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Abstract
Glycaemic index (GI) testing provides a useful point of comparison between carbohydrate sources. For this comparison to be meaningful, the methods used to determine GI values need to be rigorous and consistent between testing events. This requirement has led to increasing standardization of the GI methodology, with an international standard developed in joint consultation with FAO/WHO (ISO 26642:2010) currently the most up to date document. The purpose of this review is to compare the international standard to methods of published studies claiming to have performed a GI test. This analysis revealed that the international standard permits a wide range of choices for researchers when designing a GI testing plan, rather than a single standardized protocol. It has also been revealed that the literature contains significant variation, both between studies and from the international standard for critical aspects of GI testing methodology. The primary areas of variation include; what glucose specification is used, which reference food is used, how much reference food is given, what drink is given during testing, the blood sampling site chosen and what assay and equipment is used to measure blood glucose concentration. For each of these aspects we have explored some of the methodological and physiological implications of these variations. These insights suggest that whilst the international standard has assisted with framing the general parameters of GI testing, further standardization to testing procedures is still required to ensure the continued relevance of the GI to clinical nutrition.

Key Words: Glycaemic index; Blood glucose; Nutritional guidelines; Food classifications; ISO 26642:2010

©The Author(s) 2021. Published by Baishideng Publishing Group Inc. All rights reserved. 

[bookmark: _GoBack]Citation: Flavel M, Jois M, Kitchen B. Potential contributions of the methodology to the variability of glycaemic index of foods. World J Diabetes 2021; 12(2): 108-123 
URL: https://www.wjgnet.com/1948-9358/full/v12/i2/108.htm 
DOI: https://dx.doi.org/10.4239/wjd.v12.i2.108

Core Tip: This review highlights major areas of variation that are currently permitted under the international glycaemic index (GI) testing standard and explores the significant influence these choices may have on the final GI value attributed to a food. This review also reports a summary of the range of choices researchers have made across a large set of published GI papers.

INTRODUCTION
The glycaemic index (GI) has been a major feature of nutritional science over the past 40 years. Low GI diets have been suggested to protect against diabetes, heart disease, cancer[1], acne[2] and improve cognition[3], endurance exercise[4], weight loss[5] and eye function[6]. It is clear from this list that the GI has been assessed by a diverse group of researchers to address some of the most significant challenges and chronic diseases faced by the global community today.
Typical of a concept that has caught the attention of a large number of scientists, regulators and consumers; the GI has attracted a range of critique. There is an on-going debate around the ability of the GI to be applied to mixed meals[7-9] and whether the GI of a food and the glycaemic response of an individual can be differentiated[10-12]. However, the most consistent criticism of GI relates to the reproducibility of GI testing results as a consequence of human participant variability, and in testing methods[13]. The criticism around mathematical variability has been addressed on several occasions with three large scale inter-laboratory studies reporting statistically non-significant differences between GI testing facilities[14-16]. This is in addition to the development of an international standard for the methods used for the determination of GI values, with the most recent edition being “ISO 26642:2010 food products - determination of the glycaemic index and recommendation for food classification” by the Food and Agriculture Organisation of the United Nations[17]. This international testing standard forms the foundation and structure for this review.
Commitment to the International standard has helped to reduce the variability involved in GI testing. A recent study compared 3 labs, all following the ISO 2010 method and found no significant difference in GI values for the foods tested[16]. However, what is interesting about the international standard is that in many areas of the testing methodology, researchers are given choices in how to carry out tests. We have identified 6 major junctions in the ISO standard where researchers are given a choice. Those areas include: (1) What glucose specification is used? (2) Which reference food is used? (3) How much reference food is given? (4) What drink is given during testing? (5) What the blood sampling site is? And (6) What assay and equipment is used to measure blood glucose concentration?
This review has two key purposes. The first is to identify what choices researchers have made across the published literature. This review collected 155 papers, some of which pre-date the current ISO 2010 standard. The GI has been a developing science and it is not expected that all of the papers that predate 2010 would comply with the standard. However, many of these papers serve as references for dieticians and clinical trial planning, so it is important to assess papers from the early years of the subject through to the present day, but through the lens of the current standard.
The second purpose of this review is to assess to what extent these different choices could influence final GI values. From these 6 broad categories, we identified 23 separate and more specific choice categories used in the published literature (Figure 1).
Whilst, this number of possible options is quite large, this is not of any significance unless the different options chosen impact on the final result. Therefore, we have critically evaluated the potential choices to understand what impact they may have on final GI values. The GI is a powerful tool for guiding dietary choices that promote a healthy lifestyle. As a result, GI values are important for how individual products are marketed and these values are evidence used to support the health claims made on foods. This review attempts to summarise the past direction of the clinical research. This is primarily intended as a reference for researchers, but also to help sharpen the dependability and precision of GI results and testing methods into the future.

SOURCE OF GLUCOSE REFERENCE
The 50-g serve of glucose is the cornerstone of GI testing, because it is the reference that all foods are compared to. Even when bread is used as reference food, the GI value is corrected, so the final score is in reference to glucose. Because the classifications of low, medium and high GI are enforced as cut-off values, these differences can have significant implications for which category a food is classified into and perceived health status of a food.
Section 5.4.1 of the ISO:2010 standard states “The acceptable reference foods shall be as follows: (1) Anhydrous glucose powder (50 g); (2) Dextrose (glucose monohydrate, 55 g); and (3) Commercial solution used for the oral glucose tolerance test (OGTT) containing glucose (50 g). This appears as if there are 3 possible options resulting if glucose is used as reference food. However, further variability can be added to this due to the use of trademarked products, such as Glucodin™, Glucolin™ and Clintose® which are all monohydrated glucose varieties. Our analysis of the literature revealed that whilst these forms of glucose are monohydrated and are required by the standard to be corrected to 55 g, this fact is overlooked by many papers resulting in 10% error in the amount of glucose provided as a reference food[18-38].
The most common observation was that glucose source was not reported on 57 occasions. This was followed by Glucolin™ used 23 times, generic anhydrous glucose 17 times, commercial glucose drink 11 times, with both Glucodin™ and generic monohydrate used 10 times and Clintose® used once (Table 1).
The choice of glucose source should not affect the GI value if it is an equivalent carbohydrate dosage to the test food. If the chemical composition is known and the standardisation is performed on the basis of a monohydrated glucose source, the methodology would be compliant. However, trademarked products such as Glucodin™, Glucolin™ and Clintose® appear to have added a layer of confusion to experimental design. These are monohydrated glucose products, but they have consistently been used in the literature at a dosage that suggests they have been assumed to be anhydrous.
Glucodin™ was used on 10 occasions[18-20,23,24,27,34-37]. None of these papers stated that a correction for monohydrate was made to 55 g. One paper stated that 50 g of the product was used[19], whilst, others make a correction to 51.4 g[34,35,37]. This 51.4 g amount is based on the manufacture’s recommendation that the average purity of each batch is 97% glucose, requiring a higher dosage to cover the discrepancy. However, given that this is a monohydrated form of glucose, more than 55 g is required to account for lower purity.
Aside from papers that did not report a specific glucose source, Glucolin™ was the most commonly observed choice taken by researchers, identified 23 times[21,22,25,26,28,30-33,39-49]. Many specifically noted that 50 g of the product was used[21,22,28,32,33] or 25 g[28,29,31], two papers identify that Glucolin™ is monohydrate, but continue to use 25 g or 50 g, rather than correcting by 10%[26,30] and occasionally the correction to 55 g for monohydrated glucose is made[44-46].
Another variety of dextrose, known as Clintose® was used in only one paper and was added at 54.6 g[50]. However, the reason for choosing this dosage is not addressed in this paper, but it is a likely a correction for monohydrated glucose.
The range of glucose source options identified demonstrates this is an area open to methodological variability. The major finding of this analysis is many reported GI values will not have been assessed on equivalent quantities of carbohydrate between test and reference food. This may seem like a minor oversight, however the concept of GI requires comparison between reference and test food to be equal to have any biological relevance.
This is not to suggest all previous GI values are now irrelevant. The OGTT had a similar challenge in the 1980’s. It was debated whether 75 g of monohydrated or anhydrous glucose should be used and during this time accurate diabetes diagnoses were still made[51,52]. The issue was that using monohydrated compared to anhydrous glucose may misclassify individuals as either diabetic or non-diabetic based on whether monohydrated or anhydrous glucose was given. This is analogous to how a food could be classified as either low GI or high GI following an inappropriate reference food calculation. Measured values may be clearly within category thresholds, so classification of diabetic or high GI would still be valid. In this example there is little opportunity for glucose source to be the deciding factor in the classification applied. However, for people being tested for diabetes, or for foods being tested for their GI that are on the boarder of categories there is a potential for misclassification. The amount of glucose could be the deciding factor on what category is given and the implications of each category are realised as a direct result of glucose dosage applied. In the example of diabetes testing with OGTT, the prevailing view is that it does not matter if anhydrous or monohydrated glucose is given. If either choice delivers equivalent carbohydrate then GI would not be different[52].
The ISO standard already has provisions for this correction, with 50 g of anhydrous glucose and 55 g for monohydrated glucose used to deliver equivalent carbohydrates. However, various glucose products bearing commercial trademarks have added a layer of confusion to the issue. It would not be unreasonable to specify a single, food grade and analytical specification of glucose that is to be used by each lab. A unified approach to glucose source could be a possible solution in an updated ISO standard.

DRINKS OFFERED DURING TESTING
Water was the most prevalent choice for beverage consumed during GI testing (Table 2 n = 77). However, given that 63 papers did not report beverage choices, what researchers provide for drinks with GI testing is largely unknown (Table 2). The international standard states that glucose should be weighed into 250 mL of water. However, we did observe some variability in water volume. Aside from the papers where 250 mL of water was used to dissolve the glucose, some researchers dissolved the reference in 100 mL to 750 mL of water[21,22,31,53-79]. In one paper[71], 500 mL of water was used to dissolve the reference glucose, but during the 2 h where the glycaemic response was being measured, water was given ad libitum, which further adjusts the volume and variation of water delivered.
Whilst many of these papers balance the water by providing the same volume of water with the test food, the range of water volumes used demonstrates that there is inconsistency between studies and from the ISO 2010 standard. However, further analysis is required to understand what impact this variation of water volume may have on final GI values.
This issue was addressed in a study into the impact of beverage choice and volume on glycaemic response[80]. There were differences in the blood glucose response curve when different volumes of water were given[80]. However, there was not a significant difference in the mean as a result of different volumes. Whilst statistical difference was not reached in this trial, it is unknown whether this change in gastric emptying would have a more pronounced effect on other test foods. This is a reminder that decisions on GI experimental design need to be made with the goal of producing a consistent biological challenge to participants, rather than reducing statistical variability alone.
A review on GI methodology recommended the use of 250 mL to avoid potential differences in the amount of liquid given to subjects and this recommendation has been accepted into the ISO 2010 standard[81]. It concluded that there is not enough data on the effect of water volume to disregard the possible effect it may have. The standardization of water volume was recommended as a result. Regardless, the ISO standard already stipulates 250 mL of water to be used to dissolve the glucose reference food, however the present review demonstrates that on many occasions this recommendation is not followed.
Despite the recommendation to deliver the reference glucose with 250 mL in the ISO 2010 standard, the water dosage allowed to be consumed over the 2 h of testing is less precisely restricted. The ISO standard does stipulate that either 250 mL or 500 mL of water is to be given during the test meal. The same beverage volume is given in each visit to control for intra-individual variation between tests due to changing volumes. However, the effect on inter-individual variation is less clear, due to a difference in choice between 250 mL and 500 mL.
Sievenpiper et al[82] demonstrated that the dilution of the 75 g OGTT test created significant differences in the glycaemic response of individuals. The pattern of response to a particular dilution was also different if the participant was lean, normal or obese. Here clear causation is difficult to establish, given the number of variables at play in a clinical environment. Because the relationship between water volume chosen and the glycaemic response appears to be non-linear, allowing variability in the amount of water participants choose may add further divergence to the GI values determined. If there is an interaction between the specific volume of water given to participants during testing and the final GI values observed, it is possible that a reduction in GI could be caused by the majority of participants choosing the optimal water volume by chance and not by the nature of the test food.
The limited studies on the effect of water volume are not sufficient to understand how the variety of food matrices will react to different water volumes. Allowing a range of water volume choices may lead to further challenges to the GI concept, but this could be overcome with a prescriptive volume to be consumed during testing. Therefore, consensus of the volume of water for both reference and test food should be reached.
There is another on-going debate about whether coffee and tea should be allowed during GI testing. It has been suggested that coffee may have an influence on insulin sensitivity[83], glucose tolerance[84,85] and gastric emptying[86]. This review only identified 13 studies where this is recorded to occur. However, because of the high number of trials where drink choices offered is not reported, it is difficult to know how commonly tea or coffee is provided during GI testing.
The 2008 inter-laboratory study explored any potential effect of choosing tea and coffee compared with choosing water. Wolever et al’s[15] 2008 study did not find a statistical difference between drink choices. It is recommended by the authors of the inter-laboratory trial that there may be no need to control for drink chosen during testing. However, the major shortfall of this trial was that only two test foods were analyzed. It is uncertain whether this result is specific to these test foods or is consistent across the full spectrum of foods. The potential differences in the action coffee and/or tea may have on digestive enzymes that would be involved with the reference food, compared to the test food should be considered.
Coffee and tea have inhibitory capabilities against carbohydrate inhibiting enzymes such as α-glucosidase and α-amylase[87-92] and as a result alter glycaemic responses[93]. The level of inhibition from coffee or tea will vary for α-glucosidase and α-amylase respectively and the effect on glycaemia may be different. Polyphenols are compounds in coffee and tea shown to inhibit these enzymes, however their influence on glycaemic activity may be broader than enzyme inhibition alone[94]. Polyphenols are present in more than double the quantity in coffee compared to black tea. Also, the specific varieties of phenolic compounds would be vastly different between the beverages[95]. If α-glucosidase and α-amylase are inhibited differently there are consequences for the GI testing method. If a participant chooses a beverage that strongly inhibits α-amylase, the amylase inhibition is unlikely to alter the iAUC of a reference glucose test, but may influence a high starch test food. This issue of salivary amylase inhibition is further complicated due to the variation in AMY1 gene copy number across the population[34]. The combined effect on GI values of someone with low AMY1 copy number choosing tea, compared to water has not been explored.
Beyond enzyme inhibition coffee has an effect on both high and low GI test meals, but each meal type is affected to a different extent[96]. A 2009 paper found that coffee and tea did not affect the GI and also reduced the statistical variability[97]. However, 5 participants for coffee and 5 participants for tea lacks the statistical power of a normal GI test of a minimum 10 participants per variable and would not meet the ISO 2010 standard for testing. The authors acknowledge the study was performed using solid reference foods and the effect may be different on liquid solutions. This suggests there may be interactions between specific choices. Without testing all of the combinations of these variables separately, it is difficult to know which of the choices interact with each other and to what extent.
In one example, dates increased from a low GI score of 55 ± 6 to 63 ± 5 correlating with coffee drinking[98]. There was not a statistically significant difference between these two values however it changes the GI category given. Other studies have found interesting results through GI testing, but are challenged on the basis that coffee and tea were permitted during testing[99].
A further consideration on this topic is that permission of coffee and tea also includes allowance for 30 mL of milk and non-nutritive sweeteners. Whilst milk is known to have an effect on GI, it may not have a significant impact on glycaemic response at this volume[100]. There have been analysis on the differing effects of sweeteners[101] and whilst they can alter the glycaemic response the amount added into a tea or coffee is unlikely to be significant based on current evidence.
The evidence surrounding the effect of coffee and tea on GI is conflicting. There is an argument to restrict coffee and tea during testing, as a safeguard against the possibility of an effect. There are examples already in the ISO 2010 standard such as restriction of alcohol the night before, even though there have been studies suggesting this does not influence results. Since there is not a strong benefit to justify the risk that coffee and tea do have an influence, it would be advised to be excluded. GI standards used in specific jurisdictions such as the Australian Standard (AS-4694-2007) do not allow coffee and tea and the international standards could incorporate this. In light of the data and evidence presented a uniform amount of water could be prescribed for both reference and test meals to minimise variation in the nature of GI testing conditions.

BLOOD GLUCOSE EQUIPMENT AND ASSAY CHOICE
Past studies have identified blood glucose assays as an area that should be controlled to aid in the precision of GI testing[15,102]. Table 3 shows the majority of papers use assays run by automated clinical chemistry analysers or the same assays in spectrophotometer/plate reader format (n = 121). Glucometers are still permitted in the ISO 2010 standard, provided that published CVs are < 3.6%. It is possible that some of the glucometers reported in these trials would not comply with this standard and different commercial glucometers have been shown to differ significantly in their performance and biases[103]. It is helpful that only 8 studies did not report a method of blood glucose analysis, allowing a fairly complete understanding in the trends present.
Glucose oxidase was the most common method of analysis reported (Table 3, n = 66). Glucose hexokinase was reported less often (n = 19) but may be a better option for blood glucose measurement. A recent paper comparing glucose oxidase and hexokinase used for diagnosis of gestational diabetes reported only 34% of positive diagnosis were common to both methods[104]. This indicates that there are fundamental differences in the glucose values detected by each measure. GI testing is different to diabetes testing because discrepancy is controlled for because each participant will have the same method for glucose detection for test and reference food. There are biological considerations that could affect values detected by glucose oxidase method, which could fluctuate in the time between reference and test foods values and vary results.
The glucose hexokinase method is known to be more specific than the glucose oxidase method[105]. Both will return statistically accurate values, with low CV% on a stock solution of glucose and therefore qualify for the international standard. However, substances such as uric acid, ascorbic acid, bilirubin, tetracycline, and glutathione may cause falsely low glucose results measured by the glucose oxidase method[105]. Using the example of ascorbic acid, the concentration of ascorbic acid in a test food may have an impact on the final blood glucose volume using a glucose oxidase method that would not be present in a glucose hexokinase assay. Other extremely precise methods have been suggested for the analysis of glucose in blood, such as isotope dilution gas chromatography–mass spectrometry (IDGC-MS)[106]. However, this level of instrumentation and technical capability is beyond the vast majority of GI laboratories and therefore glucose hexokinase is a practical compromise.

WHAT IS AN APPROPRIATE AMOUNT OF CARBOHYDRATES?
The data presented in Table 4. demonstrates that the most common choice for the amount of carbohydrates provided in GI testing is 50 g (n = 126). Two papers did not specify amount and more creative choices included matching 1000 kJ of glucose with 1000 kJ of a reference food[48] and another study where different carbohydrate quantities were based on the body weight of participants[107]. The typical carbohydrate amount chosen was 50 g, but the ISO 2010 standard for GI testing includes the clause that the test should be performed using 50 g, unless the amount required for a participant to consume is “unreasonably large”. The definition of unreasonably large is open to interpretation, which has some interesting implications if explored further.
There is an argument that 50 g of any added carbohydrate is unreasonably large. Choosing to feed 50 g of pure glucose, when there is an option to use 25 g, raises an ethical question that researches should be prepared to address. A meta-analysis found that the relative risk increasing for type 2 diabetes is 0.97 per 50 g of carbohydrates consumed[108]. Potentially of greater concern is the observation that relative risk increased by 1.08 for every 5 points on the GI. Considering by definition glucose receives a GI value of 100 the relative risk increase would be the highest possible for pure glucose on the basis of risk added by GI values alone. The Greenwood et al[108] 2013 meta-analysis is targeted at the effect of consuming those amounts daily, compared to the sporadic increase that a GI test would cause. However, considering the combined relative risk of an additional 50 g GI = 100 carbohydrates, it should be sufficient to encourage researchers to only decide to give 50 g of glucose to participants if necessary to produce precise GI values.
An argument could also be made that if 50 g of added carbohydrates has been observed to increase the relative risk of disease, a 50 g portion size of any carbohydrate is too large to make meaningful correlations to a healthy dietary choice. Accordingly, some researchers have suggested a glycaemic measure based on the total food serving size, rather than a fixed amount of carbohydrates[109].
If there is sufficient evidence to support reduced carbohydrate serve being used to determine GI values, then there is no reason that a researcher should ever choose 50 g carbohydrates. In this scenario, 50 g would be more expensive and a greater stress to human participants well-being and therefore difficult to justify. This serving size of glucose has also been reported to induce nausea in GI trial participants[81]. Alternatively, if there is not sufficient evidence that a reduced carbohydrate serving size is comparable to 50 g, then reduced serving sizes such as 25 g should not be permitted for any GI testing. A brief summary of the literature addressing the amount of carbohydrate required and analysis of the degree to which different carbohydrate quantities can be compared will help inform the best direction to be chosen for GI testing.
One criteria for 25 g or 50 g to be used interchangeably would be that this decision does not influence the final GI value. Ideally, there would be a linear relationship between the amount of glucose given and the iAUC. However, performance of test foods appears to vary dependent on type of food. 25 g of barley produced an iAUC 52% of 50 g and other test foods such as potato at 25 g gave 75% of the response to 50 g of carbohydrates[110]. The iAUC of glucose at 25 g has been reported at 66% of the response at 50 g[111]. In the Lee et al[111] paper the difference between the values for 25 g and 50 g were not statistically significant. However, this study only had 8 participants, so it is difficult to determine if these values are a product of the small sample size or are close enough to support 25 g and 50 g being used interchangeably.
A subsequent study found a linear relationship between glucose and the iAUC[112]. Whilst the reference food response was linear, different test foods varied in response patterns based on the amount of food given. This observation that blood glucose levels differed, lead researchers to suggest that using a test food at the serving size likely to be consumed would be a good recommendation. They did acknowledge that further work on a greater variety of test foods would be warranted to support these suggestions. There have been studies published previous to the Wallace et al[112] 2009 paper that suggested that serving size did not influence final GI values[113]. However, this observation was made specifically in reference to the effect of serving size when bread was consumed and some adjustments to the typical method such as addition of margarine were made. Therefore, the recommendation for effect of serving size to be investigated on more varieties of food is still valid.
A review on GI methodology recommended that 50 g of carbohydrates was an optimal dosage to assess GI values and then 25 g when the meal size was unreasonable[81]. This recommendation is reflected in the ISO 2010 recommendations which come to a similar conclusion. From the data collected in the present review the majority of papers adopt the 50 g serve size. The question remains about the validity of a 25 g size in the International standard. If the 50 g carbohydrate serve for a GI test cannot be reasonably consumed for a certain food due to low carbohydrate concentration, a suggestion to exclude that food from testing could be made. This argument is not satisfactory however, because the purpose of GI is to have a methodology that allows comparison of carbohydrate quality. This should not be determined by the quantity of carbohydrates in a product. Therefore, the requirements for the quantity used when testing should be standardized to give meaning to the GI values, no matter if they are derived from a high carbohydrate food or low carbohydrate food.
One solution is to standardise the requirements for a maximum allowable portion size, before a 25 g serve size is required. This approach is more likely to group foods of comparable macronutrient profiles together in the way they are tested. However, there is insufficient evidence to recommend a carbohydrate level where a lower dosage should be used.

BREAD OR GLUCOSE REFERENCE FOOD?
Glucose or bread is chosen as reference food in the majority of cases (Table 5, n = 127 for glucose and n = 40 for bread). Despite the standard making provisions for other reference foods with a well characterised GI to be used, it was only observed on 5 occasions. Four of these studies used rice[32,33,114,115] and in one study the reference food used appeared to be a control drink that would be unlikely to qualify as an acceptable reference food due to limited data on the control drink[116].
The choice between feeding a glucose or bread reference food has been a debated aspect of GI testing. Bread has been suggested as a reference standard that reflects a more typical and physiologically relevant reference compared to glucose and produces a similar amount of statistical variation[14,81]. A complication of using bread as a reference food is that a final back calculation is required by the standard, so that reported values are still expressed relative to glucose. The standard states that the GI value of white bread is 71 when expressed as a percentage of the glucose at a value of 100. Therefore, the GI value produced when bread is used as a reference food, needs to be multiplied by 0.71 to give the final result relative to glucose. A central dogma of GI theory is that the GI value is a property of the food and by extension this value of 71 is robust and reproducible enough for this calculation to be accurate. However, there are a number of methodological considerations have the potential to impact on this rigid value of 71.
One consideration with the GI value used to correlate a bread reference food is whether there is variability in response depending on where the bread is from. The 2003 inter-laboratory study compared an anhydrous glucose reference to a bread reference sourced from their local area[14]. This study reported no significant difference between the locally sourced bread and the common glucose reference. Some papers included in the present review use a bread maker to prepare homemade bread as reference food and it is not known whether this adds further variability compared to commercial products. The online database of GI values maintained by Sydney University provides a resource to assess how fixed the 71 value for white bread is. Here it is recorded that white bread, made with wheat flour can vary in GI values from 59 to 89[117]. These values demonstrate that there is enough variability in the response of participants to white bread to warrant further investigation.
The 2008 inter-laboratory study on reproducibility of GI values demonstrated similarity of glucose to white bread, with an average GI on glucose reference of 58.5 ± 1.6 and 62.9 ± 5.6 on white bread[15]. This data suggests that bread could be interchanged with glucose as a reference food. However, similar to other factors discussed in this review it is not clear whether this close result between bread and glucose is applicable to a wide variety of foods or only to the specific two foods tested in this paper. For example, other studies have shown that bread correlates quite closely with glucose when capillary blood is used to determine GI values, but this relationship differs depending on the test food challenge provided[118]. It is not feasible to repeat the inter-laboratory study and include the full spectrum of potential test foods that may be included in a GI test. Therefore, one option is to analyse if there are any biological factors which could influence the outcome and exclude as many of these factors as possible.
One physiological consideration in this area is the influence of AMY1 gene copy number on bread vs a glucose solution. It has been hypothesised that the number of AMY1 copy numbers may influence the rate of starch digestion and the resulting GI values[34]. This provides evidence that bread may be a more appropriate reference food for starchy foods as high AMY1 copy number was associated with higher glycaemic responses. However, other studies have found AMY1 to be correlated with lower glycaemic responses[119]. Demonstrating the role of amylase copy number on GI is still being explored. The benefit of using bread as a reference food to compare with a starchy test food is that influence of these physiological differences will be controlled to some extent within the individual. The comparison between a food primarily composed of starch and a glucose reference may not correlate so closely and requires further exploration.
The glycaemic response to bread has also been shown to be closely linked to the specific microbiome composition of individuals and may be a source of variability[120]. This study was able to predict what the glycaemic response to each variety of bread would be, based on the composition of the microbiome and demonstrated large inter-personal variability. This was not a GI study, but a week long intervention trial and it is difficult to know how applicable these results are to the GI setting. A variety of factors can alter the microbiome composition of an individual and therefore could vary throughout the course of testing, or even as a direct result of the testing schedule. The variability of response to bread mediated by the microbiome does challenge the unchanging conversion factor of 0.71 from a bread glycaemic response to one that is in reference to glucose. Removing this option from the ISO standard would ensure that all future tests involve the same nutritional challenge.

CAPILLARY VS VENOUS BLOOD
In the majority of studies capillary blood is used to analyse blood glucose (Table 6, n = 123). This was followed by venous blood listed 24 times, intravenous catheter 7 times, continuous glucose monitors once and 7 papers did not specify how blood was sampled.
The popularity of capillary blood is likely due to a number of reasons. Firstly, this option is the least intrusive for participants, compared to other methods. This is beneficial from an ethics point of view and is also useful in reducing participant dropout. The ISO2010 standard recommends capillary blood due to improved precision and reduced variation[14,118,121]. Capillary blood returns a significantly higher iAUC than venous blood, but once a test food is compared to glucose in methods such as GI[118] or glyceamic glucose equivalence[121] there is no significant difference in the calculated values.
An interesting observation in the Hätönen et al[118] paper is that the choice of capillary or venous blood may have interactions with other choices described in this review. For example, capillary blood returned comparable CV% values between bread and glucose. The CV percentages for glucose were 45, 48, 49 and for bread were 46, 39, 39. When venous blood was used, variation was less predictable with CV% for glucose were 121, 21, 22 and for bread 83, 121, 63. This observation supports the view that the combination of methodological decisions made is important, not just the validity of measures in isolation. Venous blood may be comparable to capillary blood under a defined set of parameters, but under others it may not be. There have been reports that choice of blood glucose assay may be more accurate when using venous blood, compared to capillary for blood sampling[122]. On the balance of evidence, it seems that recommending capillary sampling of blood is quite a reasonable choice for the ISO 2010 standard. However, it must be acknowledged that this choice may have implications depending on the other variables chosen in a set of GI testing experiments. This supports the continued standardisation of GI testing, to reduce the number of possible experimental designs and therefore the possibility of differing outcomes.

CONCLUSION
The inter-laboratory studies have reported a lack of statistical difference between the GI values between laboratories. However, the findings of the present review demonstrate that there is further standardisation required. Wolever et al[123] 2017 quite accurately point out that the margin of error for GI testing at the current stage of evolution is ± 17%, which is more accurate than what is permitted for macronutrient composition on a nutrition information panel. However, GI is unique to other nutrition information with the rigid thresholds of low, medium and high GI regulated by many jurisdictions. A mean of 17% SEM could easily misidentify foods by either under or overestimation. Much has been written discussing statistical variation in the GI and it is beyond the scope of this review to add further to this discussion. However, constant analysis of these methodological differences should be a fundamental component of a concept such as GI based on the principals of scientific rigour.
This review has identified a number of methodological variations present in GI testing and evaluated these against the biological implications different choices may initiate. The fundamental purpose of the GI is not as a mathematical exercise, but as a tool to compare and understand the biological action of different carbohydrates. This review has identified methodological variation that cannot be corrected for by statistics. This is because there is currently significant variety in the chemical and biological nature of GI tests conducted around the world. This variety currently exists despite an international standard being well accepted. For this reason, it is important that the methodology between individual research centres is replicated as closely as possible and a more prescriptive international standard is required.
It is hoped that the insights collated in this review contribute the foundation for further discussion into factors that may be introducing biological variation or inconsistency to testing methodology, so the credibility of the GI can continue to improve.
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Figure Legends
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Figure 1 Six separate decisions that must be made when planning a glycaemic index test and the 23 potential trial design variation each decision creates. GI: Glycaemic index.

Table 1 Summary of glucose sources from 129 glycaemic index studies that used glucose as a reference standard
	
	Generic monohydrate
	Generic anhydrous
	Glucodin™
	Glucolin™
	Clintose®
	Pre-mixed glucose drink
	Does not specify

	Source of glucose reference
	10
	17
	10
	23
	1
	11
	57




Table 2 Summary of drink information reported across 155 glycaemic index papers
	Not reported
	Water
	Tea/coffee allowed
	No beverages allowed with meals
	Non-caloric orange drink

	63
	77
	13
	1
	1


Not reported: No mention of beverages consumed during testing; Water: Some mention of water being consumed during testing, but no other options; Tea/coffee allowed: If tea or coffee was an option for participants, even if water could also be selected; No beverages allowed with meals: Drinking anything was specifically mentioned as not permitted; Non-caloric orange drink: Non-caloric orange drink as an option instead of water during testing.

Table 3 Summary of glucose analysis methods from 155 papers glycaemic index studies using glucose as a reference standard
	
	Clinical chemistry analyser/plate reader
	Glucometer (single reading or continuous)
	Clinical enzymatic amperometric glucose detection
	Not specified

	Papers
	121
	24
	2
	8

	Specific method
	Glucose oxidase
	Glucose hexokinase
	Glucose dehydrogenase
	Unknown
	
	
	

	
	66
	19
	3
	33
	
	
	



Table 4 Amount of carbohydrates delivered in test and reference foods
	50 g
	25 g
	Other amount
	Doesn’t specify

	126
	33
	2
	2



Table 5 Reference standards used across the 1551 glycaemic index papers
	Bread
	Glucose
	Other

	40
	127
	5


1Because some papers compared mixed methods and compared reference standards combined total of table entries is > 155.
Table 6 Blood sampling across the 1551 glycaemic index papers
	Capillary
	Venous
	Intravenous catheter
	Continuous glucose monitor
	Not specified

	123
	24
	7
	1
	7


1Because some papers compared mixed methods and compared reference standards combined total of table entries is > 155.
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