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Accurate and robust estimation of individuals’ basal glucose level is a crucial measure in nutrition research but is typically estimated from one or more morning fasting samples. The use of Continuous Glucose Monitoring (CGM) devices presents an opportunity to define more robust basal glucose levels, which estimates can be generalized to any time of the day. However, to date, no standardized method has been delineated. The current paper seeks to define a reliable algorithm to characterize the individual’s basal glucose level over 24 h from CGM measurements. Data drawn from four nutritional intervention studies performed on adults free from chronic diseases were used to define that basal glucose levels were optimally estimated using the 40th percentile of the previous 24 h CGM data. This simple algorithm provides a Continuous Glucose Baseline over 24 h (24 h-CGB) that is an unbiased and highly correlated estimator (r = 0.86, p-value < 0.01) of standard fasting glucose. We conclude that 24-CGB can provide reliable basal glucose estimates across the day while being more robust to interference than standard fasting glucose, adaptable to evolving daily routines and providing useful reference values for free-living nutritional intervention research in non-diabetic individuals.
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1. Introduction

The monitoring of blood glucose levels provides an important strategy in the prevention and management of Type 2 Diabetes (T2D) (1–4). High available carbohydrate meals are the main driver of acute increases in blood glucose levels (5). Clinical studies performed under a controlled setup are typically used to assess the impact of nutritional interventions and meals on Post-Prandial Glucose Response (PPGR) to guide patient or healthcare’s management decisions.

Traditionally, PPGRs are measured through blood sampling. Due to both the invasive nature of the technique and the analytical effort required to analyze blood samples, the number of gathered samples are kept minimal. Typical metrics used to quantify PPGRs are incremental Area Under the Curve (iAUC) or incremental maximal glucose values (iCmax). These incremental measures are calculated relative to a glucose baseline which generally is an individual-specific basal glucose level. Due to the limited number of samples that can be gathered, the basal glucose level is most of the time estimated from 1 or 2 samples collected after an overnight fast (6), prior to the nutritional intervention, and the PPGR is only assessed over 2 or 3 h through samples collected every 15–30 min. Hence, traditional studies are limited to assessing the short-term impact of nutritional interventions in the morning, after an overnight fast.

Although primarily developed to help T1D and T2D patients, Continuous Glucose Monitoring (CGM) devices are gaining popularity in healthy, normoglycemic and prediabetic people (7, 8). CGMs are now widely used in clinical research to replace blood sampling, reduce burden on study participants and investigational sites, and to provide high quantity of data going far beyond the 3 h post-prandial measures. CGMs further enable decentralized (9), free-living (10), and observational studies. The endpoints of such studies can be more diverse than only considering the 3 h post-prandial measures after an overnight fast. Typically, it is now possible to describe glucose excursions induced by the whole diet on the total 24 h glucose response, or by different eating occasions along the day. These descriptions can only be properly quantified if representative individual basal glucose levels were made available at any timepoint, typically before any eating occasion, or any other intervention, along the day.

The traditional methods to estimate basal glucose levels, developed when blood sampling was used and only limited amount of glucose data was available, present some limitations. First, only few closely spaced glucose measurements are considered in the computation. Hence, the estimate may only be valid in a short time window since basal glucose level may fluctuate during (11) and between (12) days. They may also be sensitive to interfering effects that are difficult to control, such as stress. Further, these methods relied on glucose measurements gathered after an overnight fast, under controlled conditions. For all these reasons, traditional methods may not be applicable to leverage the new analysis and endpoints enabled using CGM.

With CGM, more data are available, presenting new opportunities to estimate basal glucose levels, and overcome the limitations of the standard methods. In previous studies performed with CGM, different methods were used to estimate basal glucose levels, making comparisons between studies challenging. Specifically, calculations of the basal glucose differed in the number of glucose readings considered for the estimation, the time of the day that was used, or it relied on measurements gathered during previous days. Even with CGM, the basal glucose levels were generally estimated from few, closely spaced glucose readings gathered under controlled conditions, after an overnight fast; the considered data was for example reduced to one glucose reading (13), or to the average value estimated from all readings over 30 min (14), or over 60 min prior to nutritional interventions (10). In another study where no overnight fast was required (15), the single glucose reading gathered at 6 am was considered as estimate for basal glucose. In most of these studies (10, 13, 15), basal glucose was estimated for each test day, while in one of these studies (14), the estimate from the first day was considered for the analysis of all following days. These methods, besides being very diverse, all present similar limitations to the standard methods, while not taking profit of the richness of the whole CGM data.

In the present paper, we propose a new, continuously applicable method to estimate basal glucose levels considering glucose measurements collected over longer time period measured through CGM, that addresses the limitations of the current methods. This new method is developed with the aim to be generally applicable in all studies using CGM in non-diabetic individuals, and especially real-life studies. This method allows the quantification of the impact of any nutritional intervention along the day, with respect to a representative individual glycemic basal state and not relative to a non-representative transitory state.

Firstly, a method was developed and optimized using CGM data from multiple different studies where a standard method was used to estimate basal glucose. After that, the estimate computed using one method or the other were compared across all individuals, per study, or in some individuals. Finally, incremental metrics (2 h-iAUC and iCmax) were computed using both methods so that the impact of using the new method instead of the standard method was assessed on typical nutritional studies’ endpoints.



2. Methods


2.1. CGM data from 4 standardized nutritional intervention studies

The present study analyses CGM data of 67 subjects from four published nutritional intervention studies (9, 16, 17). In short, all four studies had a randomized cross-over design to compare the PPGRs of specific nutritional interventions, performed at breakfast after a minimum of 12 h of overnight fasting. All studies used the Abbott FreeStyle Libre sensor to automatically measure interstitial glucose every 15 min for several consecutive days (18). The main study characteristics regarding subjects, dietary interventions, and location are reported in Table 1.



TABLE 1 Overview of 4 studies including CGM data of 67 subjects.
[image: Table1]

The four studies were conducted on females and males free of chronic diseases. Study 3 included subjects at risk of developing T2D, aged 40–65 years with Body Mass Index (BMI) > 27 kg/m2. The three other studies included subjects aged 18–45 years with BMI 18.5–29.9 kg/m2. Other inclusion and exclusion criteria were similar between studies. The number and type of nutritional interventions was different between studies, with Study 1 and 4 comparing fully digestible carbohydrate ingredients and Study 2 and 3 assessing the effect of supplements on the PPGR of carbohydrate-rich meals. Interventions were performed at an investigational site with a controlled setup for Studies 1, 2 and 3 and at home, under close to real-life conditions, for Study 4.

Participants to the four studies signed an informed consent form as per local regulations and the study protocols were reviewed and approved by the Ethics Committee of Canton de Vaud and registered on clinicaltrials.gov as described in the respective publications. The current analyses were performed on anonymized CGM data, without any link to other personal data such as gender, age, or BMI, which makes that no health-related data could, without disproportional effort, be traced to a specific person. The objective of the performed analyses was the development of a statistical method to potentially improve the quality of the data analyses of the main endpoints of the four studies (i.e., iAUC and iCmax that both need the calculation of basal glucose value). These anonymized analyses were therefore aligned with the primary use of the data and did not require additional ethics approval.



2.2. Standard fasting glucose

In all four studies, the efficacy of the nutritional interventions was tested against a control food with high glycemic load with the objective to be able to significantly reduce the 2 h incremental glucose area under the curve (2 h-iAUC) and the incremental glucose peak (iCmax). Both endpoints require a basal glucose value against which the increment is calculated. The basal glucose in the studies was estimated using standard protocols recommending the use, after an overnight fast, of either the glucose level at time just before meal intake (T0), or the average of two values taken at T0 and 5 min before meal intake (T-5) (19).



2.3. 24 h-Continuous Glucose Baseline

The new method to estimate basal glucose was designed to be an unbiased estimator of the standard fasting glucose (difference between the estimate computed with the new and the standard method is null in average), while being generalizable to any time point, at any time of the day. The algorithm behind this new method estimated basal glucose level at a specific time as being a percentile of the glucose levels measured in a preceding time window. In the method development, the efficacy of different percentiles (every ten between the 20th and 80th percentile) and different time windows (6, 8, 10, 12, and 24 h) were assessed. Finally, the selected optimal method estimated basal glucose level as being the 40th percentile of the previous 24 h CGM data (24 h-Continuous Glucose Baseline, 24 h-CGB), because it provided a robust and unbiased estimate of the standard measure of basal glucose. As the algorithm uses the previous 24 h to compute the estimate, it always integrates the same information at any time of the day, namely a full-day routine, including both resting and active periods. It was specifically selected because it provided basal glucose estimates which can evolve with time, but which are not highly variable within individuals. Taking the 40th percentile over this time window allowed to calibrate the method to provide an estimate which is unbiased as compared to the standard estimate. Thanks to the large amount of datapoints considered for the estimation, the 24 h-CGB also allows to minimize the impact of interfering factors such as stress that are inherent to time T0 of many controlled interventions.

As 24 h of data are required to compute an estimate using the 24 h-CGB, it becomes available only 24 h after insertion of the sensor. The same is true in case of sensor loss with 24 h-CGB becoming again available only 24 h after starting a new sensor. In addition, 24 h-CGB can only be relevant if the amount of missing data over the last 24 h was minimal. This is ensured through the instruction to subjects to scan the sensor once at least every 8 h due to the limited storage capacity of the Free Style Libre sensor. Missing data, often related to sleep lasting longer than 8 h, were considered as such, without any imputation. 24 h-CGB was estimated at a given time-point only if missing data was less than 1/6 of the last 24 h data, corresponding to less than 4 h missing data which ensures that the daily routine could be properly captured. Standard fasting glucose and 24 h-CGB were expressed as mmol/L.



2.4. Comparison of 24 h-CGB vs. standard fasting glucose

CGM signals of six representative subjects are visualized together with the 24 h-CGB and the pre-meal fasting glucose values measured at T0 (Figure 1). This visualization is used to describe differences between continuous 24 h-CGB and fasting glucose considering the full CGM signals. A quantitative comparison of 24 h-CGB and fasting glucose is given using a bivariate correlation plot and Bland–Altman plots (20) (Figure 2). 2 h-iAUC and iCmax of the nutritional interventions of the original studies computed using either standard fasting glucose or the 24 h-CGB estimate as baseline are also compared using bivariate correlation plots (Figure 3). Finally, a comparison of the two approaches is performed in terms of sample size required to detect a reduction of 30% for 2 h-iAUC and of 25% for iCmax, compared to the high-glycemic control of each study to assess if using the 24 h-CGB method to compute incremental values implies that a greater sample size is needed to obtain the same study power as when using standard fasting values. These sample size calculations are performed separately for the four studies, using a conservative approach relying on a two-sample t-test, with α = 5% one-sided, and power of 80% (Table 2).
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FIGURE 1
 CGM signal (black line), 24 h-CGB (red line) and standard measures of fasting glucose (orange dot) for six representative subjects from four clinical studies. Study 1: (16), Study 2: (17), Study 3: (17), Study 4: (9). CGB, continuous glucose baseline; CGM, continuous glucose monitoring; IF, interstitial fluid.
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FIGURE 2
 Comparison 24 h-CGB vs. T0 for interventions from four pooled studies. (A) Overall correlation plot, with identity line for visual guidance, (B) corresponding overall Bland–Altman plot, and (C–F) Bland–Altman plots by study with interventions identified by subject. Numbers represent participant’s identification numbers. Study 1: (16), Study 2: (17), Study 3: (17), Study 4: (9). CGB, continuous glucose baseline; SD, standard deviation; T0, standard fasting glucose.


[image: Figure 3]

FIGURE 3
 Comparison of incremental metrics using either the 24 h-CGB or T0 as baseline to quantify glucose responses for interventions from four pooled studies. (A) Correlation plot of 2 h-iAUC computed using T0 vs. 24 h-CGB, with identity line for visual guidance, (B) correlation plot of iCmax computed using T0 vs. 24 h-CGB, with identity line for visual guidance. CGB, continuous glucose baseline; T0, standard fasting glucose; iAUC, incremental Area Under the Curve; iCmax, incremental glucose peak.




TABLE 2 Sample size* (N) required to detect decreases of 30% for 2 h-iAUC, and of 25% for iCmax, versus high-glycemic controls, for which the mean is tabulated together with the pooled between-subject standard deviation (SD).
[image: Table2]




3. Results


3.1. Description of CGM, 24 h-CGB and standard fasting glucose

The CGM traces of the 67 studied subjects feature 5–9 days and show a large diversity in terms of number of daily peaks, height of peaks and glucose variability. This is exemplified by the traces of six representative subjects (Figure 1). Subject 45 shows larger glucose variability as compared to the five other subjects. The CGM data is almost complete for subjects 13, 45 and 55 revealing a high compliance with the requirement to scan at least once every 8 h. Subject 65 was compliant for the first days and less during the last, while subjects 23 and 39 needed to replace a lost sensor. These losses of sensors illustrate that glucose measures are sensor dependent, with the second sensor being positively biased compared to the first for subject 23 and negatively biased for subject 39. This sensor dependency underlines the importance of running sensor-dependent analyses to characterize the impact of nutritional interventions on glucose metabolism, by using endpoints that are incremental relative to a basal value, such as 2 h-iAUC or iCmax.

The 24 h-CGB captures the diversity of CGM-routines. Some subjects, such as 13 and 39, exhibit nearly stable 24 h-CGB, which could be likely due to constant daily routines over the full week. For other subjects, such as 55 and 65, the 24 h-CGB was higher on weekends, suggesting daily routines that vary over the week. Particularly, for subject 55 which seemingly may have variable daily routines, when comparing the 24 h-CGB with the fasting glucose values at T0, they match for all interventions. This suggests that even when there was a change in daily routine, the 24 h-CGB estimated fasting glucose similarly to T0 (when this was available). On the other hand, for subject 13, who has a constant daily routine, 24 h-CGB was below the fasting glucose value at time T0 for all interventions. This systematic bias may be related to a raise of glucose 1 h before T0. Subjects with patterns comparable to the one of subject 13 were observed in all studies except for Study 4 which was decentralized, suggesting that this bias may have been related to the stress induced by the timely venue to the investigational site. In such cases, 24 h-CGB appears to be more representative of the true basal glucose than the standard fasting glucose.



3.2. Comparison 24 h-CGB vs. standard fasting glucose

Standard fasting glucose at time T0 was available for 219 interventions and ranged between 3.1 and 7.3 mmol/L (mean = 5.06, SD = 0.68). The corresponding estimates of the 24 h-CGB ranged between 2.4 and 7.4 mmol/L (mean = 5.04, SD = 0.64). When comparing T0 vs. 24 h-CGB, the correlation is r = 0.86 (p-value<0.01) and the median absolute difference (MAD) = 0.20 mmol/L (Figure 2A). The corresponding Bland–Altman plot reveals that 24 h-CGB is an overall unbiased estimator of the standard fasting glucose measure (bias = −0.02 mmol/L) with a 95% confidence interval (95% CI) being −0.73–0.68 mmol/L (Figure 2B). The study specific Bland–Altman plots reveal that 24 h-CGB show minimal bias for all study setups, with bias = +0.04 mmol/L for Study 1, +0.08 mmol/L for Study 2, −0.13 mmol/L for Study 3 and 4. The 95% CI is smallest for Study 1 (±0.52 mmol/L), Study 2 (±0.53 mmol/L) and, slightly larger for Study 4 (±0.70 mmol/L) and larger for Study 3 (±0.92 mmol/L). This latter study furthermore features outliers such as subjects 45, 48, and 57 for which the difference is more than 1 mmol/L for some interventions. These subjects reveal the highest glucose variability, which might be related to the inclusion of older and more overweight subjects in this study than in the other studies.



3.3. Comparison 2 h-iAUC, iCmax computed using either standard fasting glucose or 24 h-CGB as baseline

Across all interventions where 24 h-CGB is defined, 2 h-iAUC computed using T0 and 24 h-CGB are correlated with r = 0.93 (p-value<0.01) and have a MAD of 0.38 mmol/L*h (Figure 3A). Computing iCmax with both techniques leads to a higher correlation of r = 0.96 (p-value < 0.01) and presents a MAD of 0.20 mmol/L. Both these correlations are higher than the correlation between standard fasting glucose and 24 h-CGB.



3.4. Comparison of required sample sizes when using 24 h-CGB vs. standard fasting glucose

Using standard fasting glucose, the sample size required to detect a 30% reduction in 2 h-iAUC vs. the highly glycemic control is 9–10 subjects for the three studies featuring healthy subjects aged 18–45 years, with BMI 18.5–29.9 kg/m2 (Table 2). This is in-line with standard recommendations of N = 10 (19) or N = 12 (21). The required sample size is slightly higher, namely N = 13, for Study 3 which features subjects aged 40–65 years with BMI > 27 kg/m2.

24 h-CGB appears to give a more robust estimate for Study 4, with minimally controlled conditions that are close to real-life, for which the sample size is kept constant at N = 9. The sample size slightly increases from N = 9 to 10 for Study 2 and from N = 10 to 13 for Study 1. This shows the ability of 24 h-CGB to perform well also in fully controlled setups. The sample size increase from N = 13 to 20 for Study 3 which shows that 24-CGB might be less appropriate for subjects with high glucose variability.

The sample sizes required to identify interventions that would decrease iCmax by 25% vs. a high glycemic control intervention are overall lower than those to detect a 30% reduction in the 2 h-iAUC. The ratios of sample sizes using T0 vs. 24 h-CGB method to compute iCmax are similar to those obtained for 2 h-iAUC (Table 2).




4. Discussion

The presented results show that the newly developed 24 h-CGB can generally replace the standard fasting glucose as estimate of basal glucose in controlled nutritional intervention studies performed in non-diabetic individuals. When considering typical endpoints characterizing PPGRs, it appears that the two estimates of basal glucose led to comparable estimates for both iCmax and iAUC, with an even higher correlation for iCmax (r = 0.96) than iAUC (r = 0.93). The sample sizes required to detect a relevant change vs. a highly glycemic control product are comparable when using 24 h-CGB or standard fasting glucose as baseline. The sample size was identical in case of the decentralized study, showing that the 24 h-CGB was particularly relevant in studies with reduced control, such as decentralized intervention studies or free-living observational studies. For two other studies performed under a more controlled set-up, the sample sizes required when using 24 h-CGB were minimally higher. This shows that 24 h-CGB is applicable in highly controlled nutritional studies without noticeable reduction in power, while being possibly extended to studies where there was less control, typically no strict overnight fasting. Finally, the samples sizes increased for the study including subjects at risk of developing T2D, and for which CGM profiles with greater variability were observed. Hence, the 24 h-CGB might be less powerful for controlled intervention studies including subjects with high glucose variability.

The 24 h-CGB provides a robust and continuously defined estimate for basal glucose level using CGM data, addressing the limitations of the current methods. Because of the continuous nature of this new estimate and its applicability at any time, its use can go far beyond traditional nutritional intervention studies, to leverage studies performed using CGM including new types of endpoints. Indeed, the 24 h-CGB estimates basal glucose levels, which can be used as reference glucose levels, against which glucose values from any time can be compared to. For example, short- or long-term glucose responses to nutritional interventions can be quantified during the day considering incremental values from basal glucose levels. The deviation of glucose levels with respect to basal glucose levels during the night following a nutritional intervention can also be evaluated and linked to sleep quality or other measures gathered with digital health sensors. The main driver to develop this method was its applicability to assess the impact of nutritional interventions and eating occasions along the day. Nevertheless, its use can be extended to analyze the impact of physical or pharmacological interventions on glucose levels.

During the design of the method, different parameters and algorithms were assessed. In terms of percentiles, the 20th, 60th, and 80th percentile led to greater biases compared to the measured fasting glucose baseline, thus being less appropriate. In terms of time windows, windows shorter than 24 h resulted in a large variation during the day, due to the relatively large impact of specific events in the preceding hours, such as meal intake, research study visit-induced stress, or sleep. Thus, including 24 h of glucose values to compute the 24 h-CGB estimate prevents it from being largely affected by recent events. In terms of algorithm, another method estimating basal glucose from glucose levels gathered during night sleep was evaluated. However, it was challenging to establish an accurate sleeping window for subjects without other digital health sensors or direct self-report of start and finish sleeping times. Additionally, during sleep, glucose levels remain stable or decrease minimally, which is not representative of 24 h-glycemic profiles. For instance, van Cauter et al. (22) reported that daytime fast resulted in a decrease of blood glucose from 5.3 to 4.2 mmol/L in healthy subjects, whereas nocturnal glycemia oscillated around 5.0 mg/dL.

This study has some strengths such as the calibration of the 24 h-CGB using data from a decentralized study, potentially capturing circumstances that extenuate blood glucose response such as stress or illness. Furthermore, we showed that the 24 h-CGB handles potential shifts in glucose levels due to CGM sensor-replacement, which is a common issue in CGMs (23). Compared to an isolated/discrete fasting glucose, which may be affected by previous meal intakes, physical activity (24–26), the 24 h-CGB appeared to be less subject to interfering effects (e.g., stress of attending a clinical visit). Furthermore, 24 h-CGB accounted for inter-day glucose variation and adapted to changes in daily routines.

However, this study also has some limitations. Firstly, considering the small amount of data available, the 24 h-CGB method was calibrated and assessed on the same dataset. However, as it performed almost equally well for four studies with different characteristics (in terms of subjects, interventions and/or setups), it shows that it has big potential to be generalizable. Secondly, the 24 h-CGB was calibrated using fasting glucose baselines in the morning, whereby the use of the 24 h-CGB to quantify glucose responses to intervention in the afternoon or evening should be performed with caution, as glucose homeostasis may be different depending on the time of day (11). Finally, the data that was used to calculate the 24 h-CGB derived mainly from healthy adults, potentially limiting its applicability to persons within a different age group or to categories of persons with other metabolic parameters whose glucose control upon the same nutritional challenge may differ (27, 28), or to other type of cohorts characterized by particular sleeping and eating patterns resulting in different daily glucose profiles such as shift-workers and infants (29). As discussed above, we already saw that the use of the 24 h-CGB resulted in less robust estimate for Study 3 including subjects at risk of T2D, which were observed to feature higher glucose variability.

In conclusion, we developed a new and robust method to continuously estimate basal glucose levels of individuals using CGM data. The method was based on daily glucose profiles and allowed to eliminate the acute impact of pre-intervention events on glucose responses and CGM-sensor failure-derived glucose shifts. The 24 h-CGB may be applicable in many studies with diverse endpoints enabled using CGMs, where standard estimation techniques were not applicable or limited. Mainly, it allowed for the quantification of short- or long-term glucose responses at any time, as well as providing reference glucose values to which measured glucose levels can be assessed. In future studies, the method should be assessed and optimized in other cohorts such as infants, prediabetic, obese, non-white Europeans and shift-workers.
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