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Abstract

:

Globally, gestational diabetes (GDM) is increasing at an alarming rate. This increase is linked to the rise in obesity rates among women of reproductive age. GDM poses a major global health problem due to the related micro- and macro-vascular complications of subsequent Type 2 diabetes and the impact on the future health of generations through the long-term impact of GDM on both mothers and their infants. Therefore, correctly identifying subjects as having GDM is of utmost importance. The oral glucose tolerance test (OGTT) has been the mainstay for diagnosing gestational diabetes for decades. However, this test is deeply flawed. In this review, we explore a history of the OGTT, its reproducibility and the many factors that can impact its results with an emphasis on pregnancy.
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1. Introduction


1.1. Diabetes and Gestational Diabetes—Historical Aspects


Diabetes mellitus has been recognised since 1500 BC [1]. Diabetes with onset during pregnancy was first described in 1824 in Germany [2]. Lambie in 1926 determined that the first manifestation of diabetes in pregnancy occurs in the 5th or 6th month of pregnancy. He advocated the use of the 50 g oral glucose challenge test (OGCT) to calculate ketogenic-anti-ketogenic balance [3]. Based on Hoet’s study [4], in 1957, Wilkerson [5] developed a protocol proposing a 3 h oral glucose tolerance test (OGTT) for patients at high risk for developing diabetes. Additionally, for women with no risk factors, he recommended a 2-step approach: 1 h blood glucose measurement after a 50 g glucose load which, if abnormal, was followed by a 3 h OGTT.



The clinical equipoise regarding the best approach to screen and diagnose gestational diabetes (GDM) was the impetus for Norbet Freinkel to organise the First International Workshop on GDM in 1979 [6]. A core outcome of this event was the emergence of a model for GDM screening and the suggestion that screening should be carried out between 24 and 28 weeks’ gestation. This model was updated in 1984 at the Second International Workshop on GDM [7], which concluded that all pregnant women should be screened for glucose intolerance with a 50 g OGCT, irrespective of the time of the last meal or time of day, and for diagnostic purposes the 100 g OGTT was to be employed. In 1990, at the Third International Workshop on GDM [8], screening and diagnostic criteria were confirmed. This panel agreed that the 75 g 2 h OGTT should be used to screen women at high risk of developing GDM [8].



The seminal Hyperglycaemia and Adverse Pregnancy Outcome (HAPO) Study in 2008 [9] addressed the importance of having all three glucose values (fasting, 1-h and 2-h post glucose load) in the OGTT since none of the glucose values were significantly correlated, and no single value was better in predicting a GDM diagnosis.




1.2. OGTT


The OGTT has been used in clinical medicine for over 100 years [10] and was first described by Conn [11]. His findings were based on the work of Jacobsen in 1913, who demonstrated that carbohydrate ingestion leads to glucose fluctuations [10]. Since then, the OGTT has been contested [12]. The main concerns raised by Unger in 1957 were the diagnostic values at each time point, the timing of samples, diet (at that time 300 g of carbohydrates for 3 consecutive days prior to the test was recommended), exercise, age, gastrointestinal factors (e.g., gastric emptying time or gastrointestinal absorption rates) and stress prior to the test that may influence the values of the test. In 1964, Nadon et al. [13] completed a comparative analysis between OGTT and the intravenous glucose tolerance test (IVGTT) and found considerable disagreement between both in the identification of diabetes. They concluded that, in the future, diabetes “may be diagnosed without reliance on glucose tolerance tests alone” [13].




1.3. Reproducibility


In 1965, McDonald et al. examined the reproducibility of the OGTT [14]. In this work, 400 male volunteers free of diabetes underwent a series of six separate OGTTs and demonstrated that blood glucose levels for individuals varied considerably. A decade later, these findings were corroborated by Olefsky et al. [15].



In 1991, Harlass et al. [16] found OGTT reproducibility of only 78% in women with an elevated glucose concentration 1 h post a glucose load when repeated within 2 weeks. Catalano [17] reported poor reproducibility for the OGTT in diagnosing GDM in 24% (9 of 38) of pregnant women tested. The authors hypothesised that this was likely due to a norepinephrine-mediated process where maternal stress leads to increased concentrations of glucose and insulin. This theory was supported by Ko et al. [18], who found the overall reproducibility of the OGTT to be 65.5% with subjects showing an improvement in glycaemic status on repeat testing. More recently, Munang et al. [19] showed the reproducibility of the OGTT for GDM in a sub-Saharan African population to be 74.2%. In this study, 70 women underwent the OGTT at 24–28 weeks of gestation and again one week later. However, the generalisability of the results of this study to other populations is questionable due to the small cohort, the short time interval between repeat testing and the fact that glucose was measured on capillary blood samples and not plasma as is more usual.



Despite scientists raising concerns about the reproducibility of the OGTT for over 50 years, it remains the only available test and the current “gold standard” for diagnosing Type 2 Diabetes Mellitus (T2DM) and GDM. In this review, the myriad of variables that affect the reproducibility and accuracy of the OGTT are discussed in terms of the Total Testing Process: pre-analytical, analytical and post-analytical phases (Figure 1).




1.4. Screening


Diagnosing GDM is important not only for the short-term adverse outcomes related to pregnancy and delivery, but also for the long-term consequences affecting both the mother and the child such as development of T2DM, obesity, metabolic, cardiovascular, neurological and psychiatric problems [20]. The main purpose of GDM screening is the identification of GDM cases, thus facilitating early lifestyle interventions and treatment. Randomised clinical trials (RCTs) have shown that treatment of GDM through lifestyle changes and pharmacological interventions leads to a reduction in adverse perinatal outcomes (large/small for gestational age, macrosomia, prematurity, neonatal hypoglycaemia and caesarean section delivery) [21,22].



Debate continues on the optimum screening strategy to diagnose GDM [23]. Universal screening is an approach where all pregnant women are screened. Critics of this approach highlight the fact that, if adopted, universal screening would mean that many women without GDM would be subjected to unnecessary invasive testing and that the cost implications for healthcare systems would be significant [24]. The alternative approach is selective screening based on the presence of risk factors. Selective screening is less costly as fewer women are tested. However, unscreened women may develop GDM and remain undiagnosed with the potential for increased adverse outcomes. Risk factors for GDM include age ≥30 years, family history of diabetes, increased body mass index (BMI), previous GDM, miscarriage, polycystic ovarian syndrome (PCOS) and a previous large for gestational age (LGA) or macrosomic baby [25]. The Atlantic Diabetes in Pregnancy (Atlantic DIP) study group evaluated the difference in GDM prevalence using three distinct guidelines for selective screening in a cohort of universally screened pregnant women [26]. This research found that by using 2008 National Institute for Health and Care Excellence (NICE) [27], 2010 Irish [28] and 2013 American Diabetes Association (ADA) guidelines [29], 20%, 16% and 5% of women, respectively, would have been misdiagnosed as not having GDM. In an Italian study, Pintaudi et al. [30] found that when universal screening was applied, 11.1% of pregnant women were identified as having GDM, but when selective screening was applied to the same cohort, 23% of GDM cases would have been missed.



In an effort to provide universal screening such that no case of pregnancy dysglycaemia is missed, researchers are intensifying the quest to identify an alternative biomarker/test that would easily, accurately, reproducibly and economically detect this at-risk maternal population. Identifying a minimally invasive biomarker that could be used as a single test in the non-fasting state would have clear advantages over the current fasting OGTT.





2. The Total Testing Process


2.1. Pre-Analytical Phase


The importance of the pre-analytical phase of the total testing process is often underappreciated and accounts for 46–68% of all laboratory errors [31]. An inaccurate glucose measurement due to sampling without standard timepoints can lead to a missed diagnosis of GDM or mismanagement of a patient with GDM with the potential for increased adverse outcomes and healthcare costs. This is particularly relevant when using the International Association of the Diabetes and Pregnancy Study Groups (IADPSG) criteria, as only one of three values is required to be met or exceeded to make the diagnosis.




2.2. Physiological Factors


2.2.1. Exercise


The benefits of exercise on physical and mental health have been widely documented from improvement of cardiovascular fitness and outcomes to significant reduction in depression and anxiety [32,33]. Many researchers have looked at the impact of exercise on blood glucose levels to build evidence on the importance of exercise in the management and prevention of glucose intolerance and diabetes.



In 2007, Andersen et al. [34] showed that an exercise session carried out 14 h before having a high carbohydrate meal significantly reduced post prandial levels of glucose compared to controls (p ≤ 0.05). Slentz et al. [35] studied the effects of different intensities of exercise on the OGTT in individuals with prediabetes. These authors found significant reductions in fasting glucose levels only when low amount of moderate exercise and diet was combined. Higher levels of exercise were associated with improved glucose concentrations at 30 min post OGTT but was less effective when compared to the combination of diet and exercise. When overall improvement in glucose tolerance was assessed, low amounts of moderate exercise alone was determined to be half as effective as diet and exercise combined but twice as effective as high amounts of high intensity exercise. These findings are supported by Houmard et al. [36], who found that exercise sessions of low and moderate intensity have a positive effect on improving insulin sensitivity and fasting plasma glucose. These results contradict previous studies [37,38] that found no improvement in the OGTT results after moderate intensity training but noticed a 30% decrease in glucose levels on the OGTT after sustained vigorous exercise sessions.



Castleberry et al. [39] examined the impact of various workout patterns (no exercise, a single exercise session, alternative days of exercise or consecutive days of exercise) on glycaemic control on the OGTT 12–14 h post the exercise session and found that the type of exercise pattern made no difference to the glucose results.



Despite contradictory data in the literature on the length and intensity of the exercise session, physical activity influences the way our body processes nutrients. Most of the studies on this topic have been carried out on healthy subjects or individuals with diabetes and there are no studies evaluating the impact of exercise on the antepartum OGTT results. Hence, further research is required to determine whether a single exercise session prior to the antepartum OGTT lowers/improves glucose results. Such evidence is also necessary to ensure that patient preparation for the OGTT is standardised with respect to the amount of exercise, if any, pregnant women should do in the days prior to testing.




2.2.2. Gastric Emptying


Absorption of glucose is negligible from the mouth and the stomach, so the ingested glucose dose cannot enter the blood compartment until it is emptied from the stomach, digested to monosaccharides and transported across the intestinal epithelia. The ability of the small and large bowel for transport far exceeds the rate of delivery of the 75 g glucose challenge, and so a major rate limiting step for the absorption of glucose is gastric emptying rate. Gastric emptying in one of the main factors influencing the glucose response in the first hour after the OGTT or after a meal and is responsible for 30–35% of the variability in post-prandial glycaemia in healthy controls [40,41] and diabetic patients [42]. This supports the hypothesis that an augmentation in the volume or reduction in the osmolality of a meal may result in an intensification in the speed of gastric emptying with a consequent rise in glucose [43]. Studies have shown that the faster the gastric emptying post glucose load, the higher the postprandial glucose levels will be [40,44]. Horowitz et al. [40] found that the 2 h glucose level post OGTT was inversely related to the gastric emptying rate—the slower the gastric emptying, the higher the 2 h blood glucose level. Their hypothesis for this finding was that high blood glucose levels may influence gastric motility, slowing it down in order to reduce further glucose absorption.



We cannot control (but should always consider) the individual variability of the rate of gastric emptying. Guidelines recommend the glucose load should be drank slowly over a period of 5 min. However, this is difficult to achieve and control for in clinical practice with individual wide variations in the glucose load drinking time.




2.2.3. Hydration


Research into the impact of hydration status on glycemic levels is limited. In 2015, Murry [45] explored the effects of mild hypohydration on glucose tolerance within individuals diagnosed with T2DM by evaluating blood glucose levels over two 120-min time periods in euhydrated and hypo-hydrated states, respectively. He found that reduced water consumption resulted in increased glucose concentration before and during the OGTT. Johnson et al. [46] found similar findings, concluding that 3 days of decreased total water intake in people with T2DM acutely modifies blood glucose levels during an OGTT with higher glucose measurements in the hypohydrated group. In 2016, Caroll et al. [47] piloted a study (n = 5) in which ~12 h hypo-hydration (sauna plus fluid restriction) induced a higher glycaemic response to a glucose load compared with sauna plus rehydration. The same group [48] however, 3 years later, found contradictory evidence indicating that acute hypohydration did not modify the glycaemic response, suggesting that when OGTTs are done in healthy subjects, hydration status may not necessarily influence the glycemic response during the OGTT. In 2019, Jansen et al. [49] conducted a crossover trial looking at the acute effect of osmotically stimulated arginine vasopressin (AVP) on glucose response in 60 healthy adults and found that acute osmotic stimulation increased glucose levels during the OGTT.



Additional findings that might reflect the importance of hydration status come from studies assessing the impact of seasonal variation on the OGTT and GDM prevalence. Numerous studies [50,51,52,53] have had consistent findings of higher GDM prevalence during the summer months with higher 1 h and 2 h values on the OGTT and no impact on fasting glucose levels. While these results can be attributed to other seasonal factors such as nutrition quality, exercise level, light-sensitive hormones or increased blood flow due to increased temperature, hydration status may be more likely to explain these higher glucose values observed. The rationale being that where increased temperature is not accompanied by adequate fluid intake, this could lead to hypohydration, hypovolemia and increased glucose concentration.



Even though there are no studies examining the impact of hydration status on the OGTT in pregnancy, we can extrapolate on previous findings and consider that the effects of hypo-hydration or hyper-hydration are not negligible and have the potential to lead to a misdiagnosis. Currently, there are no guidelines on water intake in the days prior to the OGTT.




2.2.4. Stress and Sleep


In 1991, Spirito et al. [54] explored the impact of stress and coping mechanisms on glucose levels in 72 pregnant women without diabetes (mean age 27.8 years) and 125 women (mean age 27.7 years) with GDM. While levels of emotional distress and methods of coping did not show any significant difference between groups, disconnection and detachment significantly influenced daily blood glucose variability. In 2011, Hosler et al. [55] found that having any number of stressors one year prior to delivery was significantly associated with pregnant women failing their glucose test. One of the possible explanations for this is that psychological stress alters the hypothalamic-pituitary adrenocortical system and stimulates the release of cortisol thus increasing glucose levels. Importantly, both GDM studies were retrospective cohort studies, therefore the knowledge of one’s GDM diagnosis could potentially influence the woman’s disease awareness creating a recall bias for stressors.



Experiencing acute psychological stress is associated with hyperglycemia and increased risk of T2DM and glucose intolerance [56]. In 2016, Horsch et al. [57] found that intense stress (major life events) and psychological stress responses (depression, anxiety and sleep length) led to increased glucose levels during pregnancy even prior to women being tested for GDM. The variables that were associated most with increased levels of fasting blood glucose were increased distress and short sleep duration. The association between sleep duration and quality and glucose homeostasis has been highlighted by additional studies [58,59] that found that shorter sleep duration is associated with higher glucose levels, particularly the fasting and 2 h glucose level on the OGTT. Retrukatul et al. [60] found that pregnant women with reduced sleep duration (less than 7 h per night) have an increased risk of developing GDM; in fact, each hour of reduced sleep leads to a 4% increase in blood glucose levels. These results are supported by Myoga et al. [61], who also found that pregnant women who sleep less than 5 h per night had higher random blood glucose levels.



Stress can impact glycaemic status not only through hormonal responses but also through the development of unhealthy lifestyle behaviours such as overeating, smoking, increased alcohol intake [62,63]. Given the glucose response to stress and to decreased sleep duration/quality, it would seem possible that pregnant women could be erroneously diagnosed as having GDM using the OGTT.





2.3. Pre-Testing Patient Preparation Factors


2.3.1. Length of Time Spent in the Fasting State


A regular meal can significantly influence glucose levels [64]. Similarly, fasting also influences the levels of glucose. Salehi et al. [65] noticed a significant decrease in glucose after a complete period of fasting during Ramadan of 13 h in young healthy males, while Saada et al. [66] found that glucose levels increased significantly after 10–12 h fast in women with T2DM.



The OGTT is performed after an overnight fast. However, the period of fasting is not standardised and varies between 8 h and 16 h. Despite a low level of evidence (grade B), the ADA guidelines recommend that the glucose sample should be taken in the morning, after a period of fasting of at least 8 h, with no constraints on the amount of water allowed to be consumed by the patient during this time [67,68].



Variation in the period of fasting prior to testing may influence OGTT results. In 2011, Moebus et al. [69] challenged the necessity for fasting >8 h and found that a fasting length of 3 h was adequate for a reliable glucose measurement. In the British Regional Heart Study [70], a cross-sectional study of men aged between 60–79 years, there was no difference in plasma glucose levels in those fasting for 6 h or ≥6 h.



Patient adherence to instructions for fasting prior to the OGTT must also be considered. In 2013, Kackov et al. [71] explored how well patients were informed regarding the fasting protocol for laboratory blood testing and whether patients arrived for phlebotomy appropriately prepared for testing. These authors found that 46% of the participants believed that the precise time of their last meal prior to fasting was unimportant, as long as the last meal was on the day prior to the blood test. Notwithstanding, only 60% of participants arrived for blood testing having adhered to instructions for fasting. Furthermore, 52% of study participants had not been informed about the pre-testing preparation requirements for blood testing.



Therefore, while there is no clear evidence regarding impact of the duration of time spent fasting prior to the OGTT, it is critical to standardise the duration spent fasting prior to laboratory OGTT and to give clear, consistent instructions to our patients to prevent inaccurate results.




2.3.2. Preparatory Diet


Many centers recommend that the OGTT is preceded by a 3-day diet of 150 g carbohydrate per day. The concept of this is based on the original work of Conn [11]. The length of the diet preceding the OGTT and the quantity of carbohydrate recommended have been randomly selected. Conn’s 3-day diet contained in fact 300 g carbohydrate per day. Conn showed that by keeping a low-carbohydrate diet prior to the glucose test the number of false-positive cases of diabetes would increase. However, this study was small and only 3 of the 9 study participants were women.



The Fourth International Workshop-Conference on GDM [72] recommended the 3-day diet with a minimum of 150 g carbohydrate per day prior to the OGTT in order to prevent patients being misdiagnosed as having diabetes.



However, other studies [73,74,75] found that the carbohydrate ratio of the diet prior to the OGTT did not impact upon the test results indicating that a specific diet prior to the OGTT is not mandatory for women with normal dietary habits.



There is not enough evidence to recommend a pre-set diet/carbohydrate intake prior to the OGTT. Perhaps maintaining one’s normal, regular diet prior to undergoing the OGTT would best reflect the individual’s capacity to metabolise glucose. However, in order to maintain a standardised approach to OGTT, adherence to current guidelines should be recommend for now.




2.3.3. Glucose Load


In 1998, Sievenpiper et al. [76] investigated the post-prandial glycaemic response (PGR) after the ingestion of 25 g glucose, sucrose or fructose dissolved in either 200 mL or 600 mL of water. They established that PGR was not only influenced by carbohydrate type but also by the volume dose. By increasing the meal volume from 200 mL to 600 mL, PGR areas were significantly increased for all three sugars. Building on these results, Sievenpiper investigated the effects of a 2- and 3-fold increase in the volume of a 300 mL 75-g OGTT on glycaemic concentrations [77]. He found that there was a significant statistical difference between the means of the area under the curve (AUC) for the 300 mL, 600 mL and 900 mL OGTTs (p = 0.006). While post prandial glucose levels were not affected by the increase in volume from 300 mL to 600 mL, glucose levels were significantly increased when the volume was increased to 900 mL.



Fifty years ago, in an effort to reframe and strengthen this analysis, the Committee of the Statistics of the American Diabetes Association (ADA) suggested that the glucose load used during the OGTT should be based on an estimation of the individual body surface area (BSA) [78]; However, despite this recommendation, in 1980 the World Health Organization (WHO) endorsed the use of the 75 g glucose load for the OGTT irrespective of the individual BSA [79,80]. Subsequently, the glucose dose was set at 1.75 g/kg body weight with a maximum of 75 g [72,81]. Practically, this means that all patients over 43 kg are tested using the maximal dose of 75 g glucose. Furthermore, a number of studies have shown an association between a person’s height and their 2 h glucose values on the OGTT [82,83], which supports the ADA’s findings. In 2019, Palmu et al. [84] showed that the BSA has a considerable impact on the blood glucose levels from a standardised 75 g OGTT, with smaller individuals more likely to be diagnosed with diabetes or glucose intolerance compared to individuals with a larger BSA.



Therefore, emerging research has made a strong case for glucose loading to be individualised according to BSA. Additionally, research is steering practitioners to reexamine if 75 g glucose load is an appropriate dose regardless of the patient’s physical characteristics. Indicators are showing that the glucose values following a 75 g glucose load is expected to differ according to variable factors such as pancreatic beta cell function, gut hormones and neural responses to carbohydrate ingestion. The problem becomes clear when individuals with a small BSA are diagnosed with diabetes or glucose intolerance, despite their daily glucose values not exceeding the diabetes threshold. Moreover, individuals with an increased BSA might not reveal an abnormal glucose response, even though their daily glucose values meet the diabetes diagnostic criteria because the 75 g glucose dose is inadequate to increase the glucose level to ≥11.1 mmol/L compared to their normal daily caloric intake required to maintain their BMI. Consequently, the parameters for loading dose of glucose in the tolerance test should ideally be individualised according to BSA, activity level, or necessary caloric intake calculated for the individuals basal metabolic rate in order to increase its usefulness in the identification of glucose intolerance.



There are several options regarding the preparation and delivery of the standard 75 g glucose load. One of the most popular options has been the use of Lucozade (Energy Original), which contained 70 kcal and 17 g of carbohydrates per 100 mL. To obtain 75 g of glucose required the consumption of 410 mL. The current reformulated product has a ~50% reduction in calories (available April 2017), contains 37 kcal and 8.7 g of carbohydrate per 100 mL, and to deliver a 75 g glucose load requires the consumption of a large volume, 860 mL. This change in formulation of Lucozade makes it unsuitable for use in the OGTT. To overcome this issue, an alternative form of 75 g anhydrous glucose (glucose monohydrate 82.5 g) comes in powder form in a ready-to-use sachet. It requires dissolving in 250 mL of water (to give final volume of 300 mL). Polycal® (Nutricia) (Nutricia Ltd., White Horse Business Park, Newmarket Avenue, Trowbridge, Wiltshire, UK)comes in liquid form and necessitates having access to a sufficiently accurate measuring vessel to accurately measure out 113 mL (equivalent to 75 g glucose) to which water is then added and mixed to give a final total volume of 250–300 mL. Rapilose® OGTT Solution (Penlan Healthcare Ltd., Abbey House, Wellington Way, Weybridge, UK) comes in liquid form and is available in a ready-to-use 300 mL pouch containing 75 g anhydrous glucose. Rapilose® has be customised for patients with a body weight ≥43 kg where they should consume the entire contents of one pouch but patients who weigh under 43 kg should have the volume adjusted accordingly.





2.4. Pre-Analysis Sample Handling


2.4.1. Sampling Site


In order to improve the interpretation of glucose results, it is imperative to understand the difference in results between samples collected from different sites (capillary plasma, capillary whole blood, venous plasma and venous whole blood). For example, the glucose levels in plasma are 11% higher than the levels in whole blood despite the fact that in clinical practice the words “plasma” and “blood” are used interchangeably [85].



Under normal physiological conditions, the post-prandial, capillary glucose levels are higher than the venous glucose levels as determined by the rate at which glucose is extracted from blood by tissues. Exploring this anomaly, Kuwa et al. [86] examined the difference in glucose levels between capillary and venous samples during the OGTT in 75 healthy individuals. They found that venous and capillary glucose levels were comparable in the fasting state, but the post-load capillary sample had significantly higher glucose levels compared to the venous one.



Stahl et al. [87] investigated whether capillary whole blood glucose levels used for analysis can be expressed as plasma results (as recommended by the ADA and WHO). Results from this study confirm that translation from capillary to plasma values may be acceptable for mean values but should not be used for individual glucose levels. These findings were confirmed by Colagiuri et al. [88], assessing the correlation between glucose levels in capillary and venous samples in fasting state, 2 h after oral glucose load and random glucose levels. These authors established that both fasting and random capillary samples gave lower glucose values than venous samples but the 2 h post glucose load capillary sample gave higher glucose values than the venous sample.



Adding to these research conclusions, D’Orazio et al. [89] maintain that due to the difference in glucose concentrations observed between whole blood and plasma, the glucose levels are not interchangeable. They also recommend that the reporting of glucose measurements should be in plasma only as the concentration of glucose in plasma is independent of hematocrit.



Preferably, the best model is one where blood glucose levels are reported from plasma samples where glycolysis has been delayed or inhibited. Alternatively, glucose level measurement reports should have clear information on the sample type being used and if any conversion factors had been applied in the reporting process.




2.4.2. Specimen Collection Tube


A prominent source of pre-analytical error in determining plasma glucose levels in vitro is glycolysis. It is reported that glycolysis leads to 5–7% decrease in glucose levels per hour at room temperature [68]. There are two main approaches to inhibit glycolysis. The first requires immediate separation of plasma/serum (within 30 min of sampling) from blood cells prior to analysis. The second approach involves collecting venous whole blood into specimen tubes containing a glycolytic inhibitor.



Sodium fluoride is one such glycolytic inhibitor and acts to inhibit enolase activity [90] stabilising the glucose levels in the long term. However, enolase is late in the glycolytic pathway such that glycolysis continues during the first hours after the sample has been collected. The rate of glucose loss is similar during the first 90 min regardless of the presence of sodium fluoride [68,91]. Furthermore, using sodium fluoride as a glycolytic inhibitor leads to an error in glucose levels that ranges between 0.28 and 0.39 mmol/L (5–7 mg/dL), and can be as high as 1.1 mmol/L (20 mg/dL) if plasma is left unseparated for more than 3 h post collection [92]. These findings are supported by Chen et al. [93] who confirmed the failure of sodium fluoride to inhibit glycolysis one hour after sample collection and recommending that the best way to reduce glycolysis and improve glucose integrity in samples in vitro was through immediate separation of plasma from blood cells.



Therefore, using sodium fluoride alone as a glycolytic inhibitor is considered insufficient. To circumvent this issue, Uchida et al. [94] showed that acidification quickly inhibits glycolysis through the inhibition of hexokinase and phosphofructokinase. In 2013, Garcia del Pino et al. [95] determined that citric acid immediately inhibits glycolysis. These authors showed that the glucose levels in samples taken in sodium fluoride tubes was significantly lower when compared to the glucose levels taken in temporally paired citrate tubes. Comparable results were reported by Norman et al. [96] evaluating paired fasting plasma glucose samples collected into sodium fluoride and citrate tubes and found higher glucose levels in the samples collected into the citrate tubes. This was reaffirmed in 2019 by Jamieson et al. [97], seeking to compare plasma glucose stability over time in 501 samples taken at the time of the OGTT after 24 weeks of gestation and found that the samples containing citrate as a glycolytic inhibitor offered the best short and long-term stability for glucose levels even compared with fluoride samples placed immediately on ice. They suggested that the use of sample tubes containing citrate would not require services to make any changes in the sample collection protocols (such as the addition of ice or immediate plasma separation). However, the authors advised that the diagnostic criteria for glucose intolerance may need revision as glucose values were, on average, 0.2 mmol/L higher when using fluoride-citrate sample tubes compared to those obtained by research methodology. In support of these findings, Lyons et al., 2018, assessed the stability of glucose in citrate-fluoride-oxalate buffered plasma (FC-Mix tubes) stored at 4 °C and 18–22 °C for 8.5 days and found that glucose results were maintained within 0.20 mmol/L of those determined using WHO specifications [98].



In clinical practice, where delays of sample transport and processing are regularly encountered, the use of citrate tubes delivers the best option in inhibiting glycolysis and preserving the integrity of blood glucose levels ex vivo. The use of citrate buffered specimen tubes is recommended by the ADA especially if the sample processing is likely to be more than 30 min post-collection [68].




2.4.3. Sample Storage and Transport


In 1985, the WHO recommended “rapid plasma separation from samples collected in fluoride tubes” in order to prevent or delay glycolysis [99]. The AACC and ADA guideline [68] recommends that samples “be immediately immersed in an ice-slurry and analyzed within 30 min of collection or rapid centrifugation after collection”. However, compliance with these guidelines is particularly challenging in the case of the OGTT due to that fact that fasting and post glucose samples are usually held at the point of patient care until the test is completed, invariably over 2 h.



Consequently, diabetes prevalence will be underestimated in research studies in which sample handling and analysis is delayed as indicated by Potter et al. [100], who compared OGTT results (sodium fluoride tubes) between early centrifugation (within 10 min) and delayed centrifugation (at the end of the OGTT test) in over 12,000 women. They found the mean glucose levels for fasting, 1 h, and 2 h OGTT samples were higher using early centrifugation (p < 0.0001 for all) compared to delayed processing, increasing the GDM prevalence from 11.6% (n = 869/7509) to 20.6% (n = 1007/4887). In the commentary accompanying this study, Price et al. [101] highlight that “without strict pre-analytical OGTT sample handling in routine clinical practice, our ability to accurately diagnose GDM and report GDM prevalence data will be flawed”.



The pre-analytical blood sampling protocol for pregnancy OGTT requires revision and standardisation [102]. Consideration of the difficulties that rapid centrifugation (within 30 min of sampling) or placement of samples on ice in busy clinics illustrates that value and pragmatism of the use of citrate blood tubes for sample collection. However, the use of citrate tubes has the potential to give a positive bias of 0.2 mmol/L, falsely increasing the rate of GDM diagnosis, such that a correction factor or revision of the diagnostic thresholds may be required [96,103,104]. An alternative approach could be to measure glucose in lithium heparin plasma analysed on the critical care analyser at the point of care (POC). In 2018, Lyons et al., recruited 12 volunteers to undergo the OGTT measuring blood glucose at each time point on the critical care analyser (ABL90FLEX®/Glucose oxidase), (Manor Court, Manor Royal, Crawley, West Sussex, England) and concomitantly in whole blood collected into fluoride-oxalate tubes immersed immediately in ice-slurry and analysed within 30 min using the central laboratory (Roche Cobas® 8000 modular analyzer series/Hexokinase) (Roche Diagnostics GmbH, Sandhoferstrasse 116, Mannheim, Germany) [105]. These authors demonstrated good agreement of glucose results with the WHO recommended method with results within the total allowable error analytical goal for plasma glucose of < 5.5%.



While clear recommendations exist regarding glucose sample transport and storage, the challenge is the practicality and applicability of these guidelines to the routine clinical practice settings that are not resourced for immediate sample handling and processing. Outside of research specific laboratories, worldwide, very few centers are likely equipped to adhere to such strict glucose processing methodology. Citrate buffered specimen tubes offer the best practical solution and their use is recommended by the ADA.





2.5. Analytical Phase


2.5.1. Traceability and Methodology


Central Laboratory


Global standardisation of clinical assay’s aims to produce accurate and reproducible test results across space and time (traceability) through a reduction in method variability. To minimise assay bias, methods for measuring glucose should be calibrated (traceable) to reference methods. Currently, there are two reference methods for blood glucose measurement recommended by the Joint Committee for Traceability in Laboratory Medicine: isotope dilution mass spectrometry (ID-MS) [106], and enzymatic (Hexokinase-Glucose-6-Phosphate Dehydrogenase) [107]. The maximum allowable deviation for the alignment of the central laboratory method with a reference method is 4%. In the routine clinical central laboratory setting, glucose is invariably measured using one of three common enzymatic methods: hexokinase, glucose 1-dehydrogenase and glucose oxidase in reactions that either are coupled to a chromophore or generate an electric current.





2.5.2. Point of Care (POC)


Blood Glucose Meters (BGM)


Glucose is measured using capillary blood glucose concentrations. All POC meters use enzymes to measure glucose. These enzymes are oxidoreductases, can be classified in several categories each with its specific characteristics but, ultimately, have as a primary role to oxidise glucose [108]. Electron transfer to an electrode is then measured (third generation sensors). Of note, none are completely specific for glucose.



In 2020, O’Malley and colleagues [109] studied the use of POC glucose measurements in diagnosing GDM in women undergoing an antepartum OGTT. These authors found the diagnostic accuracy of POC glucose for GDM to be 83.0% (95% confidence interval (CI), 74.2–89.8) and concluded that there is no justification for the use of POC in centers that have adequate sample handling facilities. However, they noted that POC might be acceptable in low- and medium-resource settings, where processes to inhibit glycolysis are not available.




Critical Care Analysers (Blood Gas Analysers)


Whole blood (venous/arterial) is collected into balanced sodium heparinised (plasma) syringes and glucose is measured by a fixed enzyme electrode or via a reagent cassette. Glucose oxidase is the enzyme most commonly used [110].






2.6. Analytical Quality


2.6.1. Central Laboratory


Generally, laboratory testing quality should not be one of the variables influencing GDM prevalence and should not cause any glucose variability though the measurement process. The total laboratory analytical error has two main components: (1) precision, which is the capacity of the test to reproduce replicate measurements and it is expressed as the coefficient of variation (CV); and (2) bias, which is the difference between the laboratory result and the true value of the test. A good laboratory test should have minimal imprecision and bias and should conform with the specified analytical regulatory criteria. Laboratories compare their test result and the performance of their measurements against objective quality requirements such as the National Academy of Clinical Biochemistry (NACB) guidelines for total maximum allowable error (TEa). For glucose, the recommended targets are imprecision < 2.9%, bias < 2.2% and TEa < 6.9% [68]. The analytical imprecision for central laboratories is of the order of 1–2%.



However, glucose measurements, even within permissible limits, can influence GDM incidence and prevalence significantly. The true value of a laboratory test ranges within a 95% confidence interval of the reported value. In 2015, Agarwal et al. [111] examined the impact the analytical quality of a laboratory can have on GDM prevalence by comparing the total analytical error in one laboratory with the TEa as recommended by the NACB. This was a prospective study with over 2000 study participants. The research team found that, irrespective of criteria used to diagnose GDM (IADPSG, ADA, CDA), the analytical variation in glucose measurement had both a statistically significant impact on the GDM prevalence and also a significant impact on pregnant women that would be incorrectly reassured as not having GDM. These authors suggest that laboratories with decreased quality performance that report glucose measurements outside the 95% CI will ultimately lead to an increased reported GDM prevalence and an increase in false positive GDM cases. Based on total analytical variation of glucose for glucose in the laboratory performing the analyses, in their cohort, the prevalence of GDM ranged from 27% to 71% with an absolute prevalence of 45.3% (independent of the diagnostic criteria used). The authors concluded that the reported GDM prevalence has the potential to vary from 0.5–2.0-fold even if the laboratory meets the NACB recommendation of TEa < 6.9%, and urge laboratories to strive to improve their analytical performance even beyond the NACB recommendation in order to avoid misclassifying patients. Supporting these findings, Nielsen et al. [112] found that at 0% bias, an increase in imprecision from 2.7% to 3.7% increased the prevalence of diabetes by 90%.



Clinicians should always seek to use accredited laboratories but must be aware that TEa does not take into account pre-analytical factors that may influence glucose results. For example, a delay of more than 4 h in processing (centrifugation and separation of plasma from blood cells) the fasting sample of the OGTT would exceed the TEa for glucose.




2.6.2. POC—BGM


The analytical variation for BGM is commonly of the order of 5%. POC guidelines recommend that 95% of glucose results from BGM should be within ± 12.5% of the central laboratory glucose results ≥ 5.55 mmol/L (100 mg/dL) and within 0.67 mmol/L (12 mg/dL) for values < 5.55 mmol/L (100 mg/dL); furthermore, that 98% of BGM glucose results should be within ± 20% of the central laboratory glucose values ≥ 4.2 mmol/L (75 mg/dL) and within ± 0.83 mmol/L (15 mg/dL) for glucose values < 4.2 mmol/L (75 mg/dL) [113].




2.6.3. POC—Critical Care Analysers (Blood Gas Analysers)


The analytical imprecision for critical care analysers is of the order of 1–2% and similar to that of the central laboratory [114,115].





2.7. Post-Analytical Phase


The next phase of the total testing process is the post-analytical phase, which includes the following steps:



Processing of results into a report format (paper or electronic).



Identification of critical results and communication to the requesting clinician.



Interpretation of the results and if deemed necessary provision of advice for further tests.



Transmission of final report to the requesting clinician.



In the context of the OGTT, the diagnostic criteria are not uniform and are the subject of much debate.



In 1964, O’Sullivan et al. [116] proposed that “screening, diagnosis and treatment of hyperglycaemia in women who are not known to have diabetes improves outcomes”. The diagnostic criteria proposed were based on the 3 h–100 g glucose OGTT, which were subsequently validated for the development of future maternal T2DM [116]. The values proposed for GDM diagnosis were: fasting, 6.1 mmol/L (110 mg/dL); 1 h, 9.4 mmol/L (170 mg/dL); 2 h, 6.7 mmol/L (120 mg/dL) and 3 h, 6.1 mmol/L (110 mg/dL). Women with at least two abnormal values were diagnosed with GDM.



In 2008, the HAPO study showed that mild hyperglycemia was associated with adverse neonatal outcomes even below the previous GDM diagnostic criteria [9]. Based on these findings, in 2010 the IADPSG recommended a one-step 75 g OGTT and modified the GDM diagnostic cut-off points: fasting glucose: 5.1 mmol/L, 1 h glucose: 10.0 mmol/L and 2 h glucose: 8.5 mmol/L (fasting glucose: 92 mg/dL, 1 h glucose: 180 mg/dL and 2 h glucose: 153 mg/L) [81]. A single abnormal value confirms a diagnosis of GDM. Some critics of the new IADPSG diagnostic criteria indicate that the HAPO study did not take into account all pre-specified adverse outcomes and factors such as the rates of cesarean section or neonatal hypoglycemia in the determination of diagnostic cut-off points. Another criticism was that the single abnormal value required for diagnosis and the low glucose threshold of the new criteria to identify women as having GDM meant that such women would be in a very low risk category [117].



The IADPSG criteria were embraced by many international organisations including the ADA [118], WHO [119], the International Federation of Gynaecology and Obstetrics (FIGO) [120] and European Board and College of Obstetrics and Gynaecology (EBCOG) (2015). At the same time, some international bodies have not incorporated the IADPSG criteria: American College of Obstetricians and Gynecologists (ACOG) Practice Bulletin [121], the National Institutes of Health (NIH) consensus statement [122] and Society of Obstetricians and Gynaecologists of Canada (SOGC) [123]. The reasons given for not adopting the IADPSG criteria were (1) the benefit of treating women with mild GDM is not well established; (2) the increased prevalence of GDM will lead to additional healthcare costs; (3) caesarean section delivery and neonatal intensive care unit (NICU) admission rates will increase; and (4) patients identified as having GDM will develop additional psychosocial burdens which will decrease their Quality of Life (QoL).



Inconsistencies in GDM diagnostic criteria worldwide have led to challenges in making meaningful comparisons between study results (through systematic reviews and metanalysis). Cost analysis studies should always include clinical adverse outcome prevention through diagnosis and treatment in their analysis. A very well designed study by Duran et al. [124] found that the use of the IADPSG criteria was associated with an improvement in the prevalence of maternal and neonatal adverse outcomes (pregnancy induced hypertension, prematurity, caesarean sections, NICU admissions, LGA and SGA) that was cost-effective despite a 3.5-fold rise in GDM prevalence.



2.7.1. COVID-19: Implications for GDM Testing


In the context of the coronavirus 2019 (COVID-19) pandemic, travel restrictions, the time (up to 3 h) spent in a potentially infectious environment while the OGTT is carried out and the requisite glucose samples collected, together with the additional number of clinical visits consequent to a positive GDM diagnosis, have combined to reduce the use of the OGTT. In fact, McIntyre et al. [125], have highlighted that international bodies have already moved to using one or more of the following alternative approaches to GDM diagnosis: fasting venous plasma glucose [126], random venous plasma glucose and/or HbA1c [127]. Unfortunately, both approaches, while safer in the context of the SARS-CoV-2 pandemic, will lead to many women with GDM not being diagnosed. Gemert et al. [128] have shown that by only using a fasting plasma glucose ≤ 4.6 mmol/L for the diagnosis of GDM, 29% of women would have been missed. Similarly, van-de- l’Isle et al. [129] found that by using the Royal College of Obstetrics and Gynecologists recommendations for the diagnosis of GDM (fasting glucose ≥ 5.3 mmol/L or HbA1c ≥ 39 mmol/mol or random plasma glucose ≥ 9 mmol/L), 57% of women would have been wrongly diagnosed as not having GDM. The likely consequence of this will be an increase in GDM-related complications as these women will not have received the appropriate treatment for GDM. In their commentary, Mcintyre et al. [130] emphasise the need for validation and regulatory approval of alternative, less cumbersome strategies for the diagnosis and classification of GDM by using new non-fasting biomarkers such as plasma glycated CD59, a complement regulatory protein, which is showing promise. The need for change to the way in which the diagnosis of GDM is made has been recognised for many decades now. The current global COVID-19 pandemic has reignited the urgent quest for the rapid identification of a new, reliable and feasible biomarker to diagnose GDM.




2.7.2. Emerging Biomarkers


The current COVID-19 pandemic has highlighted what the scientific community has known for years [13]—that it is time to identify new tests that can accurately and robustly diagnose GDM, tests that require less preparatory and sampling time and that are less affected, if at all, by the pre-analytical factors mentioned in this article. There are now several biomarkers showing great potential to meet this clinical need. They include amino acids, peptides, proteins, lipids, enzymes, saccharides, microRNA, etc. The following biomarkers are a cross-section of the emerging data in this field.



Adiponectin is a protein hormone and adipokine involved in glucose metabolism. Many researchers have shown that adiponectin levels can diagnose GDM and can also predict GDM when analysed in early pregnancy. In 2008, Lain et al. [131] showed that women with a low first trimester level of adiponectin were 10 times more likely to be diagnosed with GDM later in pregnancy. In 2013, Rasanen et al. [132] supported this work showing that first trimester adiponectin levels were associated with the development of GDM. Additionally, an Irish study [133] found that high first trimester adiponectin levels were associated with a reduced risk of developing GDM validating the work of Rasanen et al. Furthermore, there is evidence to suggest that adiponectin may also be used in predicting the development of post-partum glucose intolerance in women with a history of GDM [134]. However, despite these promising results, in 2016 a study by Iliodromiti et al. [135] found the sensitivity and specificity of adiponectin in predicting GDM diagnosis to be 60.3% and 81.3%, respectively. Prospective studies to confirm the adiponectin role as a GDM diagnostic biomarker are warranted.



Emerging research on GDM has shown that CD59, a glycoprotein biomarker, has the potential to diagnose GDM. Gosh et al. [136] determined that glycated CD59 (gCD59) accurately predicted the development of GDM with a sensitivity of 85% and a specificity of 92%. These authors found that GDM patients had 10-fold higher levels of gCD59 compared to controls. These findings are supported in work by Ma et al. [137], showing that gCD59 levels in pregnant women before 20 weeks of pregnancy accurately predict the results of the OGTT. In addition, gCD59 levels were also associated with higher risk of delivering a baby large for gestational age (LGA). Prospective studies are ongoing to assess the potential of gCD59 to identify GDM early in pregnancy and improve prediction of adverse pregnancy outcomes [138].



Extracellular vesicles (EV) have also shown diagnostic potential as indicated in a study by Salomon et al. [139], who found a 2-fold higher concentration of exosomes (small EV) in GDM pregnancies compared to normal pregnancies. These findings have been further supported by several recent studies [140,141] which found higher concentrations of EV in women who developed GDM compared to controls.(add references) Jayabala et al. [142] examined the differences in protein content in EVs between women with GDM and women with normal glucose tolerance. They found a total of 78 proteins that were significantly differentially expressed in GDM women compared to women with normal glucose tolerance. Despite this, there are no studies comparing the levels of EV concentrations between different types of pregnancy complications (gestational hypertension/preeclampsia, foetal growth abnormalities, foetal malformations, etc). There are no studies assessing the trimester-specific EV levels in normal and GDM pregnancies or studies assessing the robustness of the test by comparing different analysis method, different methods for purifying and separating exosomes or different types of blood sample used, nor also studies investigating concentrations of EV released from placenta vs. non-placental sources. EV are an emerging biomarker with great potential; however, further studies are required to establish the exact role of EV in GDM diagnosis.



Nesfatin-1 is a polypeptide involved in food regulation and water intake and has a glucose-dependent insulinotropic action. In 2012, Aslan et al. [143] found lower nesfatin-1 levels in GDM women compared to controls. These findings are supported by Kucukler et al. [144], who similarly found lower levels of nesfatin-1 in women who developed GDM compared to women without GDM but also found a positive correlation between nesfatin-1 and insulin levels. In a recent prospective study, Mierzynski et al. [145] also observed that women with GDM had significantly lower levels of nesfatin-1 compared to women with normal glucose tolerance but also found a strong correlation between nesfatin-1 levels and pre-pregnancy BMI. However, a study by Zang et al. [146] found opposite results with nesfatin-1 levels higher in GDM patients compared to controls with a positive correlation between nesfatin-1 levels and BMI, while Deniz et al. [147] showed a negative correlation between nesfatin-1 levels and BMI. The discrepancy of these results might arise from the different study participants’ characteristics or the timing of the sample collection. While it is clear that nesfatin-1 plays a role in GDM pathophysiology, further studies are required to define its potential as a diagnostic biomarker.



Several biomarkers show potential advantages over the historical OGTT. The breadth of this emerging trend shows the activity within the research community to identify an appropriate new test for GDM diagnosis. Those mentioned above provide a mere snapshot of the evolving evidence, and an in-depth analysis is beyond the scope of this paper. This review has explored the fallacy of the OGTT, the current “gold standard” for GDM, a test that is easily affected by many variables, potentially leading to false results and has drawn attention to promising emerging alternative biomarkers. Through ongoing collaboration, researchers in this field can make a critical breakthrough on a new test for GDM diagnosis.






3. Conclusions


The OGTT is subject to several factors spanning the total testing process that have the potential to influence its results and negatively impact patient care. Clear guidance is needed to ensure a universal standardised approach to performing and interpreting the OGTT for the diagnosis of GDM. This will permit global harmonisation of the detection of GDM, improve the accuracy and reproducibility of the OGTT and provide for better outcomes for mothers and their offspring. Alongside this, the search for better biomarkers to diagnose GDM and ultimately replace the OGTT is gaining pace with several biomarkers currently under evaluation. However, the diagnostic accuracy and clinical usefulness of many of these novel biomarkers remain to be fully validated.







Author Contributions


D.B., P.O. and F.D. contributed to the study concept and researched the data. D.B. wrote first draft of the manuscript. All authors, D.B., P.O., C.L., A.S. and F.D. reviewed, critically revised and approved the final version of the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Conflicts of Interest


The authors have no conflict of interest to declare.




References


	



Ghalioungui. PTEPANET, Commentaries and Glossaries; Academy of Scientific Research and Technology: Cairo, Egypt, 1987. [Google Scholar]

	



Bennewitz, H.G. De Diabete Mellito Graviditatis Symptomate; Typis Ioannis Friderici Starckii: Berlin, Germany, 1824. [Google Scholar]

	



Lambie, C.G. Diabetes and Pregnancy. Trans. Edinb. Obstet. Soc. 1927, 47, 43–59. [Google Scholar] [CrossRef] [PubMed]

	



Hoet, J.P.; Lukens, F.D.W. Carbohydrate Metabolism during Pregnancy. Diabetes 1954, 3, 1–12. [Google Scholar] [CrossRef] [PubMed]

	



Wilkerson, H.L.C.; Remein, Q.R. Studies of Abnormal Carbohydrate Metabolism in Pregnancy: The Significance of Impaired Glucose Tolerance. Diabetes 1957, 6, 324–329. [Google Scholar] [CrossRef]

	



Freinkel, N. Gestational Diabetes 1979: Philosophical and Practical Aspects of a Major Public Health Problem. Diabetes Care 1980, 3, 399–401. [Google Scholar] [CrossRef]

	



Freinkel, N. Proceedings of the Second International Workshop-Conference on Gestational Diabetes Mellitus; American Diabetes Association: Alexandria, VA, USA, 1985; Volume 34, pp. 123–126. [Google Scholar]

	



Metzger, B.E. Summary and Recommendations of the Third International Workshop-Conference on Gestational Diabetes Mellitus. Diabetes 1991, 40, 197–201. [Google Scholar] [CrossRef]

	



Metzger, B.E.; Lowe, L.P.; Dyer, A.R.; Trimble, E.R.; Chaovarindr, U.; Coustan, D.R.; Hadden, D.R.; McCance, D.R.; Hod, M.; McIntyre, H.D.; et al. Hyperglycemia and adverse pregnancy outcomes. N. Engl. J. Med. 2008, 358, 1991–2002. [Google Scholar] [PubMed]

	



Jacobsen, A. Untersuchungen über den Einfluss verschiedener Nahrungsmittel auf den Blutzucker bei normalen, zuckerkranken und graviden Personen. Biochem. Z. 1913, 56, 471–494. [Google Scholar]

	



Conn, J. Interpretation of the glucose tolerance test. The necessity of a standard preparatory diet. Am. J. Med. Sci. 1940, 199, 555–564. [Google Scholar] [CrossRef]

	



Unger, R.H. The standard two-hour oral glucose tolerance test in the diagnosis of diabetes mellitus in subjects without fasting hyperglycemia. Ann. Intern. Med. 1957, 47, 1138–1153. [Google Scholar] [CrossRef]

	



Nadon, G.W.; Little, J.A.; Hall, W.E.; O’Sullivan, M.O. A Comparison of the Oral and Intravenous Glucose Tolerance Tests in Non-Diabetic, Possible Diabetic and Diabetic Subjects. Can. Med. Assoc. J. 1964, 91, 1350–1353. [Google Scholar] [PubMed]

	



McDonald, G.W.; Fisher, G.F.; Burnham, C. Reproducibility of the Oral Glucose Tolerance Test. Diabetes 1965, 14, 473–480. [Google Scholar] [CrossRef] [PubMed]

	



Olefsky, J.M.; Reaven, G.M. Insulin and glucose responses to identical oral glucose tolerance tests performed forty-eight hours apart. Diabetes 1974, 23, 449–453. [Google Scholar] [CrossRef] [PubMed]

	



Harlass, F.E.; Brady, K.; Read, J.A. Reproducibility of the oral glucose tolerance test in pregnancy. Am. J. Obstet. Gynecol. 1991, 164, 564–568. [Google Scholar] [CrossRef]

	



Catalano, P.M.; Avallone, D.A.; Drago, N.M.; Amini, S.B. Reproducibility of the oral glucose tolerance test in pregnant women. Am. J. Obstet. Gynecol. 1993, 169, 874–881. [Google Scholar] [CrossRef]

	



Ko, G.T.; Chan, J.C.; Woo, J.; Lau, E.; Yeung, V.T.; Chow, C.C.; Cockram, C. S The reproducibility and usefulness of the oral glucose tolerance test in screening for diabetes and other cardiovascular risk factors. Ann. Clin. Biochem. 1998, 35, 62–67. [Google Scholar] [CrossRef]

	



Munang, Y.N.; Noubiap, J.J.; Danwang, C.; Sama, J.D.; Azabji-Kenfack, M.; Mbanya, J.C.; Sobngwi, E. Reproducibility of the 75 g oral glucose tolerance test for the diagnosis of gestational diabetes mellitus in a sub-Saharan African population. BMC Res. Notes 2017, 10, 622. [Google Scholar] [CrossRef] [PubMed]

	



Metzger, B.E. Long-term outcomes in mothers diagnosed with gestational diabetes mellitus and their offspring. Clin. Obstet. Gynecol. 2007, 50, 972–979. [Google Scholar] [CrossRef]

	



Landon, M.B.; Spong, C.Y.; Thom, E.; Carpenter, M.W.; Ramin, S.M.; Casey, B.; Wapner, R.J.; Varner, M.W.; Rouse, D.J.; Thorp, J.M., Jr.; et al. A multicenter, randomized trial of treatment for mild gestational diabetes. N. Engl. J. Med. 2009, 361, 1339–1348. [Google Scholar] [CrossRef]

	



Crowther, C.A.; Hiller, J.E.; Moss, J.R.; McPhee, A.J.; Jeffries, W.S.; Robinson, J.S. Australian Carbohydrate Intolerance Study in Pregnant Women (ACHOIS) Trial Group Effect of treatment of gestational diabetes mellitus on pregnancy outcomes. N. Engl. J. Med. 2005, 352, 2477–2486. [Google Scholar] [CrossRef]

	



McIntyre, H.D.; Colagiuri, S.; Roglic, G.; Hod, M. Diagnosis of GDM: A suggested consensus. Best Pract. Res. Clin. Obstet. Gynaecol. 2015, 29, 194–205. [Google Scholar] [CrossRef]

	



Gillespie, P.; O’Neill, C.; Avalos, G.; O’Reilly, M.; Dunne, F.; Collaborators, A.D. The cost of universal screening for gestational diabetes mellitus in Ireland. Diabetes Med. 2011, 28, 912–918. [Google Scholar] [CrossRef]

	



Egan, A.M.; Vellinga, A.; Harreiter, J.; Simmons, D.; Desoye, G.; Corcoy, R.; Adelantado, J.M.; Devlieger, R.; Van Assche, A.; Galjaard, S.; et al. Epidemiology of gestational diabetes mellitus according to IADPSG/WHO 2013 criteria among obese pregnant women in Europe. Diabetologia 2017, 60, 1913–1921. [Google Scholar] [CrossRef]

	



Avalos, G.E.; Owens, L.A.; Dunne, F. Applying Current Screening Tools for Gestational Diabetes Mellitus to a European Population: Is It Time for Change? Diabetes Care 2013, 36, 3040–3044. [Google Scholar] [CrossRef]

	



Guideline Development Group. Management of diabetes from preconception to the postnatal period: Summary of NICE guidance. BMJ 2008, 336, 714–717. [Google Scholar] [CrossRef] [PubMed]

	



Health Service Executive. Guidelines for the Management of Pre-Gestational and Gestational Diabetes Mellitus from Pre-Conception to the Postnatal Period; Health Service Executive: Dublin, Ireland, 2010. Available online: https://www.hse.ie/eng/services/list/2/primarycare/east-coast-diabetes-service/management-of-type-2-diabetes/diabetes-and-pregnancy/guidelines-for-the-management-of-pre-gestational-and-gestational-diabetes-mellitus-from-pre-conception-to-the-postnatal-period.pdf. (accessed on 1 September 2020).

	



Association, A.D. Standards of medical care in diabetes—2013. Diabetes Care 2013, 36, S11–S66. [Google Scholar] [CrossRef]

	



Pintaudi, B.; Di Vieste, G.; Corrado, F.; Lucisano, G.; Pellegrini, F.; Giunta, L.; Nicolucci, A.; D’Anna, R.; Di Benedetto, A. Improvement of selective screening strategy for gestational diabetes through a more accurate definition of high-risk groups. Eur. J. Endocrinol. 2014, 170, 87–93. [Google Scholar] [CrossRef]

	



Plebani, M. The detection and prevention of errors in laboratory medicine. Ann. Clin. Biochem. 2010, 47, 101–110. [Google Scholar] [CrossRef] [PubMed]

	



Hansen, D.; De Strijcker, D.; Calders, P. Impact of Endurance Exercise Training in the Fasted State on Muscle Biochemistry and Metabolism in Healthy Subjects: Can These Effects be of Particular Clinical Benefit to Type 2 Diabetes Mellitus and Insulin-Resistant Patients? Sports Med. 2017, 47, 415–428. [Google Scholar] [CrossRef] [PubMed]

	



Stubbs, B.; Vancampfort, D.; Rosenbaum, S.; Firth, J.; Cosco, T.; Veronese, N.; Salum, G.A.; Schuch, F.B. An examination of the anxiolytic effects of exercise for people with anxiety and stress-related disorders: A meta-analysis. Psychiatry Res. 2017, 249, 102–108. [Google Scholar] [CrossRef]

	



Andersen, E.; Høstmark, A.T. Effect of a single bout of resistance exercise on postprandial glucose and insulin response the next day in healthy, strength-trained men. J. Strength Cond. Res. 2007, 21, 487–491. [Google Scholar]

	



Slentz, C.A.; Bateman, L.A.; Willis, L.H.; Granville, E.O.; Piner, L.W.; Samsa, G.P.; Setji, T.L.; Muehlbauer, M.J.; Huffman, K.M.; Bales, C.W.; et al. Effects of exercise training alone vs a combined exercise and nutritional lifestyle intervention on glucose homeostasis in prediabetic individuals: A randomised controlled trial. Diabetologia 2016, 59, 2088–2098. [Google Scholar] [CrossRef] [PubMed]

	



Houmard, J.A.; Tanner, C.J.; Slentz, C.A.; Duscha, B.D.; McCartney, J.S.; Kraus, W.E. Effect of the volume and intensity of exercise training on insulin sensitivity. J. Appl. Physiol. 2004, 96, 101–106. [Google Scholar] [CrossRef] [PubMed]

	



Kang, J.; Robertson, R.J.; Hagberg, J.M.; Kelley, D.E.; Goss, F.L.; DaSilva, S.G.; Suminski, R.R.; Utter, A.C. Effect of exercise intensity on glucose and insulin metabolism in obese individuals and obese NIDDM patients. Diabetes Care 1996, 19, 341–349. [Google Scholar] [CrossRef] [PubMed]

	



Seals, D.R.; Hagberg, J.M.; Hurley, B.F.; Ehsani, A.A.; Holloszy, J.O. Effects of endurance training on glucose tolerance and plasma lipid levels in older men and women. JAMA 1984, 252, 645–649. [Google Scholar] [CrossRef] [PubMed]

	



Castleberry, T.; Irvine, C.; Deemer, S.E.; Brisebois, M.F.; Gordon, R.; Oldham, M.D.; Duplanty, A.A.; Ben-Erza, V. Consecutive days of exercise decrease insulin response more than a single exercise session in healthy, inactive men. Eur. J. Appl. Physiol. 2019, 119, 1591–1598. [Google Scholar] [CrossRef]

	



Horowitz, M.; Edelbroek, M.A.; Wishart, J.M.; Straathof, J.W. Relationship between oral glucose tolerance and gastric emptying in normal healthy subjects. Diabetologia 1993, 36, 857–862. [Google Scholar] [CrossRef]

	



Horowitz, M.; Cunningham, K.M.; Wishart, J.M.; Jones, K.L.; Read, N.W. The effect of short-term dietary supplementation with glucose on gastric emptying of glucose and fructose and oral glucose tolerance in normal subjects. Diabetologia 1996, 39, 481–486. [Google Scholar] [CrossRef]

	



Jones, K.L.; Horowitz, M.; Wishart, M.J.; Maddox, A.F.; Harding, P.E.; Chatterton, B.E. Relationships between gastric emptying, intragastric meal distribution and blood glucose concentrations in diabetes mellitus. J. Nucl. Med. 1995, 36, 2220–2228. [Google Scholar]

	



Hunt, J.N.; Smith, J.L.; Jiang, C.L. Effect of meal volume and energy density on the gastric emptying of carbohydrates. Gastroenterology 1985, 89, 1326–1330. [Google Scholar] [CrossRef]

	



Thompson, D.G.; Wingate, D.L.; Thomas, M.; Harrison, D. Gastric emptying as a determinant of the oral glucose tolerance test. Gastroenterology 1982, 82, 51–55. [Google Scholar] [CrossRef]

	



Murry, W. Hypohydration and Glucose Regulation in Adult Males with Type II Diabetes Mellitus. Bachelor’s Thesis, University of Arkansas, Fayetteville, NC, USA, 2015. Available online: http://scholarworks.uark.edu/biscuht/6 (accessed on 1 September 2020).

	



Johnson, E.C.; Bardis, C.N.; Jansen, L.T.; Adams, J.D.; Kirkland, T.W.; Kavouras, S.A. Reduced water intake deteriorates glucose regulation in patients with type 2 diabetes. Nutr. Res. 2017, 43, 25–32. [Google Scholar] [CrossRef] [PubMed]

	



Carroll, H.A.; Johnson, L.; Betts, J. Effect of hydration status on glycemic control: A pilot study. Med. Sci. Sports Exerc. 2016, 48, 745. [Google Scholar] [CrossRef]

	



Carroll, H.A.; Templeman, I.; Chen, Y.C.; Edinburgh, R.M.; Burch, E.K.; Jewitt, J.T.; Povey, G.; Robinson, T.D.; Dooley, W.L.; Jones, R.; et al. Effect of acute hypohydration on glycemic regulation in healthy adults: A randomized crossover trial. J. Appl. Physiol. 2019, 126, 422–430. [Google Scholar] [CrossRef] [PubMed]

	



Jansen, L.T.; Suh, H.; Adams, J.D.; Sprong, C.A.; Seal, A.D.; Scott, D.M.; Butts, C.L.; Melander, O.; Kirkland, T.W.; Vanhaecke, T.; et al. Osmotic stimulation of vasopressin acutely impairs glucose regulation: A counterbalanced, crossover trial. Am. J. Clin. Nutr. 2019, 110, 1344–1352. [Google Scholar] [CrossRef]

	



Moses, R.G.; Wong, V.C.; Lambert, K.; Morris, G.J.; Gil, F.S. Seasonal Changes in the Prevalence of Gestational Diabetes Mellitus. Diabetes Care 2016, 39, 1218–1221. [Google Scholar] [CrossRef] [PubMed]

	



Katsarou, A.; Claesson, R.; Ignell, C.; Shaat, N.; Berntorp, K. Seasonal Pattern in the Diagnosis of Gestational Diabetes Mellitus in Southern Sweden. J. Diabetes Res. 2016, 2016, 1–6. [Google Scholar] [CrossRef] [PubMed]

	



Molina-Vega, M.; Gutiérrez-Repiso, C.; Muñoz-Garach, A.; Lima-Rubio, F.; Morcillo, S.; Tinahones, F.J.; Picón-César, M.J. Relationship between environmental temperature and the diagnosis and treatment of gestational diabetes mellitus: An observational retrospective study. Sci. Total Environ. 2020, 744, 140994. [Google Scholar] [CrossRef]

	



Vasileiou, V.; Kyratzoglou, E.; Paschou, S.A.; Kyprianou, M.; Anastasiou, E. The impact of environmental temperature on the diagnosis of gestational diabetes mellitus. Eur. J. Endocrinol. 2018, 178, 209–214. [Google Scholar] [CrossRef]

	



Spirito, A.; Russo, D.C.; Masek, B.J. Behavioral interventions and stress management training for hospitalized adolescents and young adults with cystic fibrosis. Gen. Hosp. Psychiatry 1984, 6, 211–218. [Google Scholar] [CrossRef]

	



Hosler, A.S.; Nayak, S.G.; Radigan, A.M. Stressful events, smoking exposure and other maternal risk factors associated with gestational diabetes mellitus. Paediatr. Périnat. Epidemiol. 2011, 25, 566–574. [Google Scholar] [CrossRef]

	



Faulenbach, M.; Uthoff, H.; Schwegler, K.; Spinas, G.A.; Schmid, C.; Wiesli, P. Effect of psychological stress on glucose control in patients with Type 2 diabetes. Diabetes Med. 2012, 29, 128–131. [Google Scholar] [CrossRef] [PubMed]

	



Horsch, A.; Kang, J.S.; Vial, Y.; Ehlert, U.; Borghini, A.; Marques-Vidal, P.; Jacobs, I.; Puder, J.J. Stress exposure and psychological stress responses are related to glucose concentrations during pregnancy. Br. J. Health Psychol. 2016, 21, 712–729. [Google Scholar] [CrossRef] [PubMed]

	



Ford, E.S.; Wheaton, A.G.; Chapman, D.P.; Li, C.; Perry, G.S.; Croft, J.B. Associations between self-reported sleep duration and sleeping disorder with concentrations of fasting and 2-h glucose, insulin, and glycosylated hemoglobin among adults without diagnosed diabetes. J. Diabetes 2014, 6, 338–350. [Google Scholar] [CrossRef]

	



Byberg, S.; Hansen, A.-L.S.; Christensen, D.L.; Vistisen, D.; Aadahl, M.; Linneberg, A.; Witte, D.R. Sleep duration and sleep quality are associated differently with alterations of glucose homeostasis. Diabetes Med. 2012, 29, e354–e360. [Google Scholar] [CrossRef] [PubMed]

	



Reutrakul, S.; Zaidi, N.; Wroblewski, K.; Kay, H.H.; Ismail, M.; Ehrmann, D.A.; Van Cauter, E. Sleep Disturbances and Their Relationship to Glucose Tolerance in Pregnancy. Diabetes Care 2011, 34, 2454–2457. [Google Scholar] [CrossRef]

	



Myoga, M.; Tsuji, M.; Tanaka, R.; Shibata, E.; Askew, D.J.; Aiko, Y.; Senju, A.; Kawamoto, T.; Hachisuga, T.; Araki, S.; et al. Impact of sleep duration during pregnancy on the risk of gestational diabetes in the Japan environmental and Children’s study (JECS). BMC Pregnancy Childbirth 2019, 19, 1–7. [Google Scholar] [CrossRef]

	



Williams, E.D.; Magliano, D.J.; Tapp, R.J.; Oldenburg, B.; Shaw, J.E. Psychosocial Stress Predicts Abnormal Glucose Metabolism: The Australian Diabetes, Obesity and Lifestyle (AusDiab) Study. Ann. Behav. Med. 2013, 46, 62–72. [Google Scholar] [CrossRef]

	



Lloyd, C.; Smith, J.; Weinger, K. Stress and Diabetes: A review of the links. Diabetes Spectr. 2005, 18, 121–127. [Google Scholar] [CrossRef]

	



Lima-Oliveira, G.; Salvagno, G.L.; Lippi, G.; Gelati, M.; Montagnana, M.; Danese, E.; Picheth, G.; Guidi, G.C. Influence of a Regular, Standardized Meal on Clinical Chemistry Analytes. Ann. Lab. Med. 2012, 32, 250–256. [Google Scholar] [CrossRef]

	



Salehi, M.; Neghab, M. Effects of Fasting and a Medium Calorie Balanced Diet During the Holy Month Ramadan on Weight, BMI and Some Blood Parameters of Overweight Males. Pak. J. Biol. Sci. 2007, 10, 968–971. [Google Scholar] [CrossRef]

	



Saada, A.; Sa, G.; Belkacemi, L.; Ait chabane, O.; Italhi, M.; Bekada, A.M.; Kati, D. Effect of Ramadan fasting on glucose, glycosylated haemoglobin, insulin, lipids and proteinous concentrations in women with non-insulin dependent diabetes mellitus. Afr. J. Biotech. 2010, 9, 87–94. [Google Scholar]

	



Mellitus, D. The Expert Committee on the Diagnosis and Classification of Diabetes Mellitus Report of the Expert Committee on the Diagnosis and Classification of Diabetes Mellitus. Diabetes Care 1997, 20, 1183–1197. [Google Scholar]

	



Sacks, D.B.; Arnold, M.; Bakris, G.L.; Bruns, D.E.; Horvath, A.R.; Kirkman, M.S.; Lernmark, A.; Metger, B.E.; Nathan, D.M. Guidelines and recommendations for laboratory analysis in the diagnosis and management of diabetes mellitus. Clin. Chem. 2011, 57, e1–e47. [Google Scholar] [CrossRef]

	



Moebus, S.; Göres, L.; Lösch, C.; Jöckel, K.H. Impact of time since last caloric intake on blood glucose levels. Eur. J. Epidemiol. 2011, 26, 719–728. [Google Scholar] [CrossRef] [PubMed]

	



Emberson, J.R.; Whincup, P.H.; Walker, M.; Thomas, M.; Alberti, K.G. Biochemical measures in a population-based study: Effect of fasting duration and time of day. Ann. Clin. Biochem. 2002, 39, 493–501. [Google Scholar] [CrossRef]

	



Kackov, S.; Simundic, A.M.; Gatti-Drnic, A. Are patients well informed about the fasting requirements for laboratory blood testing? Biochem. Med. (Zagreb) 2013, 23, 326–331. [Google Scholar] [CrossRef]

	



Metzger, B.E.; Coustan, D.R. Summary and recommendations of the Fourth International Workshop-Conference on Gestational Diabetes Mellitus. The Organizing Committee. Diabetes Care 1998, 21 (Suppl. 2), B161–B167. [Google Scholar] [PubMed]

	



Entrekin, K.; Work, B.; Owen, J. Does a high carbohydrate preparatory diet affect the 3-h oral glucose tolerance test in pregnancy? J. Matern. Fetal. Med. 1998, 7, 68–71. [Google Scholar] [PubMed]

	



Crowe, S.M.; Mastrobattista, J.M.; Monga, M. Oral glucose tolerance test and the preparatory diet. Am. J. Obs. Gynecol. 2000, 182, 1052–1054. [Google Scholar] [CrossRef] [PubMed]

	



Buhling, K.J.; Elsner, E.; Wolf, C.; Harder, T.; Engel, B.; Wascher, C.; Siebert, G.; Dudenhausen, J.W. No influence of high- and low-carbohydrate diet on the oral glucose tolerance test in pregnancy. Clin. Biochem. 2004, 37, 323–327. [Google Scholar] [CrossRef]

	



Sievenpiper, J.L.; Vuksan, V.; Wong, E.Y.; Mendelson, R.A.; Bruce-Thompson, C. Effect of meal dilution on the postprandial glycemic response: Implications for glycemic testing. Diabetes Care 1998, 21, 711–716. [Google Scholar] [CrossRef]

	



Sievenpiper, J.L.; Jenkins, D.J.; Josse, R.G.; Vuksan, V. Dilution of the 75-g oral glucose tolerance test increases postprandial glycemia: Implications for diagnostic criteria. CMAJ 2000, 162, 993–996. [Google Scholar] [PubMed]

	



American Diabetes Association. Standardization of the oral glucose tolerance test. Report of the Committee on Statistics of the American Diabetes Association June 14, 1968. Diabetes 1969, 18, 299–307. [Google Scholar] [CrossRef]

	



Keen, H.; Jarrett, R.J.; Alberti, K.G.M.M. Diabetes mellitus: A new look at diagnostic criteria. Diabetol. 1980, 18, 81. [Google Scholar] [CrossRef]

	



WHO Expert Committee. WHO Expert Committee on Diabetes Mellitus: Second report. World Health Organ. Tech. Rep. Ser. 1980, 646, 1–80. [Google Scholar]

	



Metzger, B.E.; Gabbe, S.G.; Persson, B.; Buchanan, T.A.; Catalano, P.A.; Damm, P.; Dyer, A.R.; Leiva, A.D.; Hod, M.; Kitzmiler, J.L.; et al. International association of diabetes and pregnancy study groups recommendations on the diagnosis and classification of hyperglycemia in pregnancy. Diabetes Care 2010, 33, 676–682. [Google Scholar] [CrossRef]

	



Sicree, R.A.; Zimmet, P.Z.; Dunstan, D.W.; Cameron, A.J.; Welborn, T.A.; Shaw, J.E. Differences in height explain gender differences in the response to the oral glucose tolerance test- the AusDiab study. Diabet Med. 2008, 25, 296–302. [Google Scholar] [CrossRef]

	



Rehunen, S.K.J.; Kautiainen, H.; Eriksson, J.G.; Korhonen, P.E. Adult height and glucose tolerance: A re-appraisal of the importance of body mass index. Diabetes Med. 2017, 34, 1129–1135. [Google Scholar] [CrossRef] [PubMed]

	



Palmu, S.; Rehunen, S.; Kautiainen, H.; Eriksson, J.G.; Korhonen, P.E. Body surface area and glucose tolerance—The smaller the person, the greater the 2-h plasma glucose. Diabetes Res. Clin. Pract. 2019, 157, 107877. [Google Scholar] [CrossRef]

	



Burrin, J.M.; Alberti, K.G. What is blood glucose: Can it be measured? Diabetes Med. 1990, 7, 199–206. [Google Scholar] [CrossRef] [PubMed]

	



Kuwa, K.; Nakayama, T.; Hoshino, T.; Tominaga, M. Relationships of glucose concentrations in capillary whole blood, venous whole blood and venous plasma. Clin. Chim. Acta 2001, 307, 187–192. [Google Scholar] [CrossRef]

	



Stahl, M.; Brandslund, I.; Jørgensen, L.G.M.; Petersen, P.H.; Borch-Johnsen, K.; Olivarius, N.D.F. Can capillary whole blood glucose and venous plasma glucose measurements be used interchangeably in diagnosis of diabetes mellitus? Scand. J. Clin. Lab. Investig. 2002, 62, 159–166. [Google Scholar] [CrossRef] [PubMed]

	



Colagiuri, S.; Sandbaek, A.; Carstensen, B.; Christensen, J.; Glümer, C.; Lauritzen, T.; Borch-Johnsen, K.; Sandbæk, A. Comparability of venous and capillary glucose measurements in blood. Diabetes Med. 2003, 20, 953–956. [Google Scholar] [CrossRef] [PubMed]

	



D’Orazio, P.; Burnett, R.W.; Fogh-Andersen, N.; Jacobs, E.; Kuwa, K.; Külpmann, W.R.; Larsson, L.; Lewenstam, A.; Maas, A.H.; Mager, G.; et al. Approved IFCC Recommendation on Reporting Results for Blood Glucose (Abbreviated). Clin. Chem. 2005, 51, 1573–1576. [Google Scholar] [CrossRef] [PubMed]

	



Qin, J.; Chai, G.; Brewer, J.M.; Lovelace, L.L.; Lebioda, L. Fluoride inhibition of enolase: Crystal structure and thermodynamics. Biochemistry 2006, 45, 793–800. [Google Scholar] [CrossRef]

	



Alberti, K.G.; Zimmet, P.Z. Definition, diagnosis and classification of diabetes mellitus and its complications. Part 1: Diagnosis and classification of diabetes mellitus provisional report of a WHO consultation. Diabetes Med. 1998, 15, 539–553. [Google Scholar] [CrossRef]

	



Gambino, R. Sodium fluoride: An ineffective inhibitor of glycolysis. Ann. Clin. Biochem. 2013, 50, 3–5. [Google Scholar] [CrossRef]

	



Chan, H.; Lunt, H.; Thompson, H.; Heenan, H.F.; Frampton, C.M.; Florkowski, C.M. Plasma glucose measurement in diabetes: Impact and implications of variations in sample collection procedures with a focus on the first hour after sample collection. Clin. Chem. Lab. Med. 2014, 52, 1061–1068. [Google Scholar] [CrossRef]

	



Uchida, K.; Matuse, R.; Toyoda, E.; Okuda, S.; Tomita, S. A new method of inhibiting glycolysis in blood samples. Clin. Chim. Acta. 1988, 172, 101–108. [Google Scholar] [CrossRef]

	



del Pino, I.G.; Constanso, I.; Mourín, L.V.; Safont, C.B.; Vázquez, P.R. Citric/citrate buffer: An effective antiglycolytic agent. Clin. Chem. Lab. Med. 2013, 51, 1943–1949. [Google Scholar] [CrossRef]

	



Norman, M.; Jones, I. The shift from fluoride/oxalate to acid citrate/fluoride blood collection tubes for glucose testing—The impact upon patient results. Clin. Biochem. 2014, 47, 683–685. [Google Scholar] [CrossRef] [PubMed]

	



Jamieson, E.L.; Spry, E.P.; Kirke, A.B.; Atkinson, D.N.; Marley, J.V. Real-World Gestational Diabetes Screening: Problems with the Oral Glucose Tolerance Test in Rural and Remote Australia. Int. J. Environ. Res. Public Health. 2019, 16, 4488. [Google Scholar] [CrossRef] [PubMed]

	



Lyons, C.; Griffin, T.P.; Islam, M.N.; Hamon, S.M.; Mellet, T.; O’Shea, P.M. Maintaining glucose integrity ex-vivo: Comparison of Citrate- Fluoride-Oxalate with Fluoride-Oxalate additives to stabilize plasma glucose. IRISH J. Med. Sci. 2018, 187, s212. [Google Scholar]

	



Diabetes mellitus. Report of a WHO Study Group. World Health Organ Tech. Rep. Ser. 1985, 727, 1–113. [Google Scholar]

	



Potter, J.M.; Hickman, P.E.; Oakman, C.; Woods, C.; Nolan, C.J. Strict Preanalytical Oral Glucose Tolerance Test Blood Sample Handling Is Essential for Diagnosing Gestational Diabetes Mellitus. Diabetes Care 2020, 43, 1438–1441. [Google Scholar] [CrossRef]

	



Price, S.A.; Moses, R.G. Gestational Diabetes Mellitus and Glucose Sample Handling. Diabetes Care 2020, 43, 1371–1372. [Google Scholar] [CrossRef]

	



Bruns, D.E.; Metzger, B.E.; Sacks, D.B. Diagnosis of Gestational Diabetes Mellitus Will Be Flawed until We Can Measure Glucose. Clin. Chem. 2020, 66, 265–267. [Google Scholar] [CrossRef]

	



van den Berg, S.A.; Thelen, M.H.; Salden, L.P.; van Thiel, S.W.; Boonen, K.J. It takes acid, rather than ice, to freeze glucose. Sci. Rep. 2015, 5, 8875. [Google Scholar] [CrossRef]

	



Carey, R.; Lunt, H.; Heenan, H.F.; Frampton, C.M.; Florkowski, C.M. Collection tubes containing citrate stabiliser over-estimate plasma glucose, when compared to other samples undergoing immediate plasma separation. Clin. Biochem. 2016, 49, 1406–1411. [Google Scholar] [CrossRef]

	



Lyons, C.; Mustafa, M.; Khattak, A.; Griffin, T.P.; Bogdanet, D.; Dunne, F.; O’Shea, P. Glucose measurement using point of care (POC) testing compared to central laboratory testing during the Oral Glucose Tolerance Test (OGTT). IRISH J. Med. Sci. 2018, 187, s211–s212. [Google Scholar]

	



Zhang, T.; Zhang, C.; Zhao, H.; Zeng, J.; Zhang, J.; Zhou, W.; Yan, Y.; Wang, Y.; Wang, M.; Chen, W. Determination of serum glucose by isotope dilution liquid chromatography-tandem mass spectrometry: A candidate reference measurement procedure. Anal. Bioanal. Chem. 2016, 408, 7403–7411. [Google Scholar] [CrossRef] [PubMed]

	



Armbruster, D.; Miller, R.R. The Joint Committee for Traceability in Laboratory Medicine (JCTLM): A global approach to promote the standardisation of clinical laboratory test results. Clin. Biochem. Rev. 2007, 28, 105–113. [Google Scholar] [PubMed]

	



Ferri, S.; Kojima, K.; Sode, K. Review of glucose oxidases and glucose dehydrogenases: A bird’s eye view of glucose sensing enzymes. J. Diabetes Sci. Technol. 2011, 5, 1068–1076. [Google Scholar] [CrossRef] [PubMed]

	



O’Malley, E.G.; Reynolds, C.M.E.; O’Kelly, R.; Killalea, A.; Sheehan, S.R.; Turner, M.J. A Prospective Evaluation of Point-of-Care Measurements of Maternal Glucose for the Diagnosis of Gestational Diabetes Mellitus. Clin. Chem. 2020, 66, 316–323. [Google Scholar] [CrossRef]

	



Le, H.T.; Harris, N.S.; Estilong, A.J.; Olson, A.; Rice, M.J. Blood glucose measurement in the intensive care unit: What is the best method? J. Diabetes Sci. Technol. 2013, 7, 489–499. [Google Scholar] [CrossRef]

	



Agarwal, M.M.; Dhatt, G.S.; Othman, Y. Gestational diabetes mellitus prevalence: Effect of the laboratory analytical variation. Diabetes Res. Clin. Pract. 2015, 109, 493–499. [Google Scholar] [CrossRef]

	



Nielsen, A.A.; Petersen, P.H.; Green, A.; Christensen, C.; Christensen, H.; Brandslund, I. Changing from glucose to HbA1c for diabetes diagnosis: Predictive values of one test and importance of analytical bias and imprecision. Clin. Chem. Lab. Med. 2014, 52, 1069–1077. [Google Scholar] [CrossRef]

	



Cunningham, S.; Slingerland, R.; Mesotten, D.; Karon, B.S.; Nichols, J. How Should Glucose Meters Be Evaluated For Critical Care 2017. Available online: https://www.ifcc.org/media/477215/ifcc_wg-gmecc_terms_1-2.pdf (accessed on 2 October 2020).

	



LaCara, R.T.; Domagtoy, R.C.; Lickliter, R.D.; Quattrocchi, R.K.; Snipes, R.L.; Kuszaj, R.J.; Prasnikar, R.M. Comparison of Point-of-Care and Laboratory Glucose Analysis in Critically Ill Patients. Am. J. Crit. Care 2007, 16, 336–346. [Google Scholar] [CrossRef]

	



Kapoor, D.; Singh, P.; Srivastava, M. Point of care blood gases with electrolytes and lactates in adult emergencies. Int. J. Crit. Illn. Inj. Sci. 2014, 4, 216–222. [Google Scholar] [CrossRef]

	



O’Sullivan, J.B.; Mahan, C.M. CRITERIA FOR THE ORAL GLUCOSE TOLERANCE TEST IN PREGNANCY. Diabetes 1964, 13, 278–285. [Google Scholar]

	



d’Emden, M.C. Reassessment of the new diagnostic thresholds for gestational diabetes mellitus: An opportunity for improvement. Med. J. Aust. 2015, 202, 133. [Google Scholar] [CrossRef] [PubMed]

	



American Diabetes Association. Standards of Medical Care in Diabetes—2014. Diabetes Care 2014, 37, S14–S80. [Google Scholar] [CrossRef] [PubMed]

	



Agarwal, M.M.; Boulvain, M.; Coetzee, E.; Colagiuri, S.; Falavigna, M.; Hod, M.; Meltzer, S.; Metzger, B.; Omori, Y.; Rasa, I.; et al. Diagnostic criteria and classification of hyperglycaemia first detected in pregnancy: A World Health Organization Guideline. Diabetes Res. Clin. Pract. 2014, 103, 341–363. [Google Scholar]

	



Hod, M.; Kapur, A.; Sacks, D.A.; Hadar, E.; Agarwal, M.; Di Renzo, G.C.; Roura, L.C.; McIntyre, H.D.; Morris, J.L.; Divakar, H. The International Federation of Gynecology and Obstetrics (FIGO) Initiative on gestational diabetes mellitus: A pragmatic guide for diagnosis, management, and care. Int. J. Gynaecol. Obstet. 2015, 131, S173–S211. [Google Scholar] [CrossRef]

	



Committee on Practice Bulletins. Practice Bulletin No. 180: Gestational Diabetes Mellitus. Obstet Gynecol. 2017, 130, e17–e37. [Google Scholar] [CrossRef] [PubMed]

	



National Institutes of Health. Consensus Development Conference Statement: Diagnosing gestational diabetes mellitus, March 4–6, 2013. Obstet. Gynecol. 2013, 122, 358–369. [Google Scholar] [CrossRef]

	



Berger, H.; Gagnon, R.; Sermer, M.; Basso, M.; Bos, H.; Brown, R.N.; Bujold, E.; Cooper, S.L.; Gagnon, R.; Gouin, K.; et al. Diabetes in Pregnancy. J. Obstet. Gynaecol. Can. 2016, 38, 667–679.e1. [Google Scholar] [CrossRef]

	



Duran, A.; Sáenz, S.; Torrejón, M.J.; Bordiú, E.; Del Valle, L.; Galindo, M.; Perez, N.; Herraiz, M.A.; Izquierdo, N.; Rubio, M.A.; et al. Introduction of IADPSG Criteria for the Screening and Diagnosis of Gestational Diabetes Mellitus Results in Improved Pregnancy Outcomes at a Lower Cost in a Large Cohort of Pregnant Women: The St. Carlos Gestational Diabetes Study. Diabetes Care 2014, 37, 2442–2450. [Google Scholar] [CrossRef]

	



McIntyre, H.D.; Gibbons, K.S.; Ma, R.C.; Tam, W.H.; Sacks, D.A.; Lowe, J.; Madsen, L.R.; Catalano, P.M. Testing for gestational diabetes during the COVID-19 pandemic. An evaluation of proposed protocols for the United Kingdom, Canada and Australia. Diabetes Res. Clin. Pract. 2020, 167, 108353. [Google Scholar] [CrossRef]

	



Torlone, E.; Festa, C.; Formoso, G.; Scavini, M.; Sculli, M.A.; Succurro, E.; Sciacca, L.; Di Bartolo, P.; Purrello, F.; Lapolla, A. Italian recommendations for the diagnosis of gestational diabetes during COVID-19 pandemic: Position statement of the Italian Association of Clinical Diabetologists (AMD) and the Italian Diabetes Society (SID), diabetes, and pregnancy study group. Nutr. Metab. Cardiovasc. Dis. 2020, 30, 1418–1422. [Google Scholar] [CrossRef]

	



Thangaratinam, S.; Cooray, S.D.; Sukumar, N.; Huda, M.S.B.; Devlieger, R.; Benhalima, K.; McAuliffe, F.; Saravanan, P.; Teede, H.J. ENDOCRINOLOGY IN THE TIME OF COVID-19: Diagnosis and management of gestational diabetes mellitus. Eur. J. Endocrinol. 2020, 183, G49–G56. [Google Scholar] [CrossRef] [PubMed]

	



Van Gemert, T.E.; Moses, R.G.; Pape, A.V.; Morris, G.J. Gestational diabetes mellitus testing in the COVID-19 pandemic: The problems with simplifying the diagnostic process. Aust. New Zealand J. Obstet. Gynaecol. 2020, 60, 671–674. [Google Scholar] [CrossRef] [PubMed]

	



Van De L’Isle, Y.; Steer, P.J.; Coote, I.W.; Cauldwell, M. Impact of changes to national UK Guidance on testing for gestational diabetes screening during a pandemic: A single-centre observational study. BJOG Int. J. Obstet. Gynaecol. 2020. [Google Scholar] [CrossRef]

	



McIntyre, H.D.; Moses, R.G. The Diagnosis and Management of Gestational Diabetes Mellitus in the Context of the COVID-19 Pandemic. Diabetes Care 2020, 43, 1433–1434. [Google Scholar] [CrossRef] [PubMed]

	



Lain, K.Y.; Daftary, A.R.; Ness, R.B.; Roberts, J.M. First trimester adipocytokine concentrations and risk of developing gestational diabetes later in pregnancy. Clin. Endocrinol. 2008, 69, 407–411. [Google Scholar] [CrossRef] [PubMed]

	



Rasanen, J.P.; Snyder, C.K.; Rao, P.V.; Mihalache, R.; Heinonen, S.; Gravett, M.G.; Roberts, C.T.; Nagalla, S.R. Glycosylated Fibronectin as a First-Trimester Biomarker for Prediction of Gestational Diabetes. Obstet. Gynecol. 2013. [Google Scholar] [CrossRef] [PubMed]

	



Corcoran, S.; Achamallah, N.; Loughlin, J.O.; Stafford, P.; Dicker, P.; Malone, F.D.; Breathnach, F. First trimester serum biomarkers to predict gestational diabetes in a high-risk cohort: Striving for clinically useful thresholds. Eur. J. Obstet. Gynecol. Reprod. Biol. 2018, 222, 7–12. [Google Scholar] [CrossRef]

	



Ryan, A.S. Inflammatory Markers in Older Women with a History of Gestational Diabetes and the Effects of Weight Loss. J. Diabetes Res. 2018, 2018, 5172091. [Google Scholar] [CrossRef] [PubMed]

	



Iliodromiti, S.; Sassarini, J.; Kelsey, T.W.; Lindsay, R.S.; Sattar, N.; Nelson, S.M. Accuracy of circulating adiponectin for predicting gestational diabetes: A systematic review and meta-analysis. Diabetologia 2016, 59, 692–699. [Google Scholar] [CrossRef]

	



Ghosh, P.; Luque-Fernandez, M.-A.; Vaidya, A.; Ma, N.; Sahoo, R.; Chorev, M.; Zera, C.; McElrath, T.F.; Williams, M.A.; Seely, E.W.; et al. Plasma Glycated {CD59}, a Novel Biomarker for Detection of Pregnancy-Induced Glucose Intolerance. Diabetes Care 2017, 40, 981–984. [Google Scholar] [CrossRef]

	



Ma, D.; Luque-Fernez, M.A.; Bogdanet, D.; Desoye, G.; Dunne, F.; Halperin, J.A. Plasma Glycated CD59 Predicts Early Gestational Diabetes and Large for Gestational Age Newborns. J. Clin. Endocrinol. Metab. 2020, 105, e1033–e1040. [Google Scholar] [CrossRef] [PubMed]

	



Bogdanet, D.; O’Shea, P.M.; Halperin, J.; Dunne, F. Plasma glycated CD59 (gCD59), a novel biomarker for the diagnosis, management and follow up of women with Gestational Diabetes (GDM)—Protocol for prospective cohort study. BMC Pregnancy Childbirth 2020, 20, 412. [Google Scholar] [CrossRef] [PubMed]

	



Salomon, C.; Scholz-Romero, K.; Sarker, S.; Sweeney, E.; Kobayashi, M.; Correa, P.; Longo, S.; Duncombe, G.; Mitchell, M.D.; Rice, G.E.; et al. Gestational Diabetes Mellitus Is Associated With Changes in the Concentration and Bioactivity of Placenta-Derived Exosomes in Maternal Circulation Across Gestation. Diabetes 2016, 65, 598–609. [Google Scholar] [CrossRef] [PubMed]

	



Arias, M.; Monteiro, L.J.; Acuña-Gallardo, S.; Varas-Godoy, M.; Rice, G.E.; Monckeberg, M.; Díaz, P.; Illanes, S.E. Vesículas extracelulares como predictores tempranos de diabetes gestacional [Extracellular vesicle concentration in maternal plasma as an early marker of gestational diabetes]. Rev. Med. Chil. 2019, 147, 1503–1509. (In Spanish) [Google Scholar] [CrossRef] [PubMed]

	



Monteiro, L.J.; Varas-Godoy, M.; Monckeberg, M.; Realini, O.; Hernández, M.; Rice, G.; Romero, R.; Saavedra, J.F.; Illanes, S.E.; Chaparro, A. Oral extracellular vesicles in early pregnancy can identify patients at risk of developing gestational diabetes mellitus. PLoS ONE 2019, 14, e0218616. [Google Scholar] [CrossRef] [PubMed]

	



Jayabalan, N.; Lai, A.; Nair, S.; Guanzon, D.; Scholz-Romero, K.; Palma, C.; McIntyre, H.D.; Lappas, M.; Salomon, C. Quantitative Proteomics by SWATH-MS Suggest an Association Between Circulating Exosomes and Maternal Metabolic Changes in Gestational Diabetes Mellitus. Proteomics 2019, 19, e1800164. [Google Scholar] [CrossRef] [PubMed]

	



Aslan, M.; Celik, O.; Celik, N.; Turkcuoglu, I.; Yilmaz, E.; Karaer, A.; Simsek, Y.; Celik, E.; Aydin, S. Cord blood nesfatin-1 and apelin-36 levels in gestational diabetes mellitus. Endocrine 2012, 41, 424–429. [Google Scholar] [CrossRef] [PubMed]

	



Kucukler, F.K.; Gorkem, U.; Simsek, Y.; Kocabas, R.; Gulen, S.; Guler, S. Low level of Nesfatin-1 is associated with gestational diabetes mellitus. Gynecol. Endocrinol. 2016, 32, 759–761. [Google Scholar] [CrossRef] [PubMed]

	



Mierzyński, R.; Poniedziałek-Czajkowska, E.; Dłuski, D.; Patro-Małysza, J.; Kimber-Trojnar, Ż.; Majsterek, M.; Leszczyńska-Gorzelak, B. Nesfatin-1 and Vaspin as Potential Novel Biomarkers for the Prediction and Early Diagnosis of Gestational Diabetes Mellitus. Int. J. Mol. Sci. 2019, 20, 159. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Lu, J.H.; Zheng, S.Y.; Yan, J.H.; Chen, L.; Liu, X.; Wu, W.Z.; Wang, F. Serum levels of nesfatin-1 are increased in gestational diabetes mellitus. Gynecol. Endocrinol. 2017, 33, 621–624. [Google Scholar] [CrossRef] [PubMed]

	



Deniz, R.; Gurates, B.; Aydin, S.; Celik, H.; Sahin, I.; Baykus, Y.; Catak, Z.; Aksoy, A.; Citil, C.; Gungor, S. Nesfatin-1 and other hormone alterations in polycystic ovary syndrome. Endocrine 2012, 42, 694–699. [Google Scholar] [CrossRef] [PubMed]








[image: Jcm 09 03451 g001 550] 





Figure 1. Variables that influence the oral glucose tolerance test (OGTT). 
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