were analysed using a fluorometric assay from Elabscience (TX, USA). The 

manufacturer’s instructions were strictly followed. Briefly, standards and samples were 

pipetted onto a microplate followed by the enzyme acyl synthase to convert FFAs to acyl-

CoA, which is then converted into hydrogen peroxide by acyl oxidase. Thereafter, the 

fluorescent substrate is added which reacts with hydrogen peroxide to form a fluorescent 

end-product. The fluorescence intensity at the 535nm excitation and 590nm emission 

wavelength was measured. The intensity was proportional to the concentration of FFA. 

Fluorescence was measured with the Synergy HT microplate reader (Biotek, Vermont, USA) 

and the microplates were incubated and washed using the Thermostar incubator (BMG 

Labtech, Ortenberg, Germany) and ELX50 microplate washer (Biotek, Vermont, USA), 

respectively. The average intra-assay and inter-assay CVs were 4.2 and 5.3 %, respectively. 

The BCAA and acylcarnitine (ACs)s methods were optimised and validated. The methods for 

BCAAs and acylcarnitines are described below.  

Sample and standards preparation 
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Two stock solutions were prepared, one containing the amino acids (valine, leucine, 

isoleucine and phenylalanine) and the other containing ACs (C2, C4, C5 and C8-carnitines) 

purchased from Toronto Research Chemicals (Toronto, Canada). Each stock solutions were 

prepared in 50/50/0.1 (v/v/v) methanol/de-ionised water/formic acid to make up a 4mM 

solution and stored at -4°C. On the day of analysis, standards and quality controls (QC) were 

prepared from each stock solution in 4 % bovine serum albumin (BSA). Standard 

concentration ranges of 0- 300.0 and 0-120 µM were prepared by serial diluting for amino 

acids and ACs, respectively. The QC samples were used during validation and clinical sample 

analysis. 

Deuterated internal standards, namely leucine-d3, valine-d8 and phenylalanine-d5 for amino 

acids and carnitine-d3 for ACs were purchased from Toronto Research Chemicals (Toronto, 

Canada) and prepared in 50/50/0.1 (v/v/v) methanol/de-ionised water/formic acid to form 

two stock solutions, each at a concentration of 75µmol/l and aliquoted into polypropylene 

tubes and stored at − 80°C before use. 

Samples were thawed, and 120µl of each standard/sample was aliquoted into polypropylene 

tubes, followed by 80µl of the deuterated internal standards. Thereafter 600µl of pure 

methanol (high-performance liquid chromatography grade) was added to precipitate the 

protein in the samples and vortex mixed. To separate the pellet and supernatant, the 

samples were centrifugated at 3 1486 X g for 10 minutes using the Mikro 22 centrifuge 

(Hettish, Tuttlingen, Germany) for 10 minutes, and the supernatant from each sample was 

transferred to its designated vial. 

Liquid chromatography conditions 

Separation of analytes was performed by the Nexera Series LC-40D XR liquid chromatography 

system (Shimadzu, Kyoto Japan) consisting of a gradient elution pump and CTC-PAL 

autosampler. The stationary phase was the Hypercarb 3 µm, 50× 2.1 mm column from 

Thermoscientific (MA, USA). The mobile phases for both methods were 0.1% trichloroacetic 

acid in de-ionised water (Mobile phase A) and 0.1% trichloroacetic acid in acetonitrile 

(Mobile phase B). A gradient at a flow rate of 200 µL/min was used for amino acid analysis 

such that mobile phase B was maintained at 10% for the first 3 min, then ramped up to 90% 

over 4 min and maintained at 90% for 1 min, followed by a reduction to 10% for 2 min for 
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column re-equilibration as shown in Table S1. For ACs, an isocratic flow was used and mobile 

phase B was kept constant at 30% for 4 min.  

Mass spectrometry conditions 

Tandem mass spectrometry detection was carried out using a 5500 linear ion trap 

quadrupole tandem mass spectrometer (QTRAP) from Sciex (MA, USA) with a Turbo IonSpray 

electrospray ionization (ESI) source operated in the positive ion mode. Data was collected 

and processed using Analyst® software (version 1.6.3). Mass spectrometric parameters were 

optimised by infusing each analyte with a mixture of 20/80 mobile phase A/B at a flow rate 

of 400 µL/min. The ESI spray voltage was + 5500 V. The source temperature was 500 °C. The 

curtain gas was 20.00, and the nebulizer gas settings 1 and 2 were 70 as shown in Table S2. 

The ion transitions of MS/MS detection for each analyte and internal standard are shown in 

Table S3. 

 

Method Validation 

The acylcarnitine and amino acids methods were validated following the Food and Drug 

Administration (FDA) guidelines and all passed the validation [216]. The method validation 

procedure and outcome are shown in the Supplementary material at the end of the chapter. 

5.3.5 Data analysis 

Statistical analysis utilised STATA 16.1 software (StataCorp, College Station, TX, USA). A p-

value of < 0.05 was considered statistically significant. The distribution of the data was 

evaluated with the Shapiro–Wilk test and continuous variables displaying a normal 

distribution were reported as means and standard deviations, while those not normally 

distributed were presented as medians and interquartile ranges (IQRs). Categorical variables 

were presented as sample numbers along with their corresponding percentages. To compare 

the demographic, anthropometric, and biomarkers between the women with GDM and the 

control group, Student t-test was employed for normally distributed data and the Wilcoxon 

rank-sum test for skewed data. The chi-squared test was conducted for categorical data, 

while Fisher’s exact test was applied in instances where numbers were ˂ 5. Correlations of 

glucose levels from the OGTT with discriminatory biomarkers were analysed in late 

pregnancy using Spearman correlation. Correlations of fasting and random blood glucose 
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with biomarker levels were analysed in early pregnancy using linear regression, with blood 

glucose as the dependent variable and each biomarker as the independent variable adjusted 

for age, gestational age and BMI.  In the women in late pregnancy, a logistic regression model 

was set up for GDM using independent variables that differed significantly (p<0.05) between 

GDM and non-GDM groups. The variance inflation factor (VIF) was calculated, and VIF >5 was 

used as an indication of multicollinearity; none of the variables had VIF >5. The area under 

the ROC curve (AUC) with 95% CI was determined for potential biomarkers of GDM that 

remained significant after the multivariate logistic regression alongside GA, which is known 

to be a good indicator of glycaemia during pregnancy [183]. The Youden index [189] was 

used to determine the biomarkers' optimum cut-off levels for detecting GDM, and sensitivity 

and specificity were calculated for all. 

5.4 RESULTS 

5.4.1 Study population description 

Six hundred and ninety-four pregnant women were recruited of which 524 were women in 

late pregnancy and 170 were women in early pregnancy (Figure 5.1). From the late 

pregnancy cohort, 28 (5.34%) women had incomplete OGTT results, and 19 (3.62%) women 

had overt diabetes and were thus excluded from the study. Four hundred and seventy-seven 

(477; 91.0%) women were included in the data analysis. In the early pregnancy cohort, 7 

(4.12%) women were classified as overt diabetes and were therefore excluded from the 

study, therefore, 163 (95.9%) women were included in the data analysis, 87 were fasting and   

76 were   non-fasted. 

The prevalence of GDM in the late-pregnancy cohort was 16.4% (78/477).  The body mass 

index (BMI) of women in late pregnancy was higher than that of women in early pregnancy, 

and they were older (Table 5.1). In addition, they had a higher proportion of women positive 

for human immunodeficiency virus (HIV), married and employed but fewer smokers. When 

comparing non-GDM and GDM groups in late pregnancy, women with GDM were 

significantly younger and had significantly higher median BMI and systolic blood pressure 

(SBP) but a significantly lower proportion were positive for HIV (p<0.05 for all) (Table 5.2). 

Gestational age, parity, gravidity, diastolic blood pressure (DBP), current employment, marital 
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status, alcohol intake and smoking status were not significantly different between the two 

groups (Table 5.2).   
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Figure 5.1. Flow diagram of the recruitment process 
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Table 5.1 Demographic and clinical characteristics of participants 

Variable All pregnant women in early 

pregnancy 

All pregnant women in late 

pregnancy 

N Value N Value 

Age (years) 162 33 (26, 38) 477 37 (32, 40) 

Gestational age (weeks) 163 16 (12, 19) 477 28 (26, 32) 

Parity 162 1 (0, 2) 456 2 (1,3) 

Gravidity 161 3 (2, 4) 458 3 (3,4) 

BMI (kg/m2) 160 29.27 (25.54, 34.13) 469 33.02 (28.55, 38.30) 

Systolic BP (mmHg) 162 123.98 ± 0.97 476 123.50 (115.00, 132.50) 

Diastolic BP (mmHg) 163 73.00 (66.00, 80.00) 476 73.50 (67.50, 81.25) 

Alcohol consumers 163 13 (7.98) 470 28 (5.96) 

Current Smoker 163 7 (4.29) 471 5 (1.06) 

Married 162 25 (15.43) 470 148 (31.49) 

Employed 162 63 (38.89) 469 233 (49.68) 

HIV positive 160 35 (21.88) 467 135 (28.91) 

Repeated glycosuria 161 3 (1.86) 475 16 (3.37) 

Data expressed as n (%), mean ± SD or median (interquartile range); GDM=gestational diabetes, 

BMI=body mass index, HIV=human immunodeficiency virus, BP= Blood pressure, HIV=human 

immunodeficiency virus  

5.4.2 Biomarkers for GDM in late pregnancy 

Women with GDM had significantly higher levels of FFAs and isoleucine and significantly 

lower acylcarnitines C2, C4 and C5 compared to the non-GDM group (p<0.05 for all; Table 

5.3). All the above discriminatory biomarkers were significantly associated with glucose 

levels from the OGTT except for C2-carnitine (p<0.05 for all; Table 5.4).  Thus, the FFAs 

showed a positive correlation with glucose at all three-time points, while isoleucine levels 

correlated with FPG and glucose at 2 hours post-load.  The acylcarnitines displayed an 

inverse relationship, C4-carnitine correlated with glucose levels at 1 hour and 2 hours post-

load, while C5-carnitine correlated with glucose only at 2 hours post-load. In a multivariate 

logistic regression model, only FFAs, isoleucine, C2-carnitine and BMI were significantly 
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associated with GDM (Table 5.5). In addition, the Spearman correlation showed a negative 

relationship between FFAs and C2-carnitine (r=-0.1642, p<0.01).  

Table 5.1 Demographic and clinical characteristics of women in late pregnancy by GDM 

Variable Non-GDM GDM p-value 

N Value N Value  

Age (years) 399 37 (33, 40) 78 36 (30, 38) 0.02 

Gestational age (weeks) 399 28 (26, 32) 78 28 (27, 31) 0.93 

Parity 381 2 (1, 3) 75 2 (1, 3) 0.33 

Gravidity 383 3 (3, 4) 75 3 (2, 4) 0.90 

BMI (kg/m2) 392 33.56 (28.43, 37.50) 77 34.41 (29.40, 41.50) 0.01 

Systolic BP (mmHg) 398 123.25 (114.00, 131.50) 78 126.50 (120.00, 135.00) 0.01 

Diastolic BP (mmHg) 398 73.50 (67.50, 81.00) 78 75.50 (67.50, 82.00) 0.37 

Alcohol consumers 394 21 (5.33) 76 7 (9.21) 0.19 

Current Smoker 395 3 (0.76) 76 2 (2.63) 0.15 

Married 395 121 (30.63) 75 27 (36.00) 0.36 

Employed 393 198 (50.38) 76 35 (46.05) 0.49 

HIV positive 390 121 (31.03) 77 14 (18.8) 0.02 

Repeated glycosuria 397 9 (2.27) 78 7 (8.97) 0.01 

Data expressed as n (%), mean ± SD or median (interquartile range); GDM=gestational diabetes, 

BMI=body mass index, HIV=human immunodeficiency virus, BP= Blood pressure, HIV=human 

immunodeficiency virus  

 

5.4.3 Sensitivity and specificity of the biomarkers 

Using ROC curve analyses, the discriminatory biomarkers from the multivariate regression 

model, namely C2-carnitine, isoleucine and FFAs were found to have AUCs of 0.42, 0.64, and 

0.65, respectively (Figure 5.2). Sensitivity ranged from 7.74% for C2-carnitine at a cut point 

of 2.52 µmol/l to 44.94% for FFAs at a cut point of 569.75 µmol/l. Specificity ranged from 

79.39% for C2-carnitine at the 2.52 µmol/l cut point to 87.73% for isoleucine at a cut point 

of 127.45 µmol/l (Table 5.6). This compares to data for GA which at a cut point of 35.76% 

had AUC, sensitivity and specificity of 0.73, 53.52 and 82.81% respectively. 
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Table 5.3 Potential biomarkers for GDM screening stratified by GDM. 

Variable Non-GDM GDM p-

value N Value N Value 

IL- 6 (pg/ml) 206 2.26 (1.36, 3.14) 62 2.47 (1.10, 3.33) 0.62 

TNF-α (pg/ml) 188 43.85 (29.10, 71.72) 72 49.83(26.87, 74.72) 0.68 

Free fatty acids (µmol/l) 179 296.33 (176.00, 

672.20) 

74 590.80 (274.00, 

920.00) 

<0.001 

Valine (µmol/l) 393 116.65 (101.64, 

133.01) 

78 117.87 (103.51, 

136.72) 

0.54 

Leucine (µmol/l) 393 55.85 (46.62, 63.65) 77 50.44 (45.17, 64.25) 0.17 

Isoleucine (µmol/l) 393 106.72 (94.88, 

121.10) 

78 118.68 (101.82, 

135.59) 

<0.001 

Phenylalanine (µmol/l) 393 64.20 (56.17, 75.17) 77 63.72 (54.51, 77.76) 0.65 

C2-carnitine (µmol/l) 388 1.76 (0.89, 2.82) 76 1.45 (0.94, 1.97) 0.03 

C4-carnitine (µmol/l) 388 0.13 (0.08, 0.17) 76 0.10 (0.04, 0.15) <0.001 

C5-carnitine (µmol/l) 388 0.15 (0.06, 0.19) 76 0.09 (0.04, 0.18) 0.01 

C8-carnitine (µmol/l) 388 0.15 (0.11, 0.24) 76 0.14 (0.11, 0.19) 0.10 

FPG (mmol/L) 399 4.3 (4.0, 4.60) 77 5.3 (5.1, 5.6) <0.001 

Glucose 1hr after post load 

(mmol/L) 

399 6.2 (5.3, 7.2) 78 9.3 (7.8, 10.2) <0.001 

Glucose 2hr after post load 

(mmol/L) 

399 5.4 (4.7, 6.2) 78 7.5 (6.2, 8.8) <0.001 

Data expressed as n (%), mean ± SD or median (interquartile range); GDM=gestational diabetes, IL-

6=interleukin-6, TNF-α= tumor necrosis factor-α 
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Figure 5.2 Receiver operating characteristic (ROC) curve analysis for GDM diagnosis by glycated 

albumin (GA), free fatty acids (FFAs), isoleucine and C2-carnitine. The OGTT as the reference method. 

 

Table 5.4 The association of the discriminatory biomarkers with glycaemia in late pregnancy. 

Variable  
FPG 

(mmol/L) 

Glucose 1hr 

after post-load 

(mmol/L) 

Glucose 2hr after 

post-load 

(mmol/L) 

Isoleucine 

(µmol/l) 

Spearman’s rho 0.1310 0.0582 0.1092 

p-value <0.01 0.21 0.02 

C2-carnitine 

(µmol/l) 

Spearman’s rho -0.0795 0.0099 0.0485 

p-value 0.09 0.83 0.30 

C4-carnitine 

(µmol/l) 

Spearman’s rho -0.0518 -0.0920 -0.1565 

p-value 0.27 0.05 <0.01 

C5-carnitine 

(µmol/l) 

Spearman’s rho -0.0305 0.0765 -0.1396 

p-value 0.51 0.10 <0.01 

Free fatty acids 

(µmol/l) 

Spearman’s rho 0.2587 0.1786 0.1368 

p-value <0.0001 <0.01 0.03 
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Table 5.5 Multivariate logistic regression model for GDM. 

Independent variable Odds ratio (95% CI) p-value 

Age (years) 0.97 (0.92, 1.02) 0.23 

BMI (kg/m2) 1.05 (1.01, 1.11) 0.03 

Systolic BP (mmHg) 1.02 (0.99, 1.05) 0.13 

Repeated glycosuria 1.95 (0.35, 10.72) 0.45 

HIV positive 0.69 (0.31, 1.53) 0.36 

Free fatty acids (µmol/l) 1.001 (1.00, 1.002) <0.01 

Isoleucine (µmol/l) 1.01 (1.00, 1.03) 0.03 

C2-carnitine (µmol/l) 0.49 (0.33, 0.74) <0.01 

C4-carnitine (µmol/l) 0.02 (0.01, 9.78) 0.22 

C5-carnitine (µmol/l) 2.04 (0.04, 111.63) 0.73 

 

5.4.4 Correlations of biomarkers with fasting and random blood glucose in early pregnancy 

Using linear regression analysis with adjustment for age, BMI and gestational age, only one 

significant association of biomarkers with FPG or random plasma glucose (RPG) in early 

pregnancy was identified (Table 5.7). Thus, valine was significantly associated with RPG 

(p=0.029) with an estimated 8.27 ± 3.71 µmol/l increase in valine for every 1mmol/l increase 

in RPG. 

Table 5.6 Accuracy of biomarkers in late pregnancy. 

 Isoleucine at 

127.45 (µmol/l) 

Free fatty acids at 

569.75 (µmol/l) 

C2-carnitine at 

2.52 (µmol/l) 

GA (%) at 35.76% 

Observations 471 252 464 199 

AUC (95% CI) 0.64 (0.56, 0.71) 0.65 (0.58, 0.73) 0.42 (0.36, 0.48) 0.73 (0.66, 0.81) 

 

Sensitivity (95% CI) 33.33 (29.08, 

37.59) 

44.94 (38.80, 51.09) 7.74 (5.31, 10.17) 53.52 (46.59, 

60.45) 

Specificity (95% CI) 87.73 (84.77, 

90.70) 

79.75 (74.79, 84.72) 79.29 (75.60, 

82.98) 

82.81 (77.57, 

88.05) 

GA= glycated albumin, AUC= area under curve 
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5.5 DISCUSSION 

In the current study, we found that blood levels of FFAs, isoleucine, and acylcarnitines C2, 

C4, and C5 levels differed between GDM and non-GDM women in late pregnancy and were 

all correlated with glycaemia, except for C2-carnitine. Apart from acylcarnitines C4 and C5, 

the metabolites and proteins listed above were also significantly associated with GDM after 

adjustment for possible confounding variables. However, these discriminatory biomarkers 

had poor sensitivity and specificity, thus, could not replace the OGTT for GDM diagnosis. 

Lastly, the biomarkers did not correlate with the levels of glycaemia in early pregnancy, 

except for valine. 

Table 5.7 Correlations of the biomarkers with fasting and random plasma glucose in early pregnancy. 

Dependent variable 

Fasting plasma glucose Random plasma glucose 

Adjusted β-coefficient 

(SE)* 
p-value 

Adjusted β-

coefficient (SE)* 
p-value 

GA (%) -0.78 (2.63) 0.771 -0.51 (1.41) 0.718 

IL-6 (pg/ml) -0.08 (1.24) 0.947 -0.77 (1.72) 0.656 

TNF-alpha (pg/ml) -11.02 (14.89) 0.462 -2.68 (4.11) 0.517 

FFAs (µmol/l) -44.30 (80.01) 0.582 30.93 (39.97) 0.442 

Valine (µmol/l) 8.40 (6.11) 0.173 8.27 (3.71) 0.029 

Leucine (µmol/l) 2.46 (6.34) 0.669 4.96 (3.46) 0.157 

Isoleucine (µmol/l) 4.48 (8.47) 0.599 6.22 (4.40) 0.162 

Phenylalanine (µmol/l) 3.02 (4.19) 0.473 2.91 (3.26) 0.376 

C2-carnitine (µmol/l) -0.33 (0.60) 0.591 0.19 (0.18) 0.288 

C4-carnitine (µmol/l) 0.03 (0.03) 0.294 -0.01 (0.01) 0.461 

C5-carnitine (µmol/l) 0.02 (0.03) 0.444 <0.01 (0.01) 0.764 

C8-carnitine (µmol/l) -0.02 (0.07) 0.713 <0.01 (0.02) 0.907 

*Models were all adjusted for body mass index and gestational age. SE=Standard error, GA= glycated 

albumin, IL-6=interleukin-6, TNF-α= tumor necrosis factor-α, FFAs= Free fatty acids 

 

The current study showed that in late pregnancy fatty acid levels are higher in women with 

GDM compared to the non-GDM group. Similar results have been reported previously [100–

102,104]. A body of literature suggests that elevated FFA causes IR [92,93,98,117,217] via 



90 

 

the accumulation of FFA metabolites, particularly diacylglycerol (DAG) [98], in the 

intramyocelluar regions of skeletal muscles. Diacylglycerol is known to lead to the 

attenuation of insulin receptor signalling [218] 

Within the present study the high levels of fatty acids in the circulation, but low levels of 

acylcarnitines in women with GDM suggest that there may be a problem with the carnitine-

dependent transport of fatty acids into the mitochondria (Figure 5.3). It is also interesting to 

note that we observed a negative correlation between serum fatty acid and acylcarnitine C2 

levels. Research focusing on acylcarnitines in third trimester GDM is lacking, and follow-up 

studies are necessary to completely comprehend the observed decline in these metabolites. 

Similar to our findings, Roy et al. [202] indicated that C4 levels were lower in women with 

GDM compared to controls, but this difference was not statistically significant.  However, in 

the same study, C2 was higher in women with GDM than controls. Heath et al. 

[213]demonstrated a decline in medium-chain acylcarnitines, including C8 in GDM 

individuals over time. The authors hypothesise that the dysregulated energy metabolism 

seen in GDM may affect carnitine octanoyltransferase activity, lowering plasma medium 

chain acylcarnitine levels.  In contrast to our findings,  C2  and C8 were higher in women 

with GDM than controls [147,219]. The inconsistent findings on acylcarnitine levels in GDM 

are likely caused by the differences in genetic background, dietary intakes, and samples 

collected at different time points and environmental impacts [220].  Furthermore, sample 

size variations may have contributed to the variability of research outcomes, the lowest 

being 20 women with GDM in the studies by Dudzik et al. [147] and Heath et al. [213] and 

the highest being 107 women with GDM in the study of Lin et al. [219]. 

In agreement with the current study, previous investigators have found that BCAAs 

correlate with GDM and with glycaemia  in early pregnancy [100,200,202,221]. According to 

Enquobahrie et al. (2015), seventeen metabolites including valine, differentiated between 

GDM and non-GDM in early pregnancy and combining the metabolites with the 

conventional risk factors for GDM improved the prediction of GDM [100]. Similarly, Wang et 

al. [221] observed that BCAAs are higher in women who later develop GDM. In other 

studies, isoleucine and not valine were significantly higher in GDM than non-GDM women in 

early pregnancy [200,202].  It is also noteworthy that studies have suggested that BCAAs 



91 

 

may contribute to insulin resistance [220] and a recent meta-analysis demonstrates that 

BCAAs are predictive of incident T2D [222]. The reasons for the higher levels of BCAAs in 

women with GDM are not known however, noting that the subjects with GDM had higher 

BMIs than those without, previous studies have suggested that catabolism of BCAAs in 

adipose tissue is compromised in obesity [78,85] and higher levels of insulin resistance may 

attenuate protein anabolism [223]. 

Although there are statistically significant correlations between biomarkers and glycaemia, 

applying them for diagnosing GDM in this population is not recommended as their 

sensitivity and specificity, as assessed using ROC curve analysis, are low. 

 

 

Figure 5.3. Illustration of the catabolic process of free fatty acid (FFAs), and the TCA cycle. Key 

enzymes, transporters, and intermediates are shown, highlighting the transportation of acyl-CoA to 

the mitochondrial matrix for oxidation.  CAT= carnitine acylcarnitine transferase, FAO=Fatty acid 

oxidation. Created in  https://BioRender.com 
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The study's strengths include a large sample size of participants from an understudied 

population. This is also one of the few studies that have investigated a broad array of 

candidate biomarkers including both protein- and metabolite-based biomarkers. In addition, 

we assessed the association of these biomarkers with glycaemia in both late and early 

pregnancy. The OGTT was not undertaken in the latter group because no guidelines 

currently exist that define glucose cut points for diagnosing GDM in the first or second 

trimester of pregnancy. There were some demographic differences between these 2 study 

groups, but we believe that these would not be sufficient to differentially alter the 

association of the biomarkers with glycaemia. The use of two cross-sectional study groups 

means that we could only observe statistical associations between variables rather than 

causal relationships. Another limitation was the overlap of the first and second trimesters in 

the women in early pregnancy. Previous studies that sought to discover early biomarkers for 

GDM and who collected samples in the second trimester [100,147,151,153] generally show 

fewer significant associations compared to those collected from the first and/or third 

trimesters [153]. In the current study two-thirds of the women in early pregnancy were in 

their second trimester. Lastly, insulin levels were not measured in this study which negates 

our ability to determine the relationship of the selected biomarkers with insulin resistance.  

5.6 CONCLUSION 

The study outcomes have expanded existing knowledge on GDM biomarkers, particularly 

among black Africans, by demonstrating that none of the selected biomarkers are suitable 

for GDM diagnosis. The study indicates that the metabolism of BCAAs and free fatty acids 

may contribute to the aetiology of GDM and that BCAAs, particularly valine, correlate with 

glycaemia in early pregnancy. This data can be used to inform the development of a 

longitudinal study for the identification of early biomarkers of GDM, and which may provide 

some mechanistic insight into the aetiology of this disease in the context of BCAA and free 

fatty acid metabolism. 
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5.7 SUPPLEMENTARY MATERIAL 
 

 Table S1: Gradient Elution 

Time (min) Flow (mL/min) %A2 %B2 

Initial 0.10 90.00 10.00 

3.00 0.10 20.00 90.00 

8.00 0.10 92.00 90.00 

10.00 0.10 20.00 10.00 

A2= mobile phase A, B2= mobile phase B 

 

Table S3. Tandem mass spectrometer parameters  

Parameter Value 

Ionization Mode Electrospray Ionization (ESI), positive  

ESI spray voltage + 5500 V 

Gas setting 1  70 

Gas setting 2 70 

Curtain gas 20 

Source Temperature 500°C 
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Table S3. MRM transitions 

Analyte Q1 Mass (Da) Q3 Mass 
(Da) 

Dwell Time 
(msec) 

DP (volts) CE (volts) 

Valine 1 118.2 57.1 150.0 80.0 36.2 

Valine 2 118.2 71.9 150.0 80.0 15.4 

Leucine 1 132.1 43.1 150.0 100.0 30.0 

Isoleucine 1 132.1 69.1 150.0 100.0 22.0 

Phenylalanine 1 165.8 103.1 150.0 80.0 15.5 

Phenylalanine 2 165.8 119.9 150.0 80.0 27.6 

Valine-d8 125.2 57.1 150.0 80.0 36.2 

Leucine-d3 135.10 46.1 150.0 120.0 30.0 

Phenylalanine-d5 171.0 125.1 150.0 80.0 40.0 

C2-carnitine 1 205.1 85.1 150.0 120.0 30.0 

C2-carnitine 2 250.1 60.1 150.0 120.0 30.0 

C4-carnitine 1 233.1 85.1 150.0 120.0 28.0 

C4-carnitine 2 233.1 145.2 150.0 120.0 28.0 

C5-carnitine 1 247.1 85.1 150.0 120.0 30.0 

C5-carnitine 2 247.1 103.2 150.0 120.0 30.0 

C8-carnitine 1 288.8 85.1 150.0 120.0 30.0 

C8-carnitine 2 288.8 60.1 150.0 120.0 30.0 

C0-carnitine-d3 166.1 86.2 150.0 120.0 40.0 

Q1=quadruple 1, Q3= quadruple 3, DP=declustering potential, CE=collision energy.  

METHOD VALIDATION FOR ACYLCARNITINES 
 

The LC-MS/MS analytical method for acylcarnitines namely, c2, c4, c5 and c8-carnitines were validated 

in accordance with Food and Drug Administration (FDA) guidelines [216].The LC-MS/MS method was 

verified in terms of specificity, linearity, sensitivity, precision, accuracy, and recovery.  

1.1 Linearity 

A six-point calibration curve was used for linearity assessment; the concentration ranged from 0-

120µM. The standards were prepared in a bovine serum albumin matrix, and the calibration curves 

included three replicates per calibration point, and linearity was assessed by linear regression. 

1.2 Accuracy and precision 

The intra- and inter-day accuracy and precision measurements were conducted using measurements 

of two quality controls (low and high controls) repeated three times within five days. According to 

the FDA, accuracy should be ± 15% of nominal concentrations, except for the LLOQ, which should be 

± 20% of nominal concentrations and ± 15% CV, except ± 20% CV at LLOQ for precision.  
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1.3 Sensitivity 

Sensitivity was assessed by calculating the lower limit of detection (LLOD) and the lower limit of 

quantitation (LLOQ). The limits of detection (LLOD) and quantification (LLOQ) were determined using 

the standard deviation of the lowest standard, using the following formula 

LOD = 3.3 ∗ SD  

LOQ = 10 ∗ SD 

1.4 Specificity  

The Specificity was assessed by comparing chromatograms of blanks (50% acetonitrile and zero 

standards) with acylcarnitine standards.  The chromatograms were used to determine if there was 

interference at the retention times of the analytes and the internal standards.  

2. RESULTS  

2.1 Linearity 

The linearity was limiting and had to be narrowed down to 0-15µM. All the analytes displayed a 

linear relationship between 0.5-15µM. The regression coefficients were all above 0.99.   
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Figure 2.1 Calibration curves for the acylcarnitines.  

2.2 Accuracy and Precision 

The analytes were within ± 15% of the nominal concentration with accuracy between 91.83- 

112.44% for QC 1 and 88.06 -97.09% for QC 2 for inter-day. 

The analytes had CVs below 15 ranging between 1.94 to 10.98% for QC1 and 1.44 to 10.11% for QC2 

for inter-day. 

Table 2.1 Inter-day precision and accuracy 
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QC1 4,00 3,82 0,54 14,17 95,42 

QC2 25,00 23,58 1,79 7,58 94,34 

C4-carnitine 

QC1 4,00 3,67 0,34 9,17 91,83 

QC2 25,00 24,27 1,32 5,43 97,09 

C5-carnitine 

QC1 4,00 4,05 0,35 8,72 101,33 

QC2 25,00 23,00 0,83 3,62 91,99 

C8-carnitine 

QC1 4,00 4,50 0,14 3,12 112,44 

QC2 25,00 22,01 1,95 8,86 88,06 

 

The analytes were within ± 15% of the nominal concentration with accuracy between 94.28- 

113.69% for QC 1 and 88.55 -99.49% for QC 2 for intra-day. 

The analytes had CVs below 15 ranging between 9.43 to 14.69% for QC1 and 0.24 to 12.10% for QC2 

for intra-day. 

Table 2.2 Intra-day precision and accuracy 
 

True Conc (µM) Mean (µM) SD CV (%) Accuracy (%) 

C2-carnitine 

QC1 4,00 3,81 0,56 14,69 95,14 

QC2 25,00 23,68 2,86 12,10 94,72 

C4-carnitine 

QC1 4,00 3,77 0,40 10,62 94,28 

QC2 25,00 24,34 1,43 5,87 97,37 

C5-carnitine 

QC1 4,00 4,55 0,43 9,43 113,69 

QC2 25,00 22,14 0,05 0,24 88,55 

C8-carnitine 

QC1 4,00 4,03 0,49 12,12 100,72 

QC2 25,00 24,87 2,61 10,48 99,49 
 

2.3 Sensitivity 

The LLOQ and LLOD for c2-carnitine were calculated as 0.14 and 0.05 µM, respectively; for c4-

carnitine, they were calculated as 0.35 and 0.12 µM; for c5-carnitine, they were calculated as 0.57 

and 0.19 µM; and for c8-carnitine, they were calculated as 0.07 and 0.02 µM. 
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Table 2.3 Limits of detection and quantitation 

Analyte LLOQ (µM) LLOD (µM) 

C2-carnitine 0.14  0.05  

C4-carnitine  0.35  0.12  

C5-carnitine 0.57  0.19  

C8-carnitine 0.07  0.02  

2.4 Specificity 

 

Chromatogram of blank (A) and c2-carnitine standard (B) 

 

Chromatogram of blank (A) and c4-carnitine standard (B) 
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Chromatogram of blank (A) and c5-carnitine standard (B) 

 

 

Chromatogram of blank (A) and c5-carnitine standard (B) 

3. CONCLUSION 

The method suggested in the present study proves to be suitable for accurate measurements of c2, 

c4, c5 and c8 concentrations in human serum. 

 



101 

 

METHOD VALIDATION FOR BRANCHED-CHAIN AMINO ACIDS 
1.METHODS 

The LC-MS/MS analytical method for branched-chain amino acids  (valine, leucine, isoleucine) and 

phenylalanine was validated following Food and Drug Administration (FDA) guidelines [216].The LC-

MS/MS method was verified in terms of specificity, linearity, sensitivity, precision, accuracy, and 

recovery.  

1.1 Linearity 

A six-point calibration curve was used for linearity assessment; the concentration ranged of 9.4-

300µM. The standards were prepared in a bovine serum albumin matrix and the calibration curves 

included three replicates per calibration point, and linearity was assessed by linear regression. 

1.2 Accuracy and precision 

The intra- and inter-day accuracy and precision measurements were conducted using measurements 

of two quality controls (low and high controls) repeated three times within five days. According to the 

FDA, accuracy should be ± 15% of nominal concentrations, except for the LLOQ, which should be ± 

20% of nominal concentrations and ± 15% CV, except ± 20% CV at LLOQ for precision.  

1.3 Sensitivity 

Sensitivity was assessed by calculating the lower limit of detection (LLOD) and the lower limit of 

quantitation (LLOQ). The limits of detection (LLOD) and quantification (LLOQ) were determined using 

the standard deviation of the lowest standard, using the following formula 

LOD = 3.3 ∗ SD  

LOQ = 10 ∗ SD 

1.4 Specificity  

The Specificity was assessed by comparing chromatograms of blanks (50% acetonitrile and zero 

standards) with BCAAs and phenylalanine standards.  The chromatograms were used to determine if 

there was interference at the retention times of the analytes and the internal standards.  

2. RESULTS  

2.1 Linearity 

All the analytes displayed a linear relationship between 0-300µM. The regression coefficients were all 

above 0.99.   
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Figure 2.1 Calibration curves for the amino acids. 
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Table 2.1 Inter-day precision and accuracy 
 

True Conc (µM) Mean (µM) SD CV (%) Accuracy (%) 

Valine 

QC 1 50 48,99 2,05 4,19 97,99 

QC 2 100 103,29 5,71 5,53 103,29 

Leucine 

QC 1 50 51,01 1,75 3,43 102,03 

QC 2 100 105,06 7,26 6,91 105,06 

Isoleucine 

QC 1 50 50,46 0,98 1,94 100,91 

QC 2 100 105,83 1,53 1,44 105,83 

Phenylalanine 

QC 1 50 50,57 1,37 2,71 101,14 

QC 2 100 104,41 3,19 3,05 104,41 

 

Table 2.2 Intra-day precision and accuracy 
 

True Conc (µM) Mean (µM) SD CV (%) Accuracy (%) 

Valine 

QC 1 50,00 49,41 5,43 10,98 98,82 

QC 2 100,00 99,89 6,71 6,72 99,89 

Leucine 

QC 1 50,00 48,14 5,00 10,39 96,27 

QC 2 100,00 104,03 10,52 10,11 104,03 

Isoleucine 

QC 1 50,00 49,68 1,99 4,01 99,36 

QC 2 100,00 99,50 5,87 5,90 99,50 

Phenylalanine 

CTL 2 50,00 52,10 3,10 5,96 104,19 

CTL 3 100,00 100,76 5,45 5,41 100,76 

 

2.3 Sensitivity 

The LLOQ and LLOD for valine were calculated as 4.80 and 1.58 µM, respectively; for leucine, they 

were calculated as 8.00 and 2.64 µM; for isoleucine, they were calculated as 4.44 and 1.47 µM; and 

for phenylalanine, they were calculated as 3.59 and 1.19 µM. 

Table 2.3  Limits of detection and quantitation. 

Analyte LLOQ (µM) LLOD (µM) 

Valine 4.80  1.58  

Leucine  8.00  2.64  

Isoleucine 4.44  1.47  

Phenylalanine 3.59  1.19  

 

2.4 Specificity  
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Chromatogram of blank (A) and valine standard (B)  

 

 

Chromatogram of blank (A) and leucine standard (B)  
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Chromatogram of blank (A) and isoleucine standard (B) 

 

Chromatogram of blank (A) and phenylalanine standard (B) 

3. Conclusion 

The method suggested in the present study proves to be suitable for accurate measurements of 

branched-chain amino acid concentrations in human serum.
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CHAPTER 6: CONSOLIDATED DISCUSSION 

 

This section summarises the important conclusions from the empirical articles discussed in 

Chapters 3 to 5. It also covers how the findings contribute to the body of knowledge on 

GDM. The PhD study's strengths and limitations are discussed, along with recommendations 

for GDM screening and diagnosis in South Africa. Ultimately, this chapter concludes with a 

summary of the core message and potential future research. 

6.1 SUMMARY OF THE STUDY OUTCOMES 

In this study, we aimed to establish a novel method for the screening or diagnosis of 

gestational diabetes mellitus (GDM) that is not only sensitive and specific but also considers 

resource availability, infrastructure, and patient compliance. The study showed that the 

seven glucometers evaluated are not ready to replace the lab-based glucose analytical 

method for GDM diagnosis. However, lab-based FPG has emerged as the most effective test 

when compared to other glycemic markers for GDM diagnosis. Furthermore, this study 

emphasises that most traditional risk indicators fail to differentiate between GDM and non-

GDM except for repeated glycosuria and having a history of GDM. Candidates such as BCAAs, 

FFAs, and acylcarnitines correlated with GDM.  Valine was the only biomarker that correlated 

with glycaemia in early pregnancy Table 6.1 gives a summary of the main outcomes of the 

study. 
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Table 6.1 Summary of the Consolidated Discussion 

Empirical 
Paper 

Chapter Objective Main Findings 

I 3 To determine the accuracy of seven POC 
glucometers in diagnosing GDM among 
pregnant women in South Africa. 

• The prevalence of GDM in this cohort was 7.7% when using the 
IADPSG criteria. 

• The seven glucometers performed poorly with sensitivity ranging 
between 18-87% and specificity ranging between 63-99%. 

• The glucometers cannot be used interchangeably as their 
performance varies. 

• Lab-based FPG showed a considerably high sensitivity and 
specificity, 100% and 99.50%, respectively.  

II 4 To compare the accuracy of FPG, HbA1c and 
GA against the OGTT for diagnosing GDM in a 
black African population. 

• The prevalence of GDM in this cohort was 16.4% when using the 
IADPSG criteria. 

• Conventional GDM risk factors were not significantly different 
between women with and without GDM. 

• FPG at 5.1mmol/l threshold had superior accuracy than HbA1c and 
GA with AUC (95%CI) of 0.98 (0.96, 1.00) and missed 10 out of 78 
women with GDM. 

• Using FPG in a two-tiered method increases the specificity for GDM 
diagnosis and missed 1 out of 78 women with GDM. 

III 5 To determine whether any of these chosen 
metabolites and proteins (IL-6, TNF-α, FFAs, 
BCAAs, and ACs), are associated with 
glycaemia at either of these stages of 
pregnancy and whether they may be possible 
biomarkers of GDM in this population.  
 
In addition, these analyses may provide 
important information on the pathophysiology 
of GDM in African women.  

• FFAs, isoleucine and c2 carnitine were associated with GDM 
independent of BMI and age.  

• The above biomarkers, however, cannot replace OGTT. Their 
sensitivity ranged between 7.7 & 44.9% and specificity between 79.4 
& 87.7%. 

• In early pregnancy, valine was associated with blood glucose. 
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6.2 HYPOTHESES REVISITED 

The study hypotheses were as follows: 

1. POC glucometers are comparable to laboratory-based glucose measurements for 

GDM diagnosis. 

The study described in Chapter 3 has shown that overall, the POC glucometers had poor 

sensitivity and specificity and may not be used for GDM diagnosis. Therefore, the above 

hypothesis was rejected. 

2. FPG, HbA1c and GA performance is comparable to OGTT when used to diagnose 

GDM. 

The study described in Chapter 4 partially agrees with the above hypothesis. The study 

concluded that FPG and not HbA1c and GA are comparable to the OGTT in terms of 

sensitivity and specificity. 

3. Selected biomarkers, IL-6, TNF-α, FFAs, BCAAs and ACs are associated with glycaemia 

in early and late pregnancy in black African pregnant women and contribute to the 

pathophysiology of the disease. 

The study described in Chapter 5 partially agrees with the above hypothesis. The biomarkers 

that were significantly associated with glycaemia are FFAs, isoleucine and c2-carnitine in late 

pregnancy. However, only valine was associated with glycaemia in early pregnancy. 

 

6.3 CONSOLIDATED DISCUSSION 

As mentioned in the introduction, the WHO recommends universal testing for GDM, ideally 

by OGTT, following the data from the HAPO study [11].  The main challenges with universal 

screening/diagnosis by OGTT are the cost implications and the unnecessary screening 

intervention of women who would be classified as low risk. This burden is translated to the 

health practitioners who would need to perform the test. The current study outcomes 

indicate that FPG may be utilised for diagnosing GDM and is more beneficial when used as a 

two-tiered approach.  The benefits of employing FPG as a two-tiered strategy include the 

reduction in the number of OGTTs to be performed. The current study indicated that the 

number of glucose tests would be halved if the two-tiered approach were used. Therefore, 
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this may reduce the costs associated with GDM diagnosis. Another benefit is that many of 

the women who tested negative for GDM using the two-tiered approach would not need to 

undergo the uncomfortable OGTT which would reduce the unnecessary testing associated 

with universal screening by OGTT. However, the study outcome would need to be confirmed 

in a general population. We foresee that reducing GDM testing costs may redirect the funds 

to opportunities such as universal screening for GDM which is aligned with the WHO and the 

sustainable goal number 3 implemented by the United Nations General Assembly [224]. The 

goal states that nations like South Africa should aim to ‘Ensure healthy lives and promote 

well-being for all at all ages'. Although universal screening incurs significant costs compared 

to selective screening, its use can mitigate the long-term consequences of GDM that would 

likely remain unseen in GDM women missed by selective screening thus reducing long-term 

costs to manage and treat adverse outcomes associated with GDM like T2D [225]. When 

compared to the OGTT, FPG does not necessarily reduce the overall burden of testing. 

Women are still required to take time off work, fast overnight, and travel to and from the 

hospital for the test. This creates both financial and logistical challenges, such as transport 

costs and the risk of losing their wages for that day, which in turn increases the likelihood of 

missed or delayed follow-up [24]. The use of POC devices at local clinics could help mitigate 

these challenges. By bringing testing closer to the community, POC instruments reduce travel 

and waiting times, encourage better follow-up, and improve early detection of gestational 

diabetes. Furthermore, POC testing can complement the OGTT as a confirmatory test, 

allowing for quicker turnaround of results and timely initiation of treatment, ultimately 

improving maternal and neonatal outcomes [226]. These women would also be encouraged 

to undergo retesting post-pregnancy. Health services in developing countries like South 

Africa, may struggle to fulfil these demands [24,227].  

There is no clear indication why the current study showed varying prevalence estimations for 

GDM across the different study sites despite the use of the same criteria and sample 

collection procedure for GDM diagnosis. A study performed in a cohort recruited from 

CHBAH,  similar to the cohort in the POC glucometer study in Chapter 3 reported a 

prevalence of 9.1% [9]. Similarly,  Dickson et al. [8], reported a GDM prevalence of 7.0%. 

These results are similar to the prevalence we reported from the glucometer study at 7.7% 

(Paper 1).  In contrast, Adam and Rheeder [10] reported a prevalence of 15% when selective 
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screening was used in a SA population, which was closer to the prevalence we reported in 

the glycaemic markers study at 16.4% (Paper 2). This variation in the prevalence of GDM may 

signify differences in the socioeconomic and demographic characteristics of the populations 

served by the different hospitals at which the studies were undertaken. 

The study outcome emphasized the association of BCAAs, FFAs and acylcarnitines with 

glycaemia in pregnancy, particularly in later gestation. This variation in the prevalence of 

GDM may signify differences in the socioeconomic and demographic characteristics of the 

populations served by different hospitals at which the studies were undertaken. 

6.3.1 Strengths and limitations  

The study had several limitations. Thus, in the POC study (Chapter 3) we cannot be certain 

that all samples for laboratory glucose analysis were separated on time, which may have 

affected the results. Glucose concentrations in whole blood decline ex vivo due to glucose 

consumption, which is mostly by red and white blood cells. Such a drop in glucose levels will 

result in missed diagnoses of GDM in women with glucose concentrations close to the cut 

points for diabetes diagnosis. The current study used blood collection tubes containing 

sodium fluoride, which is a routinely used glycolysis inhibitor. Although,  fluoride helps to 

maintain long-term glucose stability, the rates of decline of glucose in the first hour after 

sample collection in tubes with and without fluoride are almost comparable, and glycolysis 

continues for up to 4 hours in samples containing only fluoride [145,228]. The American 

Diabetes Association recommends collecting the sample in a tube containing a fast efficient 

glycolytic inhibitor, such as granulated citrate buffer [229].  

In the biomarker study (Chapter5), we were unable to show a trend in candidate biomarkers 

across pregnancy as the cohort in early pregnancy was not followed longitudinally. However, 

one study showed that FFA levels are elevated before pregnancy and throughout pregnancy 

in women with GDM [230]. Moreover, the study indicated that the ability of insulin to 

suppress FFA release declines in pregnancy, and this is more profound for women with GDM. 

Also, we did not run OGTT tests for women in early pregnancy and therefore were not able 

to analyse the association of biomarkers with dysglycaemia. However, there are no current 

diagnostic guidelines for detecting GDM or any form of glucose intolerance in early 

pregnancy and therefore we believe that the use of FPG and random blood glucose 
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measurements was appropriate.  Furthermore, we did not measure insulin in this study and 

therefore were not able to assess the association of the biomarkers with insulin sensitivity. 

In addition, this study was conducted on women who were chosen from all pregnant women 

using selective screening based on the presence of GDM risk factors. Thus, our data is only 

applicable to women at high risk for GDM and therefore we do not know whether FPG 

would provide the same discriminatory power in a general population of pregnant women.  

This is also true for the POC study, therefore the glucometers sensitivity for screening all 

pregnant women could not be analysed. Therefore, future studies should evaluate the 

glucometers performance as screening methods in all pregnant women. 

The analysis of biomarkers utilising a single ethnic group was one of the strengths of the 

study. Ethnicity is a known risk factor for diabetes and related illnesses, hence it may be a 

confounding factor in a multi-ethnic cohort study. In addition, the study adjusted regression 

models for possible confounders. The study investigated an under-studied population with 

high risk for GDM due to the high prevalence of obesity, and thus the data produced is 

important for understanding the pathophysiology of GDM in such populations. The pregnant 

women used in the biomarker studies were recruited from multiple sites across urban 

Johannesburg and thus are more representative of the local population than would be the 

case if women were only recruited from a single site. Also, the study used targeted ‘omics’ to 

investigate a broad array of candidate biomarkers including both protein- and metabolite-

based biomarkers. There are only a few studies of that nature, and none in sub-Saharan 

Africa.  

Other strengths and limitations were discussed in each results chapter. 

6.3.2 Future studies and recommendations 

To increase GDM testing coverage the use of POC glucometers in the place of laboratory-

based glucose measurement would be ideal. However, the current study found that the 7 

glucometers tested were not suitable. Therefore, more glucose meters should be tested, and 

one would hope that current meters are improved by the manufacturers. In future studies 

should determine cut-off levels for GDM diagnosis specific to glucose measured in capillary 

blood. This study offers a thorough examination of the current GDM testing procedures used 

in SA, emphasising both successful strategies and ongoing difficulties. Despite its potential, 
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POC testing remains underutilised due to a lack of established guidelines and procedures for 

end users. Proper adoption would include healthcare worker training, regular maintenance, 

troubleshooting, and stringent quality control protocols which would necessitate a 

partnership with trained technicians. While government priorities in maternal and 

reproductive health coincide with SDG 3, the emphasis is on lowering morbidity and 

mortality like T2D and CVD, rather than addressing underlying risk factors [231]. As a result, 

more data is required to show how preventive methods like the use of POC for screening 

might enhance mother and child health outcomes. 

The present study showed that the use of FPG in women at high risk for GDM would reduce 

the number of OGTTs that need to be performed. This study needs to be repeated and 

extended to all pregnant women as opposed to a high-risk population to determine if FPG 

can be used for both screening and diagnosis of GDM. Furthermore, this work provides a 

mirror for future research into what the GDM diagnosis approach might look like and how 

FPG could be used to reduce the amount of OGTTs performed routinely. Consequently, 

future studies may concentrate on that aspect. Caution is warranted when comparing 

findings across South African studies due to variability in pre-analytical procedures. For 

example, Dickson et al. [8,139] performed the study in local clinics without on-site 

laboratories, whereas our study sites were near laboratories. Thus, potentially complicating 

direct comparisons. In contrast, studies such as Adam and Rheeder [141] and Macaulay [9] 

had on-site laboratory support, aligning more closely with the current study’s design. 

Notably, Macaulay reported that FPG alone identified 83.3% of GDM cases, consistent with 

the findings of the present study.  

Cost-effectiveness studies which evaluated the use of FPG vs OGTT have not been 

performed. Future studies should evaluate the cost-effectiveness of using FPG as a screening 

and diagnostic test. In the current study we were able to show that more than half of the 

glucose tests would be reduced if the two-tiered approach for GDM diagnosis was used. The 

costs associated with OGTT apart from glucose analysis was not analysed, such as the cost of 

glucose solutions, blood collection tubes, etc.  

The data on valine correlating with glycaemia in early pregnancy suggests that a longitudinal 

study should be undertaken to determine if BCAAs can be used to detect women early in 

pregnancy for future risk of GDM.  
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The association of BCAAs, As and FFAs with GDM points to associated metabolic pathways 

being dysfunctional in this disease. Therefore, future studies should use a broad panel of 

metabolites related to FFA and BCAA catabolism to determine where within these pathways 

the dysfunction lies. 

The lack of glucose cut points for diagnosing GDM in early pregnancy was a drawback for the 

current study. More work should be undertaken to define such cut-points. 

The prevalence of HIV is high in South African women of childbearing-age; in the present 

study it was just over 30%. There are contradictory views around the association of glucose 

metabolism with HIV. Thus, literature shows that glucose metabolism disorders such as GDM 

were more prevalent in HIV-positive pregnant women and in women using protease 

inhibitors as therapy [232,233], whilst a systematic review has found no relationship 

between being HIV positive and GDM [234]. In this study, we did not have information on the 

type of ART used by the HIV-positive women, therefore we could not explore the possible 

impact of ART therapy on GDM. In the current study, being HIV positive was not linked to 

GDM and there were significantly more HIV positive women who were non-GDM than those 

diagnosed with GDM.  

6.3.3 Conclusion 

The study found that the current risk factors for GDM cannot distinguish between women 

with and without GDM, with the exception of a history of GDM and glycosuria among the 

black African community. The glucometers evaluated in the current study are not effective 

for diagnosing GDM and the manufacturers of these instruments need to ensure that they 

are functional within this population. This study added to the existing literature supporting 

the use of FPG for GDM diagnosis by demonstrating its usage as a two-tiered strategy. This 

strategy would reduce the number of OGTTs required, which is particularly useful for places 

with limited resources.  Furthermore, this investigation demonstrated that of the selected 

biomarkers used for GDM screening in early pregnancy only valine showed an association 

with glycaemia, whilst isoleucine and FFAs were higher and CAs were lower in GDM cases 

later in pregnancy. This suggests a disruption in the pathways related to FFA and BCAA 

metabolism in GDM. 
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APPENDIX C: QUESTIONNAIRE 
 

 

 

  

 

Study no:  

  

 

 

 

 

GDM STUDY QUESTIONNAIRE 

All questions contained in this questionnaire are strictly confidential  

 

PERSONAL DETAILS 

 

Education:  Did not matriculate    Matriculated    Tertiary education   

Marital status:  Single      Partnered      Married      Separated      Divorced      Widowed 

Employment status:   Unemployed                  Last employment (year): 

 Student   

 Employed   

Health History  

 Hypertension      Diabetes     TB       HIV?  Polycystic ovarian syndrome 

 
 
Any comments: 

Do you drink alcohol? Daily  Occasionally  Never Stopped  

Do you smoke snuff/cigarettes/cigars? Daily  Occasionally  Never Stopped 

Family History 

Diabetes Mother Father  Siblings 
Hypertension Mother  Father  Siblings 

ANTHROPOMETRIC DATA 

Weight (kg):       

Height (m):       

BMI (kg/m2):       

Systolic BP (mmHg):       

Diastolic BP (mmHg):       

blood glucose:       
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APPENDIX D: INFORMATION SHEET AND CONSENT FORM 

Information sheet for women in early pregnancy 

 

Markers for gestational diabetes in Black Africans  

Department of Chemical Pathology, Faculty of Health Science, University of Witwatersrand 
 
 

Dear expecting mother, 

As you have been informed in our poster, we are doing a study on gestational diabetes mellitus 

(GDM). This is a disease where the blood sugar levels are higher than normal during pregnancy. These 

blood sugar levels during pregnancy can be bad for both mother and child. The infant is at risk of 

having low blood sugar, difficulty breathing and, difficult birth and high birthweight which may 

require a caesarian delivery. The mother is also at risk of developing diabetes (sugar disease) later on 

in life.  

In this study we want to set up a test that will be able to find women who are at risk of having 

GDM early in pregnancy and based on this study stop the disease and linked complications from 

developing.  

If you are 20 weeks pregnant or less, we are inviting you to take part in our study. During your clinic 

visit, we will ask you to donate five teaspoons of your blood (25mL) that will be collected by a 

qualified nurse. We will use the blood to measure things that may help us to see if you have GDM. 

This is not a painful procedure, only slight discomfort from the needle and finger prick should be 

anticipated. The nurse will take your body weight, height, blood pressure, blood glucose 

measurements.  We will also ask you to answer a short questionnaire on personal details, health 

history and family health history. Thereafter, light refreshments will be served.  

The potential benefits of taking part in our study are that your blood sugar levels will be measured 

and if they are high we will refer you to a clinician for a check up. Most importantly, all volunteers 

that participate in this study will give us information that will be used to help us find women who at 

risk of having GDM and thus make sure that all women who are at risk will have a chance to stop the 

disease from happening. 

All blood results and personal information will be kept confidential. You will receive a study number 

and only the private investigator and supervisors will have access to the file that has both your name 

and the study number. Blood sample results will be given to you on your request after the study. 

Participation in this study is voluntary and you are free to refuse to participate or withdraw your 

consent and discontinue participation at any time. Such refusal or discontinuance will not affect you 

or your baby regular treatments or medical care in any way. A signed copy of this consent form will 

be made available to you 

Markers for gestational diabetes in Black Africans  

Department of Chemical Pathology, Faculty of Health Science, University of Witwatersrand 
 
 

Dear expecting mother, 



134 

 

As you have been informed in our poster we are doing a study on gestational diabetes mellitus 

(GDM), a disease where the blood sugar levels are higher than normal during pregnancy. The high 

blood sugar levels during pregnancy can be detrimental for both mother and child. The infant is at 

risk of having low blood sugar, high birthweight, difficulty breathing and birth trauma. The mother is 

at risk of developing diabetes later on in life.  

The methods we use for finding women who may have GDM are not very good. Therefore, in this 

study we are trying to find a blood test that will improve these methods. To find such a blood test we 

need to test blood taken from women who we know have GDM, and from women who we know do 

not have GDM. We are therefore asking you if you want to take part in this study because we know 

that you have been tested for GDM.   

You can contribute to the study by giving us three teaspoons of blood (15mL) that will be collected by 

a qualified nurse. The nurse will also take your body weight, height, blood pressure, blood glucose 

measurements.  We will also ask you to answer a short questionnaire on personal details, health 

history and family health history. Thereafter, a light breakfast will be served.  

This is not a painful procedure, only slight discomfort from the needle and finger prick should be 

anticipated.  

Most importantly, all volunteers that participate in this study will give us information that will be used 

to help us more easily diagnose GDM and make sure that all women with this disease have a healthy 

pregnancy and a healthy baby.   

Efforts will be made to keep personal information confidential. Absolute confidentiality cannot be 

guaranteed. Personal information may be disclosed if required by law. 

Participation in this study is voluntary and you are free to refuse to participate or withdraw your 

consent and discontinue participation at any time. Such refusal or discontinuance will not affect you 

or your baby regular treatments or medical care in any way. A signed copy of this consent form will 

be made available to you 
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Consent form for women in early pregnancy 

 

 

 

 

I have been fully informed as to the procedures to be followed, the purpose, possible risk 

and benefits of the study. 

In signing this consent form, I agree to participate in this study and undergo the above 

mentioned procedures.  

I also understand that I can ask any questions about the study at any time.  

 

Participant signature:   Date: 

 

Principal Investigator: Lungile Khambule, Room 3Q07, Department of Chemical Pathology, 

Wits Medical School, Tel: 011-489-8831, Cell: 0610039983 

Supervisor:  Prof. Jaya George     Tel: 011-489-8499 
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Preprint  

Chapter 14 

 

The role of inflammation in the development of GDM and the use of markers 

of inflammation in GDM screening 

 

Lungile Khambule*, Jaya Anna George 

Department of Chemical Pathology, National Health Laboratory Services and Faculty of Health 

Sciences, University of the Witwatersrand, Johannesburg, South Africa 

 

*Correspondence lungile.khambule@wits.ac.za 

 

Running title Markers of inflammation as biomarkers of GDM 

 

 

Abstract 

 

Gestational diabetes mellitus is a hyperglycaemic state first recognised in pregnancy. GDM 

affects both mother and child. Women with GDM and their new-borns are at risk of developing 

type 2 diabetes in the future.  The screening and diagnostic criteria for GDM are inconsistent 

and thus novel biomarkers of GDM are required to strengthen the screening and diagnostic 

processes in GDM. Chronic low-grade inflammation is linked to the majority of the well-

established risk factors of GDM such as old age, obesity and  PCOS.This review provides and 

overview of the present knowledge on the pathology of GDM, the screening criteria applied, 

the role of inflammation in the development of GDM and the use of markers of inflammation 

namely cytokines, oxidative stress markers, lipids, amino acids and iron markers in screening 

and diagnosis of GDM. 

 

Key words GDM, inflammation, biomarkers, cytokines, pregnancy, metabolites  
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1 Introduction 

Gestational diabetes mellitus is defined as high blood glucose first discovered in pregnancy [1]. 

The lack of consistency in the testing protocols and diagnostic criteria affects prevalence rates. 

GDM is said to be steadily increasing with the rising prevalence of obesity and type 2 diabetes 

(T2D). The global prevalence ranges between 1-14% with higher rates reported from Asian, 

Latin American and Middle Eastern populations [2, 3]. A meta-analysis from India noted 

prevalence estimates ranging from 0-41.9%, with International Association of the Diabetes and 

Pregnancy Study Groups (IADPSG) criteria picking up significantly more GDM (19.19% [CI: 

15.5, 23.6]) compared to the World Health Association (WHO) criteria (10.13% [CI: 8.17, 

12.50]) [3]. They also noted a higher prevalence in urban compared to rural areas. Data from 

Mexico showed that the prevalence of GDM was higher in the north in keeping with a higher 

prevalence of obesity in the north [4]. Little is known about GDM in Africa. A recent meta-

analysis noted that the prevalence varied from 0% in Tanzania to as high as 13.9% in Nigeria 

[5]. There has been an increase in the reported prevalence of diabetes in Africa, which is 

expected to affect 41.5 million people by 2035, because of lifestyle changes [6]. 

 

Short term complications of GDM include infants who are large for their gestational age, 

preeclampsia, polyhydramnios, stillbirth, hypoglycaemia and hyperbilirubinemia, and 

respiratory distress syndrome [7]. The  long term complications are: neonates born from 

mothers with GDM have increased risk of being overweight in childhood with impaired 

pancreatic beta-cell function as an adult, which may lead to T2D [8, 9]. Women with GDM are 

at increased risk of developing T2D, with high cardiovascular risk and early atherosclerosis 

after pregnancy [10]. A recent meta-analysis showed that treating GDM results in less 

preeclampsia, shoulder dystocia, and macrosomia but has no effect on neonatal hypoglycaemia 

or future poor metabolic outcomes [11].  

 

The determination of risk factors for GDM is complicated by inconsistencies in diagnostic 

factors referred to above as well as by inconsistencies in measurement of risk factors across 

studies. Despite these issues, a number of risk factors have emerged consistently including 

advanced maternal age, overweight/obesity, excessive gestational weight gain, ethnicity, 

genetic polymorphisms, low or high birthweight, family or past history of GDM, and other  

insulin resistant states, such as polycystic ovarian syndrome (PCOS) [12-14]. Ethnicity and 

obesity are two strong independent risk factors for GDM [15]. In a cohort of 123,040 women 

without recognized pre-gravid diabetes, Asian and Filipino women had an increased risk of 
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GDM at a lower Body Mass Index (BMI) cut point, particularly as compared with non-Hispanic 

white and African American women [16]. These risk factors are either directly or indirectly 

associated with impaired β-cell function and insulin sensitivity. 

 

Considering that obesity is a major risk factor for GDM, it is possible that underlying biological 

functions that are affected by high body fat mass could be detected in patients who are at risk 

of GDM. Inflammation, particularly chronic low-grade inflammation is associated with obesity 

[17]. Although normal pregnancy is also associated with inflammation, mostly due to innate 

immune response to the foetal allograft [18], women with GDM have been shown to have even 

higher inflammatory markers when compared to women with a normal pregnancy [19]. 

Therefore, this review provides an overview of the present knowledge on the pathology of 

GDM, the screening criteria applied, the role of inflammation in the development of GDM and 

the use of markers of inflammation such as cytokines, lipids, amino acids, oxidative stress 

markers and iron markers in screening and diagnosis of GDM. The review will only cover 

markers that are directly or indirectly linked to inflammation, upregulated or downregulated in 

GDM patients and linked to the features of GDM such as obesity and insulin resistance. 

Inflammatory markers, oxidative stress markers, lipids and amino acids that can be detected in 

blood will be discussed as these are more feasible and applicable for screening and diagnosing 

GDM. 

 

2 Pathophysiology of GDM 

As pregnancy advances the demand for insulin increases and, in most cases, the pregnant 

women can meet the demand. Placental secretion of diabetogenic hormones, such as growth 

hormone, corticotropin releasing hormone, placental lactogen, and progesterone, leads to 

increasing insulin resistance. The inability to overcome the insulin resistance of pregnancy 

despite β-cell hyperplasia leads to GDM. 

 

β-cell dysfunction occurs when the β-cells lose the ability to adequately sense blood glucose 

levels or to release sufficient insulin in response to a glucose load. β-cell dysfunction is thought 

to result from prolonged excessive insulin production in response to a chronic fuel load. 

Reduced insulin-stimulated glucose uptake is damaging to β-cells, leading to a vicious cycle of 

hyperglycaemia, increased insulin resistance and worsening β-cell dysfunction [20].  

The cause of the insulin resistance on GDM is multifactorial and arises because of hormones 

released from the fetal-placental unit and maternal fat accretion, excess lipolysis and release of 
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free fatty acids (FFA) and of inflammatory mediators and adipokines [21]. The ongoing low-

grade inflammation in adipose tissue impairs insulin signalling, which further stimulates 

production of proteins implicated in insulin resistance.  Adipocytes synthesize substances with 

chemotactic and adhesive properties such as macrophage chemotactic protein-1 (MCP-1) and 

vascular and intracellular adhesion molecules (VCAM and ICAM), which enhance influx of 

lymphocytes and monocytes. These then interact with adipocytes to initiate a perpetuating cycle 

of macrophage recruitment, production of inflammatory cytokines and impairment of adipocyte 

function, with adverse effects including insulin resistance and endothelial dysfunction [21].  

This is summarized in Fig. 1. 

 

The placenta contributes to insulin resistance during pregnancy via its secretion of hormones 

and cytokines as well as via the transport of glucose, amino acids, and lipids across the placenta. 

Glucose transport occurs via GLUT1, by carrier-mediated sodium-independent diffusion and 

maternal hyperglycaemia contributes to foetal macrosomia [22]. In addition to the effects that 

are seen in the fetus because of transport of nutrients across the placenta, recent studies have 

reported that GDM is associated with placental DNA hypermethylation as well as release of 

miRNAs [23, 24].  

 

3 Screening and diagnosis of GDM 

While the evidence shows that treatment of GDM is of benefit to both mother and child [11], 

there is a lack of consensus in the approach to the screening and diagnosis for GDM. The initial 

criteria for the diagnosis of GDM were chosen to identify women at high risk of developing 

diabetes after pregnancy [25]. Data that has emerged since then has shown that the risk of 

adverse perinatal outcomes is associated in a continuous and graded fashion with maternal 

hyperglycaemia [1]. It is because of this that the International Association of Diabetes Study 

Groups (IADPSG) recommends universal or selective screening for high risk women to detect 

overt diabetes mellitus at the first antenatal visit. They recommend universal screening at 24-

28 weeks using 75g of glucose in a 2-hour oral glucose tolerance test (OGTT). On the other 

hand the NICE guidelines recommend either self-monitoring of blood glucose or a 75g OGTT 

as soon as possible after booking for women who have had GDM in previous pregnancies and 

risk factor based screening at 24-28 weeks for others [26]. There is no agreement about which 

factors best define GDM risk. For example the NICE guidelines classify a family history of 

diabetes as a risk factor while the Australian Diabetes in Pregnancy Society (ADIPS) does not 

[15, 26]. Several groups recognize increased BMI as a risk factor but the definition of an 
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increased BMI varies with NICE defining it as BMI ≥ 30kg/m2 and ADIPS defining it as ≥ 

25kg/m2 [9, 10]. 

 

Another area of controversy is with the diagnostic criteria. Some of these are summarized in 

Table 1. 

 

 

4 The role of inflammation in the development of GDM 

Inflammation is a complex mechanism that occurs in response to the invasion of foreign matter 

or in the case of injury. This process is characterized by redness, heat, swelling, pain and loss 

of function in the affected area which soon disappears after the infected area has been cleared. 

However, in a case of chronic inflammation, which is characterized by persistent secretion of 

cytokines and chemokines, it is more likely to cause more damage. The role of inflammation in 

the development of GDM is described below and the use of inflammatory markers, lipids, 

amino acids, oxidative stress markers and iron markers in the screening and diagnosis of GDM 

are discussed. 

 

4.1 Cytokines  

 

Cytokines are signalling proteins that bind onto their receptors which are present in various 

cells and they induce inflammation through the activation of the of the c-JUN N-terminal kinase 

(JNK) and nuclear factor-kappa B (NF-κB) pathways. The JNK activation signals for 

phosphorylation of the serine residues in the insulin receptor substrate-1 (IRS-1) which prevents 

insulin signalling that would normally occur through the tyrosine kinase cascade [27]. Like, the 

JNK pathway, NF-κB activation has been implicated in various chronic inflammatory diseases 

such as rheumatoid disease, atherosclerosis, asthma and chronic obstructive pulmonary disease 

[28]. The activation of the NF-κB by cytokines and chemokines leads to the production of pro-

inflammatory cytokines and recruits leukocytes and monocytes to the site of injury or infection 

[28]. It is important to note that cytokines could function in both ways as they could collaborate 

to propagate inflammation or work antagonistically depending on the type of cytokine. In most 

cases, the anti-inflammatory cytokines inhibit the pro-inflammatory cytokines and vice versa. 

  

Obesity, a known risk factor for GDM, is a chronic and heterogenous disease disproportionately 

affecting women, with up to 30% of women in general and over half of the pregnant women in 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/n-terminus
https://www.sciencedirect.com/topics/medicine-and-dentistry/kinase
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/nf-kappa-b
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some populations considered overweight or obese [29]. Adipose tissue which was originally 

believed to be a passive depot of energy is now considered an endocrine organ that secretes 

adipokines incuding adiponectin and leptin as well as numerous cytokines (TNF-α, IL-6 and 

IL-1) which have wide ranging metabolic effects [30, 31]. In addition to adipocytes, 

macrophages from adipose tissue also secrete pro-inflammatory adipokines [32]. There is a 

positive loop between pro-inflammatory cytokines, macrophages and monocytes in the 

presence of enlarged adipocytes (Fig. 2). Adipocytes are not the only source of cytokine 

secretion in pregnancy. The placenta contributes to inflammation and insulin resistance by also 

secreting pro-inflammatory cytokines, as mentioned above.  

 

Adipokines contribute to insulin resistance in obese individuals and may be implicated in the 

insulin resistance seen in GDM, directly through regulation of insulin secretion and indirectly 

through inflammatory mediators and their effects on glucose metabolism [33]. 

 

The proportion of studies aimed at investigating the role of cytokines in GDM are far less than 

those involved in investigations of T2D and cardiovascular diseases (CVS) even though GDM 

shares similar characteristics with these diseases. The sections below discuss various cytokines 

including adipokines which are in keeping with the criteria mentioned in the introduction above. 

 

4.1.1 Adiponectin 

Adiponectin is an anti-inflammatory protein and is capable of amplifying insulin secretion by 

signalling for the expression of insulin gene and exocytosis of insulin granules [34]. It has been 

shown to induce insulin secretion and fatty acid oxidation in part by 5' adenosine 

monophosphate-activated protein kinase (AMPK) mediation. AMPK is an enzyme that plays a 

role in muscle fatty acid oxidation and insulin sensitivity [35-37]. The AMPK activity is 

reduced by the recruitment of pro-inflammatory cytokines and also feeds into the dysfunctional 

lipid metabolism and inflammatory pathways seen in individuals with elevated adipose tissue. 

Adiponectin is also known to supress pro-inflammatory cytokine production, seen in mice and 

in humans [38, 39]. Pro-inflammatory cytokines like TNF-α indirectly terminate the activation 

of AMPK to reduce fatty acid oxidation and insulin sensitivity [40] (Fig. 3). In GDM studies, 

adiponectin has been investigated more than all other adipokines [34]. The majority of these 

studies, including prospective ones, have led to agreement that adiponectin is inversely related 

to GDM [30, 34, 41-49] (Table 2). In the few studies that reported no differences in adiponectin 

levels between women with GDM and those without [50-52], the sample size was low and the 
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lack of adjustment for co-factors such as BMI could have affected the results. López-Tinoco et 

al showed that in their population, low adiponectin levels were seen in obese women who later 

developed GDM related to pregravid BMI [30]. In accordance with López-Tinocoet al, other 

studies showed an association of obesity with low adiponectin levels in non-pregnant 

individuals [53, 54]. In contrast, low adiponectin levels independent of pregravid BMI were 

observed in GDM cases in women with normal glucose tolerance [49]. However, gestational 

weight gain was not discussed despite its role in low adiponectin levels. Park et al found that 

women with GDM gained more weight in pregnancy and had low adiponectin levels when 

compared to women who were not diagnosed with GDM [43]. These findings suggest that body 

weight gain does not favour secretion of adiponectin and therefore tilts the balance between 

pro-inflammatory and anti-inflammatory cytokines towards the pro-inflammatory side.  

 

4.1.2 Tumor-necrosis factor-α (TNF-α) 

Tumor-necrosis factor-α (TNF-α) is a pro-inflammatory cytokine that is predominantly 

activated by macrophages and T lymphocytes. TNF-α can be expressed in placenta,  adipose 

tissue, immune cells such as mast cells, B lymphocytes, natural killer (NK) cells, neutrophils 

and endothelial cells [55]. The binding of TNF-α onto either TNF-receptor type I (TNF-RI) or 

-receptor type II (TNF-RII) mainly activates the NF-κB pathways which leads to a further pro-

inflammatory cytokine and immune cell secretion [56] (Fig. 3). Apart from inducing 

inflammation, TNF-α reduces insulin sensitivity by disrupting the translocation of glucose 

transporter GLUT-4 and insulin signal transduction [57, 58]. The expression of TNF-α in 

placenta is thought to contribute to the insulin resistance associated with pregnancy. However, 

in normal pregnancy, β-cells can compensate for the low insulin sensitivity by producing and 

secreting more insulin. TNF-α expression may come from different sources and, when 

combined, contribute to the development of GDM as seen in Fig. 3. For example, in addition 

to TNF-α expression in the placenta, it is also activated by the increase in adipose tissue, 

hyperglycaemia and chronic inflammation. 

 

The majority of the studies have shown that TNF-α levels are elevated in women with GDM 

compared to healthy pregnant women [59-64] (Table 2). However, other studies did not show 

a significant difference in TNF-α levels between GDM cases and controls [65, 66]. There are 

only a few prospective studies on TNF-α  and out of four prospective studies included in the 

current review, one study showed a non-significant difference in TNF-α levels between GDM 

cases and healthy controls [66]. Furthermore, a systematic review and meta-analysis on 
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cytokines showed that TNF-α levels are higher in GDM cases than in controls [67]. Multivariate 

linear regression analysis reported that pregravid BMI was the most predictive indicator of 

TNF-α levels in women with GDM [49]. Similarly, Winkler et al suggested that the elevated 

TNF-α levels seen in women with GDM is strongly linked to the increase in body fat mass [64]. 

Moreover, TNF-α correlated inversely to insulin sensitivity and correlated with c-peptide 

concentrations in a BMI matched population [49, 68]. These studies suggest that there is a 

correlation of body weight with TNF-α in pregnancy, although there are other factors in play 

such as insulin resistance that contribute to the development of GDM. 

 

4.1.3 Interleukin-6  

Interleukin-6 (IL-6) operates similarly to TNF-α to induce inflammatory responses in non-

pregnant individuals with obesity and /or T2D [19, 69]. Many of the studies performed in GDM 

are cross sectional but the majority of the studies have indicated a positive correlation of IL6 

with GDM [70-73] (Table 2). Serum IL-6 levels were significantly high in GDM females as 

compared controls and IL-6 levels correlated with pregravid BMI, fasting blood sugar (FBS) 

levels and postprandial sugar levels [70]. Similarly, women with GDM had significantly higher 

IL-6 and resistin levels compared to pregnant women with normal glucose tolerance [71]. In 

Pima Indians, a population with high rates of obesity and T2D, IL-6 levels correlated positively 

with adiposity and negatively with insulin action in women with GDM [72]. Furthermore, 

Morisset et al suggested that IL-6 is a strong biomarker for GDM independent of BMI in women 

with GDM [73]. This is consistent with the possibility that adipose tissue plays a role in the 

development of GDM by inducing inflammatory responses and activating pro-inflammatory 

cytokines. In contrast, IL6 showed no significant difference between women with late-onset 

GDM and controls although TNF-α, leptin and adiponectin levels were significantly different 

between the groups [30]. A recent study showed that high molecular weight and fasting glucose 

are more robust risk factors for GDM compared to adiponectin, omentin‐1 and IL‐6 when using 

the IADPSG criteria [74].  It is possible that the inconsistency in results of the studies mentioned 

above is caused by the differences in methodology, sample size and adjusted variables. 

 

4.1.4 Adipocyte fatty acid-binding protein  

Adipocyte fatty acid-binding protein (AFABP) functions as a pro-inflammatory cytokine and is 

highly expressed in macrophages and endothelial cells [75]. Previous studies of non-pregnant 

individuals have shown a link between the AFABP, obesity and associated complications such 

as metabolic syndrome [76-78]. In GDM, AFABP is a promising marker as it has been seen to 
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be elevated in GDM cases compared to non-GDM women independent of their insulin 

sensitivity state [76, 79] (Table 2). Furthermore, this binding protein has been linked to 

adiposity markers in fetuses of women with GDM [79] which may connect GDM with 

macrosomia. One prospective study performed in an Indian population indicated that elevated 

AFABP levels in the first trimester of pregnancy may be useful in identifying women who are 

at risk of GDM [80]. Further studies, particularly, prospective ones are still required to 

investigate the significance of AFABP in GDM. 

 

4.1.5 Cytokine/adipokines with contradictory results 

There are other promising cytokines that are either not extensively studied or have shown 

contradictory results in GDM. These cytokines have been implicated in inflammation in animal 

models and in non-pregnant individuals. Therefore, these could play a role in the development 

of GDM. Table 2 summarizes the relevant studies performed in GDM. 

 

Leptin is a cytokine active in adipocytes but also found in various body organs such as the brain, 

placenta, gastro-intestinal tract (GIT), skeletal muscle and immune cells [81]. The binding of 

leptin to leptin receptors induces the Janus kinase/signal transducers and activators of 

transcription (JAK/STAT) pathway which mainly regulates energy homeostasis, including 

insulin sensitivity regulation and appetite [82-85]. Leptin can pass through the blood brain 

barrier (BBB) and acts on the hypothalamus to promote satiety and regulate energy expenditure 

[82]. Apart from its actions in the central nervous system, leptin can act on peripheral organs 

such as adipose tissue, muscles, pancreas and liver to improve insulin sensitivity, reduce 

lipolysis, reduce amino acid absorption in intestines, increase glucose uptake in muscles and 

reduce gluconeogenesis in the liver [82, 86]. This effect appears to be attenuated in obesity [87]. 

An abnormal increase in leptin is observed in obese individuals and is indicative of leptin 

resistance  that may be caused in part by a negative feedback loop between leptin and suppressor 

of cytokine signalling (SOCS)-3 transcription factor which in turn inhibits the action of leptin  

[88, 89]. 

During acute infection, leptin activates dendritic cells, monocytes, macrophages, neutrophils 

and natural killer cells [90, 91]. Moreover, leptin stimulates the production of other pro-

inflammatory cytokines namely, IL-6 and TNF-α [90]. In the state of prolonged activation, 

leptin can contribute to the manifestation of chronic inflammation as seen in obesity and T2D. 

However, the function of leptin in pregnancy is not clearly understood.  A systematic review in 

pregnant women has indicated that first and second trimester leptin levels are higher in women 
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who later develop GDM compared to those who do not, although there has been significant 

study heterogeneity [30, 41, 62, 67, 92-94]. Other studies have indicated that leptin is not 

significantly different among women with GDM and those without [42, 50, 52, 95]. Similar to 

studies performed in non-pregnant individuals, leptin increases with the increase in body weight 

in pregnancy [30, 93].    

 

Retinol binding protein 4 (RBP-4) is a member of the lipocalin family of proteins and is 

predominantly synthesized in the liver and partly in adipocytes [96]. As mentioned above, this 

pro-inflammatory cytokine is suggested to play a role in the development of GDM. However, 

more studies, particularly prospective ones, are required to gain more conclusive information. 

In multi-marker diagnostic models, a model that consisted of BMI, RBP-4, n-acetylaspartic acid 

and C16:1 (cis-7) could identify women with GDM better than other models including those 

using other cytokines and lipids [97]. RBP-4 correlated with fetal birth weight of neonates born 

from women with GDM [98]. The plasma RBP-4 concentration was significantly higher in 

women with GDM and correlated positively with transthyretin, fasting plasma glucose, insulin 

and triglyceride concentrations, as well as blood pressure, abdominal fat area, and homeostasis 

model assessment of insulin resistance (HOMA-IR) [99]. In one prospective study there was 

evidence of a positive association of early pregnancy elevated RBP-4 concentrations with 

increased GDM risk, particularly among women with advanced age and obesity [100]. In 

contrast, Krzyzanowska and associates reported low levels of RBP-4 in women with GDM and 

RBP-4 was not significantly associated with glucose or HOMA-IR [101]. Although RBP-4 

levels were higher in women with GDM than in controls, there was no significant correlation 

between RBP-4 and age, BMI, insulin and HOMA-IR [102, 103]. A prospective study indicated 

that RBP-4 was not significantly higher altered in pathological pregnancies including GDM 

[104]. 

 

Resistin is a hormone that belongs to a family of proteins generically known as resistin-like 

molecules (RELM), which are characterized by the consistent presence of a segment rich in 

cysteine at the C-terminal end [105]. This hormone contributes to inflammation by inducing the 

production of monocytes and macrophages and correlates with other pro-inflammatory markers 

such as TNF-α and IL-6 [75, 105]. Despite its association with adipose hypertrophy [19, 106, 

107], previous studies have shown that resistin is not associated with insulin resistance and its 

indices [71, 106]. Furthermore, other studies reviewed in a meta-analysis have shown that 

resistin levels are not significantly different between women with GDM and women without 
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GDM [108]. Four prospective studies have indicated that resistin levels cannot predict women 

who are at risk of GDM [46, 104, 109, 110].  

 

Visfatin is a cytokine which is mostly expressed in visceral adipose tissue (VAT) and is thought 

to improve insulin sensitivity by mimicking insulin [19]. However, this effect could be 

explained by its ability to up-regulate cytokine secretion in monocytes [111]. Despite its 

conflicting effects, visfatin appears to be elevated in women with GDM. In case control studies, 

visfatin levels were found to be higher in women with GDM despite non-significant correlation 

with insulin, BMI, glucose [112, 113]. However, Park et al reported low visfatin levels in GDM 

cases when compared to controls [43].  

 

4.2 Lipids and their metabolites 

 

Fatty acids are the building blocks of lipids and are stored in adipose tissue. Increase in adipose 

tissue means that the storage of free fatty acids and lipids is limited and thus lipids leak from 

adipose tissue and into the bloodstream which ultimately elevates circulatory free fatty acids, 

cholesterol, lipoproteins and phospholipids. Normal pregnancy is associated with an increase 

in free fatty acids in the first and second trimester which normalizes in the third trimester of 

pregnancy [114]. This could be a result of hyperphagia and lipid synthesis associated with 

normal pregnancy in order to ensure sufficient energy for the growing foetus. In general, 

postprandial insulin secretion aims to supress lipolysis to sustain energy levels and the reverse 

occurs during fasting state [115, 116]. Low insulin sensitivity associated with GDM indicates 

that the suppressing role of insulin in the postprandial state is compromised and therefore 

lipolysis is not regulated which further explains the increase in free fatty acids in women with 

GDM compared to controls. Furthermore, elevated free fatty acids are connected to fetal 

complications such as macrosomia because of elevated fatty acid transportation to the fetus in 

GDM cases [117]. 

 

Elevated circulatory free fatty acids have been shown to induce the innate immune response by 

binding to toll-like receptors (TLRs). TLR activation induces the secretion of pro-inflammatory 

cytokines [118]. In addition, free fatty acids have been shown to play a role in β-cell 

inflammation by inducing IL-1β, IL-6, and IL-8 secretion in human islets and IL-1β secretion 

in mouse islets via the IL-1 receptor [119]. (Fig. 3). 

 



149 

 

A case control study reported that pregravid BMI is a significant contributor to the increase in 

serum fatty acids at 28 weeks of pregnancy and serum fatty acids were higher in GDM cases 

when compared to controls [120]. In addition, serum triglycerides and pregravid BMI 

significantly correlated with fetal birth weight [117]. The Hyperglycaemia and Adverse 

Pregnancy Outcome (HAPO) study showed that pregnant women with high fasting plasma 

glucose had higher triglyceride levels and lower insulin sensitivity in the third trimester of 

pregnancy [121]. Similarly, free fatty acids were associated with insulin resistance in early 

pregnancy [122]. Furthermore, women with GDM and high pregravid BMI had altered mRNA 

expression levels of genes involved in fatty acid uptake and metabolism [123]. A systematic 

review of 60 studies indicated that triglyceride levels were significantly elevated in women with 

GDM compared with those without GDM and HDL‐C levels were significantly lower in women 

with GDM compared with those without GDM in the second and third trimester [124]. In 

summary, lipids and free fatty acids levels are associated with GDM and GDM-associated risk 

factors, thus promising potential biomarkers of GDM (Table 2). 

 

4.3 Amino acids and their metabolites 

 

The demand for amino acids is higher in pregnancy because of their crucial role in protein 

synthesis, gluconeogenesis and ketogenesis. In addition to protein synthesis and fuel 

generation, some amino acids are regulators of biological processes. For example, branched 

chain amino acids (BCAAs) play a role in regulating the immune system and insulin sensitivity.  

Alanine can inhibit cell apoptosis. Arginine can be broken down into nitric acid and used to 

regulate inflammation. Tyrosine, produced from phenylalanine, is a precursor for the synthesis 

of catecholamines which acts as a messenger during the immune response [125]. 

 

Elevated circulatory BCAAs have been linked to insulin related diseases such as the metabolic 

syndrome and T2D [126-128].  The proposed mechanism used by the BCAAs, particularly 

leucine, involves the amino acids induction of the mammalian target of rapamycin (mTOR) 

pathway [129-132]. The mTOR pathway is a serine-threonine kinase that behaves as a nutrient 

sensor. The function of the mTOR signalling pathway is to relay signals related to nutrition, cell 

growth and cell survival. BCAAs, particularly leucine, activate the mTOR pathway through the 

activation of the class III phosphoinositide 3-kinase (PI3K) and consequently mTOR 

phosphorylation (Fig. 3). The activation of mTOR leads to the phosphorylation of two main 

downstream effectors, namely, ribosomal substrate 6 kinase 1 (S6K1) and eukaryotic initiation 
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factor 4E-binding protein 1 (4E-BP1) [133]. The activation of mTOR signalling pathway has 

been linked with secretion of pro-inflammatory cytokines in cancerous cells through the 

activation of IL-1A [134] and in peripheral blood mononuclear cells (PBMCs) [135].  

 

Investigations have shown a link between elevated circulatory amino acids with GDM and T2D 

[43, 121, 136-138]. The majority of these studies indicate that BCAAs are elevated in women 

with GDM. Alanine has also been identified as a predictor of GDM in metabolomic studies 

[121, 137, 139, 140] (Table 2).  

 

4.4 Oxidative stress markers 

 

Oxidative stress is a state when there is an imbalance between reactive oxidative species (ROS) 

and anti-oxidants with the ROS being higher than the anti-oxidants. ROS are charged species 

and can bind with other compounds in the body changing their natural structural morphology 

and possibly their function. It is believed that elevated ROS play a role in inducing insulin 

resistance by interacting with the insulin receptor and the JNK signalling pathway [141]. In 

non-pregnant individuals, oxidative stress activates the NF-κB and JNK pathways which further 

feeds into inflammation [142].  

Elevated free fatty acids have been shown to cause oxidative stress through mitochondria 

uncoupling which give rise to ROS [141, 143]. The combination of ROS and lipids could lead 

to the formation of oxidized lipids [122]. Oxidized lipids can attenuate lipid metabolism, lipid 

transport and placental development [115]. Another mechanism of how enlarged adipocytes can 

cause oxidative stress is by over-consumption of oxygen which generates free radicals in the 

mitochondrial respiratory chain [54]. 

Oxidative stress is a feature in normal pregnancy and is partly generated in the placenta but is 

heightened in pathological pregnancies such as GDM [144, 145]. It is possible that an increase 

in adipose tissue common in women who develop GDM exacerbate oxidative stress by further 

elevated free fatty acids. Evidently, GDM is associated with elevated ROS and defects in 

antioxidant defences [75].   

Oxidative stress markers such as malondialdehyde (MDA), oxidized low density lipoproteins 

(Ox-LDL), nitrotyrosine, advanced glycated end products (AGEs) and anti-oxidants, 

glutathione (GSH)/glutathione peroxidase (GPx) are promising biomarkers for GDM [146] 

(Table 2). However, there have been only a few studies on oxidative stress in GDM.  
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MDA is formed by lipid peroxidation of polyunsaturated fatty acids [146] and has been shown 

to be associated with intrauterine growth restriction (IUGR) [147]. In a Turkish population, 

elevated MDA and ox-LDL levels were evident in all pregnancies but higher in women with 

GDM [148]. Similarly, MDA levels were found to be higher in GDM cases when compared to 

healthy controls and MDA levels correlated positively to leptin and resistin and were negatively 

correlated with HOMA-IR [149]. In two longitudinal studies, MDA levels were found to be 

significantly higher in obese women later diagnosed with GDM [150, 151]. In a GDM and 

preeclampsia study, MDA was the only oxidative stress marker elevated in GDM cases when 

compared to controls among other oxidative stress markers such as protein oxidation markers 

(AOPPs), myeloperoxidase (MPO) and lipid hydroperoxide (LHP) [152]. 

 

Oxidized low density lipoproteins are one of many oxidized lipid markers and are linked to 

diseases associated with dyslipidaemia, such as atherosclerosis [153]. In GDM, Ox-LDL has 

been shown to be elevated when compared to healthy controls [148, 154]. The study further 

proposed that Ox-LDL is linked to macrosomia [148].  

Nitrotyrosine is formed through the binding of the highly reactive ROS species peroxynitrite 

(ONOO-) with serine, tyrosine and threonine hydroxyl groups [155]. Lyall and colleagues have 

indicated that nitrotyrosine oxidative stress occurs in the placenta of women with diabetes in 

pregnancy (GDM and overt diabetes), which is in agreement with previous studies showing that 

the placenta induces oxidative stress [156, 157]. Georgiou and associates have shown that 

nitrotyrosine is higher in GDM cases at the first trimester (11 weeks) but declines after 28 weeks 

of pregnancy [109].  

AGES are formed by glycation and oxidative reactions and can alter signalling pathways inside 

cells, the conformation of molecules and the expression of genes. In addition, this attenuation 

could ultimately cause inflammation by inducing pro-inflammatory markers through NF-κB 

dependent pathways [146, 158, 159]. As expected, AGEs have been shown to be associated 

with hyperglycaemia-related illnesses such as retinopathy and nephropathy and thus is a 

potential marker of GDM [158]. In GDM, AGEs were found to be higher in women with GDM 

[160]. However, it is more likely to be used for diagnostic processes than early screening 

because of its dependency on hyperglycaemia which is only present later in pregnancy in most 

cases of GDM. 

GSH is an antioxidant which reduces oxidative stress by donating electrons to unstable ROS 

resulting in the formation of ox-GSH [146, 161]. Alternately, GSH functions as a substrate for 

the antioxidant GPx. GPx requires GSH to neutralize reactive peroxides. It is unclear at what 
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concentration GSH and GPx  are present in women with GDM. Peuchant and colleagues have 

shown that GPx levels are significantly lower in GDM cases and in pregnant women with T2D 

[162]. A longitudinal study by Arribas et al showed that GPx was significantly lower in early 

pregnancy when compared to healthy controls but increased later in pregnancy [151]. 

 

4.5 Iron markers 

Iron is a transitional element used in various biological systems such as oxygen transportation, 

cellular proliferation, protein synthesis, antimicrobial effects and energy production [163]. 

However, due to the reactive nature of iron, too much iron could produce ROS through a process 

known as Fenton reactions [164]. Elevated iron could also alter insulin signalling in the liver 

and adipocytes and increase non-esterified fatty acid oxidation in muscles [165, 166].  Elevated 

serum ferritin levels have been observed in numerous chronic inflammatory diseases such as 

lupus and diabetes [167-170] including GDM [171-173]. The high circulatory iron 

concentration activates hepcidin thus increasing hepcidin levels as seen in women with GDM 

and women with impaired glucose tolerance (IGT) [174].  In contrast, Akhlaghi and colleagues 

have reported low serum iron concentrations in women with GDM as compared to healthy 

controls [175]. 

 

The mechanisms involved in the increase of iron levels are not clearly understood although 

chronic inflammation could be an important piece of the puzzle [171]. One other way that iron 

levels in pregnancy are elevated is through iron supplement consumption. Although the 

majority of the studies mentioned above support the case that circulating iron levels are higher 

in GDM cases, more studies aimed at investigating the mechanisms involved in iron increase 

in pregnancy are required (Table 2). 

 

 

5 Conclusions 

 

It is likely that the development of GDM is caused by different factors which synergistically 

collaborate to suppress the production of insulin, in part via secretion of pro-inflammatory 

cytokines and mediation of pro-inflammatory signalling pathways. The balance between the 

pro-inflammatory cytokines and anti-inflammatory cytokines is what distinguishes the disease 

state from the healthy state. The disease state favours pro-inflammatory cytokine secretion. 
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Furthermore, the activation of pro-inflammatory signalling pathways through fatty acids, amino 

acids, ROS and markers of oxidative stress and iron contributes to the development of GDM. 

 

In summary, there is strong possibility that adiponectin, TNF-α, IL-6, AFABP-4, lipids, 

BCAAs, alanine, oxidative stress markers and iron markers are biomarkers of GDM and could 

be used for screening in early pregnancy or late pregnancy. However, more prospective studies 

are required to confirm this. The conflicting reports in RBP-4, resistin, visfatin and leptin levels 

may indicate that these markers are not involved in the development of GDM. However, it is 

important to consider the heterogeneity between studies which could have led to the conflict in 

results. Future studies should assess the diagnostic ability of the markers reviewed in the current 

review as a combined set considering the substantial knowledge that these markers are 

interlinked and are all implicated in the development of GDM. 
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Fig. 1 Women who are obese have insulin resistance, down-regulation of adiponectin and up-

regulation of leptin, resistin and retinol-binding protein-4 (RBP4), with features of chronic 

inflammation characterised by increased tumor necrosis factor alpha (TNF-α), interleukin-6 

(IL-6), and interleukin-12 (IL-12). Fetal and placental hormones may contribute to 

inflammation and increase insulin resistance 
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Fig. 2 Schematic diagram indicating the positive loop between pro-inflammatory cytokines 

macrophages and monocytes in the presence of enlarged adipocytes 

 

Fig. 3 Schematic diagram summarising the role of inflammation in target tissues. Elevated pro-

inflammatory cytokine mediate JNK and NF-кB which inhibit the AMPK pathway and induce 

production of pro-inflammatory cytokines. JNK and NF-кB are also activated by TLR-4 and 

IL-1R in response to free fatty acids. NF-кB and BCAAs activate the mTOR pathway which 

in-turn inhibits the function of IRS and thus reduces insulin signalling. Anti-inflammatory 

markers induce the AMPK pathway and thus increase expression of insulin genes. Oxidative 

stress occurs in mitochondria due to elevated ROS 

 

 

 

 

Table 1 Diagnostic criteria for gestational diabetes 
Glucose (mM) IADPSG WHO NICE NDDG ADA 

2 steps 
ADA 
1 step 

Test  75 g OGTT 75 g OGTT 75 g 
OGTT 

100 g OGTT 50 g non-fasting 
OGTT 

75 g OGTT 

0 hours 5.1 7.0 5.6 5.8  ≥ 5.1 mM 

1 hour 10.0 - - 10.6 ≥ 10 mM ≥ 10 mM 

2 hours 8.5 7.8 7.8 9.2  ≥ 8.5 mM 

3 hours    8.0   

Number of 
abnormal values 
needed for the 
diagnosis of GDM 

≥ 1 ≥ 1 ≥ 1 ≥ 2 If 1 hour ≥ 10 mM 
go on to 3 hr. 
100g OGTT 

≥ 1 

Values are presented in mmol/L. NDDG: National Diabetes Data Group; OGTT: oral glucose tolerance test; 

IADPSG: The International Association of Diabetes and Pregnancy Study Groups. WHO: World Health 

Organization, NICE: National Institute for Health Care Excellence, NDDG: National Diabetes Data Group 
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APPENDIX G: TURN -IT-IN REPORT 
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