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Editorial on the Research Topic 


Continuous glucose monitoring: beyond diabetes management


Since the establishment of the causal relationship between blood glucose levels and diabetes complications, glycemic control has become a cornerstone of diabetes metabolic management (1). In recent years, continuous glucose monitoring (CGM) systems have emerged as transformative tools for diabetes care (2). By measuring glucose levels in interstitial fluid, CGMs provide near-continuous real-time glucose readings and comprehensive ambulatory glucose profiles (AGP) (3). These capabilities are critical for optimizing insulin dosing, dietary planning, and physical activity management (4–6). The real-time visualization of glycemic variability has not only revolutionized diabetes treatment but also significantly enhanced patients’ quality of life (7). Moreover, CGM-derived metrics such as Time in Range (TIR), Time Below Range (TBR), and Time Above Range (TAR) have introduced new paradigms in glycemic assessment (3). Notably, the application of CGM is expanding beyond traditional diabetes management, opening new frontiers in personalized health optimization. This article reviews current evidence including articles in this Research Topic, to discuss the potential applications, limitations, and prospects of CGM technology.




Beyond diabetes management: expanding applications of CGM

We know that glucose is a major substrate of energy metabolism and a core player in overall metabolic health, energy regulation, and cellular function. Fluctuations, even within physiologically “normal” ranges - can profoundly influence wellbeing and performance (8). This understanding has driven growing interest in CGM applications among non-diabetic populations:

1. Optimize metabolic health & prevent diabetes:

CGM provides immediate, personalized feedback on how specific foods and dietary components (carbohydrate type/fiber/fat/protein ratio, serving size, order) affect blood glucose (9). One person’s “healthy” meal can cause another person’s blood sugar to spike dramatically (10). CGM provides support for truly personalized dietary choices to minimize harmful blood sugar spikes and promote metabolic stability.

2. Early identification and prevention of dysglycemia: CGM can reveal abnormal blood glucose fluctuations long before standard fasting blood glucose or HbA1c tests show abnormalities (11). Users seeing frequent or prolonged postprandial spikes can be a powerful motivator for lifestyle interventions to prevent the progression to type 2 diabetes (12).

3. Athlete nutrition management and training intensity monitoring (13).

Athletes rely heavily on glycogen stores. CGM helps them understand how different fuel strategies affect glucose availability and stability during training and competition. At the same time, glycemic patterns after exercise can provide clues about recovery status and the effectiveness of energy replenishment. A stable blood glucose overnight after strenuous activity indicates adequate nutrition, while an unstable blood sugar may indicate inadequate intake or constant stress. CGM can sometimes show how different training loads or types affect glucose regulation, potentially marking over-training states.

4. Weight Management and Body Composition Goals:

The “calorie intake, calorie burn” model is increasingly seen as oversimplifying. A spike in blood sugar triggers the release of insulin, a hormone that promotes fat storage and can inhibit fat burning (14). To identify foods that cause significant spikes and to choose dietary variety(i.e. low carbohydrate high protein) promoting more stable glucose and insulin levels, potentially create a more favorable hormonal environment for fat loss and muscle gain (15). Furthermore, large blood glucose spikes are often accompanied by rapid drops, which can trigger hunger, fatigue, and cravings – especially for more carbohydrates or sugar (16). Minimizing these spikes through dietary modification probably supports adherence to healthy eating patterns.

5. Understand energy, mood, and nerve function:

Many people with diabetes experience depression. CGM can directly link these subjective feelings to blood sugar levels (17). Minimizing extreme blood sugar fluctuations by taking a CGM may help some people improve the nerve response to hypoglycemia (18).

6. Women’s Health and Hormonal Fluctuations:

Hormones such as estrogen and progesterone significantly affect insulin sensitivity. In most of the study population, glucose levels rose linearly throughout the menstrual cycle, reaching a maximum in the late luteal phase. A sharp decrease was seen in women at the beginning of menstrual bleeding (19). Polycystic ovary syndrome (PCOS) is often associated with insulin resistance. CGM can be a valuable tool for managing blood glucose levels in women with PCOS.

7. Longevity and diets intervention:

Some researchers hypothesize that minimizing high blood sugar spikes and excessive variability (even within normal limits) may reduce oxidative stress and inflammation, potentially slowing the aging process (20). CGM provides data to proactively manage this variability. Biohackers used CGM to test the effects of various interventions—specific diets (ketosis, intermittent fasting), supplements, sleep patterns, stress reduction techniques—on their blood glucose profile, seeking optimal metabolic function (21).

8. Enhancing Quality of Life in Special Diabetic Populations.

Type 1 diabetes management faces unique challenges during Ramadan, where patients experience dawn phenomenon before Suhoor meals, post-Iftar hyperglycemia, and nocturnal hypoglycemia risks. (Alguwaihes et al.) Similarly, pregnant women with diabetes endure significant psychological burdens from stringent glycemic targets. Liu et al. found CGM improved self-rating anxiety, pregnancy-related anxiety, and diabetes specific quality of life. While advanced technologies like sensor-augmented pumps with automated insulin suspension theoretically alleviate hypoglycemia fear syndrome (HFS), current evidence indicates limited improvement regardless of SmartGuard™ or CGM implementation—potentially due to insufficient usage duration. (Schierloh et al.) Notably, CGM offers unique advantages for evaluating novel hypoglycemic agents through comprehensive pharmacodynamic profiling of glucose excursions, surpassing traditional spot-check measurements (Wei et al.).





Technical limitations and future trajectory

Despite promising applications, CGM technology faces inherent physiological constraints. Accuracy needs next generation technology or systemic calibration. (Wu et al.) The 5–15 minute physiological lag between interstitial fluid and blood glucose measurements becomes particularly problematic during rapid glycemic fluctuation (22). Accuracy challenges persist during intense physical activity and other metabolic stressors (Maytham et al.). Implementation barriers include clinical data overload (“glucose fatigue”), reimbursement limitations for non-diabetic applications, and privacy concerns regarding cloud-stored health data (23). Future developments will likely focus on multimodal biometric integration, machine learning-enhanced predictive alert systems, and closed-loop systems for health optimization. These innovations may ultimately transform CGM from a monitoring tool into integrated health management platforms (24).
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Background

Hypoglycemia is common in individuals with type 1 diabetes, especially during exercise. We investigated the accuracy of two different continuous glucose monitoring systems during exercise-related hypoglycemia in an experimental setting.





Materials and methods

Fifteen individuals with type 1 diabetes participated in two separate euglycemic-hypoglycemic clamp days (Clamp-exercise and Clamp-rest) including five phases: 1) baseline euglycemia, 2) plasma glucose (PG) decline ± exercise, 3) 15-minute hypoglycemia ± exercise, 4) 45-minute hypoglycemia, and 5) recovery euglycemia. Interstitial PG levels were measured every five minutes, using Dexcom G6 (DG6) and FreeStyle Libre 1 (FSL1). Yellow Springs Instruments 2900 was used as PG reference method, enabling mean absolute relative difference (MARD) assessment for each phase and Clarke error grid analysis for each day.





Results

Exercise had a negative effect on FSL1 accuracy in phase 2 and 3 compared to rest (ΔMARD = +5.3 percentage points [(95% CI): 1.6, 9.1] and +13.5 percentage points [6.4, 20.5], respectively). In contrast, exercise had a positive effect on DG6 accuracy during phase 2 and 4 compared to rest (ΔMARD = -6.2 percentage points [-11.2, -1.2] and -8.4 percentage points [-12.4, -4.3], respectively). Clarke error grid analysis showed a decrease in clinically acceptable treatment decisions during Clamp-exercise for FSL1 while a contrary increase was observed for DG6.





Conclusion

Physical exercise had clinically relevant impact on the accuracy of the investigated continuous glucose monitoring systems and their ability to accurately detect hypoglycemia.





Keywords: accuracy, continuous glucose monitoring, exercise, hypoglycemia, mean absolute relative difference, type 1 diabetes




1 Introduction

Exogenous insulin replacement to obtain glycemic control is a hallmark for type 1 diabetes (T1D) treatment (1). The American Diabetes Association (ADA) recommends physical activity for individuals with type 1 diabetes as it improves glycemic control, decreases insulin requirements, and reduces cardiovascular complications in individuals with type 1 diabetes (2–5). However, exercise in these individuals is associated with hypoglycemia, which may be a barrier for obtaining glycemic control, and as a result many individuals with type 1 diabetes avoid engaging in regular physical activity (6, 7). Individuals with type 1 diabetes may need to consume considerable amounts of carbohydrates prior to physical activity in order to avoid exercise-induced hypoglycemia, which may reduce the potential benefits of vascular health and glycemic control that physical activity brings (8, 9). Continuous glucose monitoring (CGM) systems offer a way to frequently monitor glycemic changes throughout the day and particularly during exercise (10, 11). This provides individuals with type 1 diabetes a level of detail that cannot be achieved using capillary glucose meters, thus assisting in reduction of unnecessary glycemic fluctuations and episodes of hypoglycemia (12, 13).

Studies have indicated reduced accuracy of several CGM sensors during rapid glucose changes and low blood glucose levels, both commonly observed in individuals with type 1 diabetes and especially during exercise (14). CGM performance is clinically important since low sensor precision may lead to undetected events of hypoglycemia or unnecessary meal intake ensuing hyperglycemia. Here, we investigated the performance of two commonly used CGM systems, Dexcom G6 (DG6) and FreeStyle Libre 1 (FSL1), during plasma glucose (PG) decline and hypoglycemia, induced with or without exercise in individuals with type 1 diabetes.




2 Materials and methods



2.1 Approvals and registrations

CGM data presented in this study was obtained from a clinical trial investigating cardiovascular effects of exercise-related hypoglycemia in individuals with type 1 diabetes (registration with ClinicalTrials.gov, NCT04650646) (15). The trial was performed at Steno Diabetes Center Copenhagen and Center for Clinical Metabolic Research, Gentofte Hospital, University of Copenhagen, Hellerup, Denmark from September 2020 to June 2021. The study was conducted following the Helsinki Declaration and was approved by the Scientific Ethical Committee of the Capital Region of Denmark (ID No. H-20023688) and the Danish Data Protection Agency (ID No. P-2020-434). Written consent was obtained from all participants before being included in the study.




2.2 Study design

Fifteen men diagnosed with type 1 diabetes participated in a randomized crossover study including two separate euglycemic-hypoglycemic clamp days. One clamp day included a bout of moderate-intensity cycling exercise performed during declining plasma glucose and hypoglycemia (Clamp-exercise). In the other clamp day, hypoglycemia was induced at rest (Clamp-rest). The participants were recruited from the outpatient clinic at Steno Diabetes Center Copenhagen, Herlev, Denmark. Data reported are a pre-planned secondary analysis from a previously published study. Hence, the sample size was calculated based of the primary aim of that study and has been reported elsewhere (15). The study design is illustrated in Figure 1. The two clamp days were separated by at least four weeks to rule out possible carry-over effects. Inclusion criteria were age ≥18 years, type 1 diabetes diagnosis according to World Health Organization (WHO) classification, C-peptide levels <200 pmol/L, insulin treatment for at least 1 year, and informed and written consent. Further details of inclusion and exclusion criteria have previously been reported (15).

[image: Study design diagram depicting sensor insertion, randomization into clamp-rest and clamp-exercise groups, with a minimum 28-day interval. A study day includes Dexcom G6 and FreeStyle Libre 1 usage, variable glucose infusion, and fixed insulin infusion. A graph shows plasma glucose levels from 12 to 2 mmol/L over 180 minutes, highlighting phases like baseline euglycemia, plasma glucose decline, hypoglycemia, and recovery. Icons of a bed and bicycle represent rest and exercise phases.]
Figure 1 | Study design. A randomized crossover euglycemic-hypoglycemic clamp study including Clamp-rest and Clamp-exercise. During Clamp-rest, participants were at bed rest during all phases. Clamp-exercise had an exercise element during plasma glucose decline phase and 15-minute hypoglycemic phase marked with gray (time 45 to 105 minute). Each clamp day was divided into five phases. Two continuous glucose monitoring systems, Dexcom G6 and FreeStyle Libre 1, were active throughout the clamp days. Further details and illustrations on the study design has been reported before (15).




2.3 Clamp procedure

Participants were supplied with and instructed to insert two CGM systems in parallel, Dexcom G6® (Dexcom, Inc., San Diego, CA, USA) and FreeStyle Libre 1® (Abbott Laboratories, Ltd., Alameda, CA, USA). The systems were inserted two days before the clamp days to reduce sensor inaccuracies (16). The participants were admitted in the morning after an overnight 10 hour fast including medicine fasting. Participants receiving insulin pen treatment were instructed to continue their usual basal insulin treatment, regardless of dosing time. Likewise, participants using insulin pump treatment were instructed to solely continue with the basal rate infusion throughout the test days. Sensors were not user-calibrated but relied on the factory calibrations as instructed in the devices’ user guide (17, 18). A peripheral intravenous catheter was inserted in the antecubital fossa of each forearm. One arm was heated throughout the clamp to obtain arterialized blood while the contralateral arm was used for isotonic saline (0.9% NaCl, Fresenius Kabi, Bad Homburg, Germany), insulin (Actrapid®; Novo Nordisk, Bagsværd, Denmark), and glucose (20% solution; Fresenius Kabi, Bad Homburg, Germany) infusion. The isotonic saline solution was administered at a constant infusion rate throughout the clamp to avoid volume depletion due to blood draw and to keep the intravenous cannula working properly. The hyperinsulinemic-euglycemic clamp was initiated at time 0 minutes when the target PG between 5.0 and 8.0 mmol/L was reached. A combination of a fixed insulin infusion rate at 80 mU/m2/min and a variable 200 mg/ml (20%) glucose infusion was initiated to clamp PG. Both clamp days (Clamp-exercise and Clamp-rest) contained the following phases: 1) a baseline euglycemic phase, 2) a PG decline phase induced at bed rest or during exercise, 3) a 15-minute hypoglycemic phase at bed rest or during exercise, continued by 4) a 45-minute hypoglycemic phase at bed rest and finally 5) recovery euglycemia. Exercise was performed at a moderate intensity defined as 64% to 76% of maximum heart rate calculated using the formula [207- (Age) × (0.7)] (19). The participants exercised on a Monark Ergomedic 839E (Monark Exercise AB, Vansbro, Sweden) for a total period of 60 minutes. Target heart rate was reached by adjusting the resistance of the cycle ergometer throughout the exercise period. The participants were instructed to begin exercise at a low-level intensity and gradually increase the intensity until reached target level. The target level of PG during the phases of hypoglycemia was <3.0 mmol/L, representing level 2 hypoglycemia (20). Glucose concentrations were determined every five minutes throughout the clamp days using DG6 and FSL1 in parallel. FSL1 was manually scanned during the clamp days whereas DG6 automatically stored the glucose values. Yellow Springs Instrument (YSI) 2900 biochemistry analyzer (Xylem, Inc., Rye Brook, NY, USA) was used to carry out the clamps as a PG reference method by sampling arterialized venous blood in 0.2 mL NaF tubes centrifuged at 7,400 g for 30 seconds and then analyzed.




2.4 Data and statistical analysis

For each sensor reading, the absolute relative difference was computed as the absolute difference between the reading and reference PG value divided by reference PG multiplied by 100 (21). For descriptive statistics, the absolute relative differences were summarized as mean ± standard error and plotted against clamp-time in figures. To compare the accuracy of each sensor between Clamp-exercise and Clamp-rest, we applied a linear mixed model with clamp time and clamp day and the interaction between them as fixed effect and with a heterogeneous compound symmetry covariance pattern to account for repeated measurements on each study participant. Results were reported as difference in mean absolute relative difference (ΔMARD) with 95% confidence interval for each clamp phase. Finally, a Clarke error grid analysis was performed for each clamp day to quantify the clinical significance of sensor inaccuracies (22). Paired sensor readings and reference PG values are depicted on a plot with five zones corresponding to varying clinical consequences. P <0.05 was considered statistically significant. SAS Studio version 3.8 (SAS Institute, Inc., Cary, NC, USA) was used to perform the linear mixed model analysis. The Clarke error grid plot was made with ega-package version 2.0.0 in R Statistical software version 4.2.1.





3 Results

All 15 participants (Table 1) completed both clamp days yielding 551 and 543 DG6 sensor-PG pairs for Clamp-rest and Clamp-exercise, respectively, as well as 491 and 512 FSL1 sensor-PG pairs for Clamp-rest and Clamp-exercise, respectively. All participants placed the sensors according to specified guidelines except one who placed FSL1 on the upper thigh. For both clamp days, mean PG was kept at 6-7 mmol/L during the baseline-euglycemic phase although slightly decreasing towards the decline phase (Figure 2). Target hypoglycemia was reached after 90-minutes and followed by steady-state hypoglycemia of <3.0 mmol/L. Overall, PG levels for both clamp days were comparable.

Table 1 | Baseline characteristics of the study participants.


[image: Table showing clinical and physical activity data for 15 male participants. Mean age is 29.4 years and body mass index is 23.7 kg/m². Duration of type 1 diabetes is 13.1 years. HbA1c is 51.0 mmol/mol and 6.8%. Fasting plasma glucose is 9.7 mmol/L, and heart rate is 64.8 bpm. Physical activity levels: low and moderate (20% each), high (60%).]
[image: Two line graphs compare glucose levels over time during clamp-rest and clamp-exercise conditions. Graph A shows glucose decreasing and then increasing, measured by YSI 2900, Dexcom G6, and FreeStyle Libre 1. Graph B shows a similar pattern with a decline during exercise. Dexcom G6 consistently reports higher values.]
Figure 2 | Glucose readings represented as mean ± SE. The clamp period totals 180 minutes and consists of 37 data points (data collected every five minutes). Clamp-rest (A) was at bed rest throughout the clamp period. Clamp-exercise (B) contained an exercise element on a cycle ergometer during plasma glucose decline phase and 15-minute hypoglycemic phase (time 45 to 105 minute). YSI, Yellow Springs Instrument.



3.1 Comparison of accuracy between clamp days

When comparing the clamp days (Table 2), FSL1 had a comparable MARD during phase 1 indicating similar baseline accuracies (Figure 3). Compared to rest, exercise increased MARD during phase 2 which continued during phase 3. There was a comparable MARD during phase 4 post exercise and during phase 5 recovery. DG6 had a comparable MARD between clamp days during phase 1, although this was surprisingly high compared to the expected (Figure 3). Compared to rest, exercise decreased MARD during phase 2 and phase 3, although not significantly. During phase 4, MARD was lower post-exercise, while a comparable MARD was observed between clamp days during phase 5.

Table 2 | Comparison of Clamp-exercise and Clamp-rest throughout clamp phases.


[image: Table showing ΔMARD% and Δ95% CI of DG6 and FSL1 sensors across different clamp phases: baseline euglycemia, plasma glucose decline, 15-minute hypoglycemia, 45-minute hypoglycemia, and recovery euglycemia. Significant differences are noted, especially during hypoglycemic phases. P-values for FSL1 during plasma glucose decline and recovery are statistically significant.]
[image: Line graph showing Mean Absolute Relative Difference (MARD) percentage across different clamp phases for Dexcom G6 and FreeStyle Libre 1 during rest and exercise. Dexcom G6 data are blue lines—solid for rest, dashed for exercise. FreeStyle Libre 1 data are red lines—solid for rest, dashed for exercise. Phases include Baseline euglycemia, Plasma glucose decline, 15-minute hypoglycemia, 45-minute hypoglycemia, and Recovery euglycemia. Notable differences are marked with asterisks and hashtags. MARD values range from 0 to 50 percent on the y-axis.]
Figure 3 | MARD% ± SE. * indicates significant difference between Dexcom G6 Clamp-exercise vs Dexcom G6 Clamp-rest. # indicates significant difference between FreeStyle Libre 1 Clamp-exercise vs FreeStyle Libre 1 Clamp-rest. Results at P < 0.05 was considered statistically significant and are shown with a single symbol. Results at P < 0.01 and P < 0.001 are shown with double and triple symbols, respectively. MARD%, mean absolute relative difference in percentages.




3.2 Clarke error grid analysis of DG6 and FSL1

Assessing the clinical performance according to Clarke error grid analysis showed a difference between clamp days (Figure 4). FSL1 performance decreased during Clamp-exercise where data points in the combined zones A+B decreased compared to Clamp-rest and accordingly increased in the clinically unacceptable estimates zone D. DG6 performance increased during Clamp-exercise where data points in zones A+B increased indicating an increase in sensor estimates to more clinical acceptable accuracies. No data points were observed in zones C and E for all error grid analyses.

[image: Scatter plots comparing sensor readings to plasma glucose levels during rest and exercise using Dexcom G6 and FreeStyle Libre 1 devices. Each plot displays zones (A, B, C, D, E) with colored dots indicating data distribution: green (zone A), blue (zone B), and red (zone D). Percentages for each zone are provided: Dexcom G6 shows 50.1%-64.9% in zone A, 32.2%-27.2% in zone B, and 17.7%-7.9% in zone D. FreeStyle Libre 1 shows 73.5%-71.7% in zone A, 23.8%-23.2% in zone B, and 2.7%-5.1% in zone D.]
Figure 4 | Clarke error grid analysis of Dexcom G6 and FreeStyle Libre 1. (A) Dexcom G6 for Clamp-rest. (B) Dexcom G6 for Clamp-exercise. (C) FreeStyle Libre 1 for Clamp-rest. (D) FreeStyle Libre 1 for Clamp-exercise. Each dot represents a glucose sensor reading paired with corresponding reference plasma glucose. Pairings in zone A and B are defined as clinically acceptable sensor estimates whereas pairings in zones C, D, and E are defined as clinically unacceptable and could lead to errors in diabetes treatment.





4 Discussion

We report that exercise can affect the sensor accuracy of the investigated CGM systems by either a decrease in sensor accuracy and the ability to detect hypoglycemia as seen with DG6, or contrary by an increase in sensor accuracy as seen for FSL1 which may be of clinical relevance for physically active individuals with type 1 diabetes when choosing between CGM systems.

The overall MARD of DG6 obtained in this study under baseline euglycemia was substantially higher compared to previous studies (23–25). Shah et al. compared DG6 sensor readings with YSI glucose values in 62 participants and demonstrated a general overall MARD of 9% (23). Generally, the design in the studies were similar e.g., utilizing a YSI analyzer, obtaining arterialized venous blood, and relying on the factory calibration. Furthermore, we followed the manufacturer’s specified guidelines for inserting and initializing the sensor and doing so two days before the clamp days to avoid possible inaccuracy during the sensor warm-up time. Since the overall FSL1 MARD of our study was more comparable with previous studies (26–29), and since our study followed the same principles as previous studies, the deviating MARD values obtained from DG6 may not be explained by the design of our study. The deviation may rather be related to the applied sensors. As the higher-than-expected MARD of DG6 was observed at baseline for both test days, and that they were comparable to each other, the comparison outcomes between clamp days were considered valid.

Our results suggest that exercise has a negative effect on FSL1 performance without affecting the post-exercise sensor performance. Contrary, DG6 had an improvement in performance during exercise which persisted post-exercise. We hypothesize that the exercise-related performance increase of DG6 is caused by increased blood circulation and production of heat during exercise resulting in a subsequent increase in skin blood flow (30). This could potentially lead to a higher interstitial space fluid turnover rate and better equilibrium between plasma and interstitial space fluid, thus more accurate estimates of glucose (31). Conversely, a worsening in performance was seen for FSL1 during exercise. This may be explained by the placement of the sensor in an area of high movement and mechanical activity during exercise as opposed to the abdomen as seen for DG6 (32). Thus, the continual mechanical movement of the sensor may have outweighed the possible performance increase from increased skin blood flow.

Few studies have assessed the sensors’ performance during exercise (33–37), although they mostly relied on capillary blood glucose as a reference method. Guillot et al. showed no notable changes in DG6 sensor accuracy during exercise while wearing the sensors on the abdomen (33). Dyess et al. showed an overall decrease in DG6 sensor performance during exercise, however apart from the abdomen, the participant had the option to wear the sensor on the upper arms, buttocks, and thighs (34). When sub-analyzing for the abdomen only, Dyess et al. found an increase in sensor performance which is in accordance with our study and supports our hypothesis about the role of placement of sensors.

For FSL1, Moser et al. showed higher MARD during exercise in 19 individuals with type 1 diabetes compared to capillary blood glucose (35). Likewise, Fokkert et al. showed an increase in MARD for FSL1 during exercise in 23 individuals with type 1 diabetes compared to capillary blood glucose (36). However, Giani et al. showed no performance difference between rest and exercise in 17 young individuals with type 1 diabetes (37). As FSL1 is placed on the upper arm, an area of high activity during exercise, the decrease in sensor performance may be of this reason. We can only speculate if the performance of FSL1 would remain unchanged or increase if placed on the abdomen during exercise compared to rest. However, Charleer et al. showed a worsening in FSL1 performance when placed on the abdomen (38). Although sensor placement may have a notable role, factors such as varying populations included, different exercise forms and intensities employed, different extent of glycemic excursions and varying PG reference methods utilized may contribute to differing results.

According to Clarke error grid analysis, most of the data points in our study were in the clinically safe zones A+B for both sensors regardless of the clamp day, although the percentage of data points in the upper zone D was surprisingly high for DG6 during Clamp-rest. During Clamp-exercise, DG6 had a shift in data points from the clinically unacceptable zones (solely located in the upper D zone) to the clinically acceptable zones with an increase in zones A+B by almost 10 percentage points compared to Clamp-rest. This indicates that exercise potentially improves sensor accuracy and/or sensor lag time during rapid PG decline and hypoglycemia. In contrast, FSL1 showed a slight decrease of data points in the clinically acceptable zones during Clamp-exercise compared to Clamp-rest. FSL1 had almost a doubling of data points in zone D for Clamp-exercise indicating exercise having a clinically relevant negative effect. Thus, Clarke error grid analysis is consistent with the MARD results and could be explained in the same manner.

The previously mentioned studies also evaluated the clinical safety of DG6 and FSL1 using Clarke Error grid analysis. Guillot et al. showed good clinical reliability for DG6 during exercise with 99% of all values located in the clinically safe zones A+B (33). Dyess et al. found that individuals who wore DG6 on their buttocks during exercise had an increase of values in zone D while an increase of values in zones A+B was seen when wearing the sensor on the abdomen (34). For FSL1, Giani found 97% of sensor readings fell in zones A+B during rest and 98% during exercise indicating a marginal difference between the two settings (37). Moser et al. found 91% of sensor values were in zones A+B during rest while 78% for FSL1 during exercise indicating a decrease in the clinical accuracy of the sensor during exercise (35). Throughout all the studies where exercise negatively impacted the sensor performance, sensor values specifically increased in the upper zone D similarly to our study indicating an increase in failure to detect hypoglycemia.

The strengths of the present study include the cross-over design, the direct comparison of exercise versus rest and the conduction in a controlled clinical research facility. Sensors were initialized two days prior to the clamp day to prevent possible sensor inaccuracies. Unlike other studies that used capillary blood glucose, our study utilized PG measured by YSI 2900 as a glucose reference method which is often cited as the gold standard (39). Furthermore, the sensors were not user-calibrated but relied on the factory calibration mimicking a real-life setting with individuals doing the same.

A limitation to our study is the small number of participants and that the study only included male adults thus limiting the generalizability to females and other age groups. One participant had their FSL1 placed on the upper thigh which could potentially influence on the results, although Charleer et al. showed a minimal difference between the placement of FSL1 on the upper thigh and the upper arm (38). Another limitation is the rather high MARD observed for Dexcom G6 which could influence the results and that MARD does not take sensor errors into account (e.g., consistent higher glucose estimates). To overcome this, an adjunctive analysis called precision absolute relative deviation, which requires the insertion of an identical parallel sensor, could potentially have added value to our study (40). A limitation of Clarke Error grid analysis is the rather stringent limits between the zones which newer error grids seek to mitigate (41). Finally, the physiological effect of physical activity on glucose levels is rather complex and different at differing exercise types, intensities, and durations. Thus, the observed performance of the sensors cannot be generalized to other exercise intensities or durations.

In conclusion, the two commonly used sensors DG6 and FSL1 showed different responses to exercise in relation to PG decline and hypoglycemia in individuals with type 1 diabetes. Exercise negatively impacted FSL1 sensor performance during both declining PG and hypoglycemia, whereas DG6 had more accurate sensor readings during exercise and post-exercise. Individuals with type 1 diabetes and healthcare practitioners should be aware of the potentially negative or positive impacts of exercise on CGM sensor accuracy in detecting clinically relevant episodes of hypoglycemia.
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Aim

To evaluate the efficacy and safety of URLi (ultra rapid lispro insulin) compared to insulin lispro as bolus insulin with basal insulin using CGM in the individuals with type 2 diabetes(T2D) in China.





Methods

This was a double-blind, randomized, parallel, prospective, phase 3 study. Subjects with uncontrolled T2D were recruited and randomized 1:2 into the insulin lispro and URLi groups. Subjects received a consistent basal insulin regimen during the study and self-administered insulin lispro or URLi before each meal throughout the treatment period. Subjects underwent a 3-day continuous glucose monitoring (CGM) at the baseline and endpoint respectively, and then CGM data were analyzed. The primary endpoint was to compare the difference in postprandial glucose (PPG) control using CGM between the two groups.





Results

A total of 57 subjects with T2D completed the study. Our CGM data showed that postprandial glucose excursions after breakfast (BPPGE) in the URLi group was lower than that in the insulin lispro group (1.59 ± 1.57 mmol/L vs 2.51 ± 1.73 mmol/L, p = 0.046). 1-hour PPG was observed to decrease more in the URLi group than that in the insulin lispro group (-1.37 ± 3.28 mmol/L vs 0.24 ± 2.58 mmol/L, p = 0.047). 2-hour PPG was observed to decrease more in the URLi group than that in the insulin lispro group (-1.12 ± 4.00 mmol/L vs 1.22 ± 2.90 mmol/L, p = 0.021). The mean HbA1c level decreased by 1.1% in the URLi group and 0.99% in the insulin lispro group, with no treatment difference (p = 0.642). In the CGM profile, TBR was not significantly different between the two groups (p = 0.743). The weight gain also did not differ between the two groups (p = 0.303).





Conclusion

URLi can control breakfast PPG better than insulin lispro in adults with T2D in China, while it is non-inferior in improving HbA1c. The incidence of hypoglycemic and weight gain were similar between the two groups.





Keywords: ultra rapid lispro insulin, postprandial glucose, postprandial glucose excursions, continuous glucose monitoring, HbA1c




1 Introduction

Diabetes mellitus (DM) has become one of the most common chronic diseases in the world. The global prevalence of diabetes was estimated to be 10.5% in 2021, with China having the largest number of people with diabetes, with more than 140 million, and more than 174 million by 2045 (1). According to statistics, about 95% of Chinese people with diabetes are type 2 diabetes mellitus (T2D) (2). Compared with the Western population, the age of onset of diabetes in Asian patients was generally younger, early β-cell dysfunction was also more obvious in the setting of insulin resistance because there appears to be a predisposition to impaired insulin secretion among East Asian population (3), and polished rice and refined wheat form the basis of most Asian diets with high glycemic index and high glycemic load values (4), postprandial glucose(PPG) fluctuates obviously (5). In the Asian population, postprandial blood glucose levels tend to be higher than in the Caucasian population, even after eating the same foods (6–8). A study conducted in China found that nearly 70% of Chinese T2D patients received insulin therapy, but less than 20% of them reached the glycated hemoglobin A1c (HbA1c) target (HbA1c<7.0) (9).

The HbA1c value is one of the main indicators reflecting long-term glycemic control (10, 11). In order to achieve the HbA1c target value, both fasting plasma glucose(FPG) and PPG should be monitored (12, 13). As HbA1c decreased, PPG had a greater impact on HbA1c than FPG, and PPG accounted approximately 80% of HbA1c when HbA1c was <6.2% and only about 40% when HbA1c was above 9.0% (14). A study in China showed that PPG contributed more than FPG in individuals with HbA1c < 8.5%, whereas FPG became the predominant contributor in the poorly controlled individuals with HbA1c ≥ 8.5% (15). Control of PPG is essential for achieving recommended HbA1c targets. A survey in China showed that the number of participants with isolated fasting hyperglycemia (IFH), isolated postprandial hyperglycemia (IPH) and combined hyperglycemia (CH) were 18.5%, 43.1% and 38.4%, respectively (16). People with diabetes with the IPH phenotype showed increased risks of diabetic microvascular complications compared to participants with the IFH phenotype (16). Clinical studies have demonstrated that targeting PPG can effectively improve glycemic control and long-term results in persons with T2D (17).

However, HbA1c does not necessarily refer daily glucose variability (GV), because the previous studies found that individuals with similar HbA1c may have different GV (18–20). GV is associated with oxidative stress, chronic inflammation and endothelial dysfunction, which contribute to vascular endothelial cell damage (21). Importantly, studies have already demonstrated the positive association between GV and macro/microvascular complications of diabetes (22, 23). Therefore, both HbA1c and GV should be taken into account to reduce the incidence of diabetic complications (20). Continuous glucose monitoring (CGM) continuously provides the glucose readings every 5 minutes for several consecutive days, which may be a potential tool to assess GV in subjects with T2D (24–26).

Reducing postprandial glucose excursions(PPGE), defined as the difference between peak PPG and FPG, is a valuable strategy for reducing GV in the individuals with diabetes (27). Furthermore, the data suggest that PPGE may be a particularly important therapeutic target in person with diabetes. Compared to long-term, sustained hyperglycemia, BG variety postprandially or during glucose ‘swings’ have a more specific triggering effect on oxidative stress, a factor that plays a pivotal role in the development of various diabetic complications (28). There is also evidence that postprandial hyperglycemia is a greater predictor of cardiovascular disease than elevated FPG levels (29).

Besides HbA1c and GV, the scientific community has recently focused on the importance of time in tight range 3.9-10.0 mmol/L (TITR) as a glucose control indicator, correlating with both average glucose levels and GV. TITR is important because it better reflects near-normal, or healthy, glucose physiology than TIR. Low PPGE contributes to achieving tight glycemic control. So the highest TITR may be associated with the lowest PPGE (30–32).

Postprandial glucose can be control with bolus insulin therapy (33, 34). However, the action of many bolus insulins is not sufficiently rapid to match carbohydrate absorption, limiting their efficacy and dosing flexibility (35). Ultra rapid insulins can better match carbohydrate absorption through faster absorption, more rapid onset, and shorter duration of action is highly desired for optimizing PPG control (35).

The active substance of ultra rapid insulin lispro (URLi) is insulin lispro. The excipients contain treprostinil and citrate, which can improve vascular permeability, cause local vasodilation, increase blood flow at the injection site and accelerate the entry of insulin-dependent proline into the vascular circulation to achieve a faster onset of action, shorter duration of action and more effective control of PPG levels (36). Studies have shown that URLi is superior to insulin lispro in controlling PPG levels and has also been shown to be non-inferior in improving HbA1c levels in adults with T2D (37). To date, there has been no study using continuous glucose monitoring systems (CGMS) to evaluate the efficacy and safety of URLi in the treatment of T2D in the Chinese population. Therefore, the aim of this study was to evaluate the efficacy and safety of URLi compared to insulin lispro as bolus insulin (administered 0 to 2 minutes before meal) with basal insulin using CGM in T2D in China.




2 Materials and methods

This was a double-blind, randomized, prospective, phase 3 study. The study was conducted in accordance with the ethical standards of institutional and/or national research committees and following the principles of the 1964 Declaration of Helsinki and later amendments. The study protocol and informed consent documents were approved by the Institutional Ethics Committee of Nanjing First Hospital. Written informed consent was obtained from all patients. The trial was registered with ClinicalTrials.gov (NCT03952143).



2.1 Participants

From May 2019 to April 2020, T2D individuals in outpatient who presented with poorly controlled blood glucose for at least 90 d were enrolled in the Department of Endocrinology, Nanjing First Hospital, Nanjing Medical University, China. Our site was one of the centers. Data sourced from our center.

The inclusion criteria were as follows: 1) age: above 18 years, 2) T2D duration: at least one year, 3) HbA1c: 7.0% to 11.0% at screening, 4) body mass index (BMI): ≤35.0 kg/m2, 5) basal insulin combined with ≥1 prandial insulin or premixed insulin with ≥2 injections daily for ≥90 d prior to screening, 6) combined oral anti-diabetic medication (OAM): no more than three types.

Key exclusion criteria were as follows: 1) any episode of severe hypoglycemia within 6 months prior to screening, 2) one or more episodes of acute complications of diabetes within 6 months prior to screening.




2.2 Randomization

Following an eight-week lead-in period, subjects were randomized to receive either URLi or insulin lispro in a 2:1 ratio.




2.3 Study design



2.3.1 Insulin titration

The study included a one-week screening period and an 8-week lead-in period, followed by a 26-week treatment period, and a 4-week safety follow-up (Supplementary Figure S1). During the 8-week lead-in study period, all the individuals switch from premixed insulin or basal-bolus insulin to basal-bolus insulin. Initial insulin dose allocation: basal insulin accounted for 40-60% of the baseline total daily dose, and meal insulin accounted for another 40-60%. The unit of each meal was assigned by the researchers according to the subjects’ eating patterns. The subjects received a uniform basal insulin regimen during this period: insulin glargine U-100 once daily or insulin degludec U-100 once daily (all the subjects in our site received insulin glargine U-100). The basal insulin dose was titrated according to the median of the last three FBG during the 8-week lead-in period at least once a week, the titration algorithm was in Supplementary Table S1. All subjects self-administered insulin lispro before each meal during the lead-in period, and the dose was adjusted under the guidance of the investigator. During the first 12 weeks after randomization (the intensive titration period), the insulin dose at breakfast was adjusted according to the median of the last three self-monitoring of blood glucose (SMBG) before lunch, the insulin dose at lunch was adjusted according to the median of the last three SMBG before dinner and the insulin dose at dinner was adjusted according to the median of the last three SMBG before bedtime at least once a week (Supplementary Table S2). During 12 to 26 weeks (the maintenance period), neither prandial nor basal insulin were allowed to be adjusted, except for safety reasons such as hypoglycemia or unacceptable hyperglycemia. From the beginning of the 8-week lead-in period and during the 26-week treatment period, only stable dosing of metformin and/or sodium glucose cotransporter-2 inhibitors (SGLT2is) were continued, and other OAMs were discontinued. The investigator gave the subjects dietary guidance about the meal composition and size.




2.3.2 MMTT

A 4-hour mixed glucose tolerance test (MMTT) was determined for all the subjects at baseline (visit 8) and at the end of the primary treatment period (visit 18), where MMTT at V8 had to be performed before randomization. MMTT required the subjects to be on an empty stomach for at least 8 hours, and patients had to have a FBG range of 3.9-10.0 mmol/L before starting MMTT. The standard meal for MMTT was a liquid nutrient mixture, with individualized insulin doses at mealtime, injected within 0-2 minutes before mealtime, and the subjects completed their meal within 15 minutes, with 0 being the time at which the subject began eating. Venous blood was collected 15 minutes before the meal and 0,15,30,60,120,180 and 240 minutes after the start of the meal (8 times).




2.3.3 CGM

All recruited subjects were subjected to a two-time, 3-day, retrospective CGM (Sof-sensor, CGMS-Gold, Medtronic Incorporated, Northridge, USA) at 3 days before Visits 8 and 18, as described previously (38). During the two-time CGM period, subjects were instructed to maintain moderate physical activity and have breakfast, lunch, and dinner at 07:00, 11:00, and 17:00, respectively, with a total daily caloric intake of 25kcal/kg/day. The percentages of carbohydrates, proteins, and fats were 55%, 17%, and 28%, respectively. After the CGM data collection, glucose indicators, such as the 24hr mean glucose concentration (MBG), 24hr standard deviation of the MG (SD), coefficient of variation (CV), TIR (time in range), TAR (time above range), TBR (time below range), TITR (time in tight range), and postprandial glucose excursions (PPGE) were recorded.





2.4 Endpoints

The primary endpoint was to compare the difference of PPGE between the two groups used CGM. The secondary endpoint included HbA1c, other CGM data, hypoglycemia and weight gain.




2.5 Statistical analysis

The sample size required was calculated using PASS 15.0. The level of significance, α, was set as 0.05, and the desired power of the study (1 − β) was 90%. Assuming that the mean of PPGE was 2.2 and 2.9 for the URLi and insulin lispro groups, the hypothesized standard deviation (SD) was 0.7 and 0.75 in each group. The minimum number of subjects required was 56 and assuming a 20% drop out rate over 26 weeks. It was estimated that we need enrolled at least 70 subjects.

Data are presented as mean ± SD, median (interquartile range), or percentage as appropriate. Standard t test was used to compare normally distributed data, and the Wilcoxon test was used for asymmetrically distributed data. The categorical data were examined with chi-square test. All statistical analyses were performed using SPSS version 22.0 software (IBM Corp., USA). A p value < 0.05 was considered statistically significant.





3 Results



3.1 Demographic characteristics

Overall, 75 participants with T2D were assessed for eligibility, 18 participants did not meet the inclusion criteria. Thus, the CGM data of 57 participants were collected and analyzed at the endpoint (insulin lispro, n = 21; URLi, n = 36).

There were no differences in the demographic characteristics of participants between the two groups (Table 1).

Table 1 | The baseline characteristics of subjects of the two groups.


[image: A comparison table showing characteristics of two groups: Insulin lispro and URLi. Categories include gender, age, weight, BMI, ALT, AST, creatinine, HbA1c, FPG, insulin type and dose at study entry, and use of OAMs like SGLT-2 inhibitors and Metformin. Includes mean values with standard deviations and p-values for statistical comparison.]



3.2 HbA1c

After 26 weeks of treatment, the HbA1c levels in the two groups significantly decreased (Table 2). Also in Table 2, we showed that there were no differences in the HbA1c levels between the two groups at different stages of treatment. URLi was non-inferior to insulin lispro in terms of the changes in the HbA1c levels from baseline to week 26. The mean HbA1c level decreased by 1.1% in the URLi group and 0.99% in the insulin lispro group with no treatment difference (p = 0.642) (Table 2).

Table 2 | Different stages of treatment of HbA1c in the two groups.


[image: Table comparing Insulin lispro and URLi across three visits (V1, V8, V18) and changes in HbA1c (Δ). Insulin lispro: V1: 8.71, V8: 7.78, V18: 6.80. URLi: V1: 8.89, V8: 7.88, V18: 6.77. Δ values: Insulin lispro: -0.99, URLi: -1.10. P values for V18 vs V1 and V18 vs V8 are all 0.000. P value summary for V1: 0.549, V8: 0.723, V18: 0.913, Δ: 0.642.]



3.3 MMTT

The superiority of URLi over insulin lispro in controlling 1-and 2-h PPG was demonstrated during the MMTT. Notably, 1-hour PPG was observed to decrease more in the URLi group than that in the insulin lispro group (-1.37 ± 3.28 mmol/L vs 0.24 ± 2.58mmol/L, p = 0.047). Also 2-hour PPG was observed to decrease more in the URLi group than that in the insulin lispro group (-1.12 ± 4.00 mmol/L vs 1.22 ± 2.90 mmol/L, p = 0.021) (Table 3).

Table 3 | The MMTT profile of the two groups.


[image: Table comparing the effects of Insulin lispro and URLi over time with corresponding p values. Time intervals range from minus fifteen to two hundred forty minutes. Mean and standard deviation values are given for both Insulin lispro and URLi at each interval. Notable p values include zero point zero four seven at sixty minutes and zero point zero two one at one hundred twenty minutes. Delta indicates a change from V18 to V8.]



3.4 CGM profile

Notably, MBG, SD, CV, TIR, TITR and TAR showed no significant differences between the two groups (p = 0.873, 0.582, 0.152, 0.465 and 0.542, respectively) (Table 4).

Table 4 | The CGM profile of the two groups at the endpoint.


[image: Table comparing Insulin Lispro and URLi across various parameters with p-values. Parameters include MBG, SD, CV, TIR, TITR, TAR, and TBR, each with mean values and standard deviations. MBG values are similar (Insulin Lispro: 7.80 ± 1.31, URLi: 7.73 ± 1.54) with a p-value of 0.873, indicating no significant difference. Other parameters also show close values with p-values suggesting no statistically significant differences. Definitions provided for acronyms.]
PPGE was calculated as the peak value of glucose after meals minus the glucose level at the beginning of each meal. The BPPGE (PPGE of breakfast) in the URLi group was lower than that in the insulin lispro group (1.59 ± 1.57 mmol/L vs 2.51 ± 1.73 mmol/L, p =0.046). The LPPGE (PPGE of lunch) and DPPGE (PPGE of dinner) did not differ between the two groups (p = 0.759 and 0.262, respectively) (Table 5). The time to achieve the peak value of glucose after each meal had no difference between the two groups (Table 5). TIR and TAR after each meals also showed no significant differences between the two groups (Table 6).

Table 5 | The difference of the PPGE before and after treatment between the two groups.


[image: Table comparing postprandial glucose excursions (mmol/L) for Insulin lispro and URLi at baseline and endpoint for breakfast, lunch, and dinner, along with peak times after meals (minutes). Includes p-values for each comparison: BPPGE, LPPGE, and DPPGE, with values showing reductions at endpoints. Notable p-values: breakfast endpoint for URLi is 0.046, indicating significance.]
Table 6 | The difference of the postprandial 2h and 4h TIR/TAR before and after treatment between the two groups.


[image: Table comparing insulin lispro and URLi in various Time in Range (TIR) and Time Above Range (TAR) metrics. Baseline and endpoint percentages are provided for each condition, including TIR-2hB, TIR-2hL, TIR-2hD, TAR-2hB, TAR-2hL, TAR-2hD, TIR-4hB, TIR-4hL, TIR-4hD, TAR-4hB, TAR-4hL, and TAR-4hD. The table includes p-values for statistical significance. Definitions of TIR and TAR metrics are detailed below the table.]
Although the CGM data showed that individuals in the two groups had similar hourly blood glucose concentrations per hour at the baseline, except at 12:00, the hourly MBG concentration at 12:00 in the URLi group was significantly higher than it in the insulin lispro group (Figure 1A). At the endpoint, the hourly MBG concentrations at 9:00, 10:00, 11:00, 12:00 in the URLi group were significantly lower than those in the insulin lispro group (Figure 1B).

[image: Two line graphs compare mean glucose concentrations in mmol/L over 24 hours for two groups: URLi (blue circles) and Insulin Lispro (red squares). Graph A shows URLi and Insulin Lispro with similar patterns, while Graph B indicates higher peaks for Insulin Lispro between 10:00 and 14:00. Error bars display variation, and significant differences are marked with asterisks.]
Figure 1 | hourly blood glucose concentrations per hour in 24h (A: at the baseline; B: at the endpoint). *: p < 0.05.




3.5 Safety and weight gain

We also compared the risk of severe hypoglycemia (glucose <3.9 mmol/L) between the two groups. Subjects in the URLi group did not show an increased number of hypoglycemic episodes compared with those in the insulin lispro group.

TBR was not significantly different between the two groups (p = 0.743) in the CGM profile (Table 4).

The body weight at baseline and endpoint both did not differ between the two groups. The weight gain in the URLi group did not significantly differ from that in the insulin lispro group (2.74 ± 2.36 kg vs 2.95 ± 2.81 kg, p = 0.303).

At the endpoint, the basal insulin dose did not differ between the two groups, and the bolus insulin dose also did not differ between the two groups (Figure 2).

[image: Bar graph comparing insulin doses (in units per day) for URLi and Insulin lispro across basal, breakfast, lunch, and dinner times. URLi bars are black; Insulin lispro bars are gray. Basal doses are the highest, followed by similar reductions across meals.]
Figure 2 | insulin dose between the two groups at the endpoint.





4 Discussion

This prospective study showed that individuals with T2D who received URLi with basal insulin had better postprandial glycemic control than those who received lispro with basal insulin.

Overall, the results of this study suggest that URLi may provide a glycemic control comparable to lispro insulin in individuals with T2D who have significantly elevated PPG. In individuals with T2D, PPG levels typically peak about 2 hours after a meal (39). The increase in PPG is due to loss of insulin secretion in the first phase, decreased insulin sensitivity in peripheral tissues, and decreased suppression of hepatic glucose production after meals (40). Bolus pre-meal insulin treatment reduces PPGE in T2D (41) The first generation of fast acting insulin analogs has shown better PPGE regulation than standard human insulin. However, there is still an unmet need for insulin analogs with faster onset and a shorter duration of action that could potentially contribute to better PPG control than the rapid-acting insulin analogs (42, 43).

Although there was no clinically significant difference in HbA1c reduction between the URLi groups and the lispro insulin group in the study. It is known that HbA1c measurements can be influenced by factors other than glucose levels (44), such as hemoglobinopathies, red blood cell survival, and metabolic factors that influence the glycation response. Information about glycemic variability or the distinction between fasting, preprandial and PPG is not accurately reflected by the HbA1c value (45). It is therefore not surprising that the HbA1c value may not accurately reflect the improvement in average daily blood glucose levels, particularly the reduction in PPGE in individuals treated with URLi. A 1-h plasma glucose cut off of 155 mg/dL post oral glucose tolerance test (OGTT) is an important predictor of developing T2D (46, 47). PPGE is also associated with inflammation, thrombosis, endothelial dysfunction and the development of oxidative stress, all of which may contribute to the pathogenesis of cardiovascular disease (48, 49). Elevated 2-hour PPG levels are associated with an increased risk of cardiovascular events and mortality (50).The MMTT assessment (at breakfast) showed that URLi lowered 1-hour and 2-hour PPG levels and excursions as effectively or in some cases (in the early post-meal phase), even more effectively than pre-meal insulin lispro.

Similarly, CGM profile results at baseline and after 26 weeks of treatment showed that URLi was more effective than insulin lispro in lowering PPG levels and PPGE after breakfast. The effect of URLi was greatest during breakfast. The most important finding of this study is that URLi works particularly well at breakfast, a meal with a high physiological demand for insulin. The BPPGE in the URLi group was lower than it in the insulin lispro group, the URLi can improve the PPGE of breakfast. The peak PPG after breakfast was relatively the highest and reached the peak value the fastest, indicating severe acute postprandial hyperglycemia. In addition to the influence of dietary habits, this was also related to the peak effect of glucose- increasing hormones such as cortisol during this period.

Our results showed a similar safety profile for URLi and insulin lispro. Importantly, the improvement in PPG control with URLi was not associated with an increase in hypoglycemic events.

There was no previous study investigating the efficacy and safety of URLi in the treatment of T2D with CGM. This study has highlighted that URLi can improve PPG more than insulin lispro. One strength of the study is the use of CGM, which can capture more detailed information about blood glucose levels than SMBG and HbA1c, such as PPGE, SD, TIR, TAR and TBR. One limitation of the study is that it did not assess β-cell function in those with T2D. Thus, the result did not account for differences in the efficacy of URLi in individuals with different islet function.




5 Conclusion

In conclusion, this study shows that URLi can control breakfast PPG better than insulin lispro in adults with T2D in China, while being non-inferior in improving HbA1c. The incidence of hypoglycemic and weight gain were similar in both groups.
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Aims

The present study aimed to investigate the accuracy of the Glunovo® real-time continuous glucose monitoring system (rtCGMS).





Methods

We conducted a 14-day interstitial glucose level monitoring using Glunovo® rtCGMS on thirty hospitalized patients with type 2 diabetes. The flash glucose monitoring (FGM) was used as a self-control. Consistency tests, error grid analysis, and calculation of the mean absolute relative difference (MARD) were performed using R software to assess the accuracy of Glunovo® rtCGMS.





Results

Glunovo® exhibited an overall MARD value of 8.89% during hospitalization, compared to 10.42% for FGM. The overall percentages of glucose values within ±10%/10, ± 15%/15, ± 20%/20, ± 30%/30, and ±40%/40 of the venous blood glucose reference value were 63.34%, 81.31%, 90.50%, 97.29%, and 99.36% for Glunovo®, respectively, compared with 61.58%, 79.63%, 88.31%, 96.22% and 99.23% for FGM. The Clarke Error Grid Analysis showed that 99.61% of Glunovo® glucose pairs and 100.00% of FGM glucose pairs within zones A and B.





Conclusion

Our study confirms the superior accuracy of Glunovo® in monitoring blood glucose levels among hospitalized patients with type 2 diabetes.





Keywords: Glunovo®, rtCGMS, type 2 diabetes, flash glucose monitoring, venous blood glucose





Introduction

Diabetes and its complications impose a heavy burden on patients. It is estimated that the global diabetes prevalence among individuals aged 20–79 will increase to 12.2% (783.2 million) (1). Effective management of blood glucose levels is paramount for individuals with diabetes, as abnormal levels can cause irreversible damage to the cardiovascular and nervous systems (2, 3). Traditional self-monitoring of blood glucose (SMBG) often poses challenges due to its painful and inconvenient nature, hindering standardized blood glucose management. Moreover, while HbA1c provides an average of long-term blood glucose levels, it fails to capture short-term fluctuations (4). Continuous glucose monitoring systems (CGMS) have emerged as a solution to address these limitations. CGM measures glucose concentration in the interstitial fluid rather than blood, and its values are determined by the rate of glucose diffusion from plasma to interstitial fluid and the rate at which subcutaneous tissue cells take up glucose (5). Currently, two types of CGMS are available: flash glucose monitoring (FGM) or intermittently scanned CGMS (isCGMS), and real-time CGMS (rtCGMS) (6).

Glunovo® is an rtCGMS consisting of a sensor, transmitter, and a mobile application for data analysis. The sensor, designed for subcutaneous installation, has a 14-day lifespan. It generates electrical signals, which are transmitted to the mobile application for display of blood glucose readings. While previous studies have indicated the stability and repeatability of Glunovo®, there remains a lack of head-to-head research to evaluate its accuracy (7). To address this gap, we conducted a head-to-head study to assess the accuracy of Glunovo®.





Methods




Study design and study population

Patients with type 2 diabetes who underwent standardized treatment at the Nanjing First Hospital from March 2019 to October 2019 were enrolled in this study.





Inclusion criteria

	(1) Age: 18–70 years.

	(2) Confirmed diagnosis of type 2 diabetes with a duration of at least 3 months.

	(3) No participation in other clinical studies in the past 3 months.







Exclusion criteria

	(1) Pregnancy or breastfeeding.

	(2) History of adhesive tape allergy.

	(3) Acute diabetes complications (e.g., diabetic ketoacidosis and hyperglycemic hyperosmolar coma).

	(4) Severe immunosuppressive disorders or systemic neurological diseases.







Data collection

	(1) General clinical data, including name, age, gender, systolic blood pressure (SBP), diastolic blood pressure (DBP), body mass index (BMI), hemoglobin A1c (HbA1c), triglyceride (TG), creatinine and duration of diabetes.

	(2) Blood glucose values recorded from two groups of CGM devices at three stages: initial (1st or 2nd day), intermediate (7 ± 1 days), and final (14th day), along with paired venous blood glucose measurements.







Details of Glunovo®

The Glunovo® device featured a 14-day real-time glucose oxidase electrochemical sensor with a flexible sensor probe. Glucose and oxygen from tissue fluid permeate the probe, triggering an electrochemical reaction that generates an electrical signal. This signal, emitted every 3 minutes, was processed by a transmitter (7 mm thick, with a lifespan of 3 years), an applicator for the transmitter applied by a simple click, and software for processing and sharing data. The applicator, designed for ease of use, included a button to position the sensor and retract the insertion needle upon pressing.

The processed signals from the transmitter were converted into blood glucose readings, transmitted via Bluetooth to a mobile application. The application provided real-time display of blood glucose readings, reflected glucose fluctuation trends through trend curves, and enabled exportation of historical data. The analysis software could analyze exported data from the application and conduct statistical analyses for a deeper understanding of the titration of anti-diabetic drugs. All sensors were clinically implanted using an automatic abdominal sensor applicator, with each participant receiving two sensors for improved performance. Paired sensors values were calculated using pairwise average absolute difference and matched to corresponding venous blood glucose levels. In case of sensor failure, the replacement sensor would match the venous blood glucose value.





Procedures

All participants underwent a 14-day adaptation period using the CGMS. Following the sensor’s recommendations, the device calibrated twice daily using SMBG measurements every 24 hours. After the 14-day adaptation period, paired continuous glucose values and venous blood glucose values were collected for each participant, with a minimum of 24 readings collected within different time periods over 7 hours. The collection of paired continuous glucose and venous blood glucose readings was randomized, assigning each participant a random collection period divided into three stages: initial, middle, and final. FGM was performed as a matched control during this period.

Real-time blood glucose values measured by Glunovo® were compared with venous blood glucose values measured by hospital nurses using the EKF Fast Blood Glucose Analyzer (Biosen-C-Line, EKF Diagnostics, Cardiff, UK). The measurement range of Glunovo® was approximately 2.2–22.2 mmol/L; values outside this range were not included in the analysis. The study was conducted in accordance with the Helsinki Declaration of 1964 and its subsequent amendments and received ethical approval from the Ethics Committee of Nanjing First Hospital (Approval Number: ChiCTR2100045233).





Statistical analysis

For continuous variables, Shapiro-Wilk test was used to assess normality. Normally distributed data were presented as mean ± SD, and non-normally distributed data as median (interquartile range). Categorical variables were presented as count (percentage). Mean absolute relative difference (MARD) was determined as the average relative difference between the CGMS and venous blood glucose pairs and expressed as a percentage. CGM performance evaluation followed statistical recommendations from Clarke and Kovatchev (8). The numbers of glucose pairs in various risk zones of error grid analyses were determined with the R package “ega,” which is designed for Clarke or Parkes error grid analysis (https://cran.r-project.org/web/packages/ega/ega.pdf). A p-value less than 0.05 was considered statistically significant. All statistical calculations were performed using R software (version 4.3.1).






Results




Baseline characteristics and venous blood glucose

A total of 31 patients were enrolled, with one participant dropping out midway, resulting in the final collection of data from 30 patients. The patients’ characteristics were presented in Table 1, including 18 females and 12 males, with a median age of 56.00 years and an average BMI of 24.55 kg/m2. The median duration of diabetes was 9.00 years, with average SBP and DBP of 123.60 mmHg and 75.07 mmHg, respectively. Blood indicators, including HbA1c, TG, and creatinine, were 7.81%, 1.41 mmol/L, and 64.31 μmol/L, respectively. A total of 2,327 pairs of matched glucose data were available for evaluation. Venous blood glucose levels were categorized as <3.9 mmol/L (6 pairs), 3.9–10.0 mmol/L (1,422 pairs), and ≥10.0 mmol/L (899 pairs).

Table 1 | Baseline patient characteristics.


[image: Table showing health data for 30 subjects: 12 males (40%) and 18 females (60%). Average age is 56 years, BMI is 24.55 kg/m², HbA1c is 7.81%, systolic blood pressure is 123.60 mmHg, diastolic blood pressure is 75.07 mmHg, triglyceride level is 1.41 mmol/L, creatinine is 64.31 µmol/L, and the duration of diabetes is 9 years.]




CGM performance and error grid analysis

MARD values were shown in Table 2. Overall, the MARD for Glunovo® was 8.89%, and for FGM, it was 10.42%. The data were further categorized into rate of change in venous blood glucose groups defined by intervals: <-0.11, (-0.11, -0.06], (-0.06, 0], (0, 0.06], (0.06, 0.11], >0.11 mmol/L/min. The Glunovo® exhibited MARD values of 10.09%, 7.44%, 7.93%, 9.41%, 12.70%, and 17.11% for these respective intervals, whereas the FGM demonstrated MARD values of 10.73%, 9.81%, 10.12%, 10.19%, 11.25%, and 21.30%. For venous blood glucose categorizations: < 3.90, [3.90, 10.00), ≥ 10.00 mmol/L, Glunovo® exhibited MARD values of 8.65%, 8.09%, and 10.58%, respectively, while FGM demonstrates MARD values of 15.21%, 9.60%, and 8.57%. In the initial, middle, and final stages of data collection, MARD values were 8.65%, 8.09%, and 10.58% for Glunovo®, while 15.21%, 9.60%, and 8.57% for FGM.

Table 2 | Comparison of MARD values between Glunovo® and FGM.


[image: A table compares percentages between FGM and Glunovo. Total percentages for FGM and Glunovo are 10.42 and 8.89 respectively. Categories include venous blood glucose levels and ROC. Under venous blood glucose, values are given for levels less than 3.90, between 3.90 to 10.00, and 10.00 and above. ROC values range from less than -0.11 to greater than or equal to 0.11 across multiple intervals. Periods of data collection are also compared at initial, intermediate, and final stages. A note indicates only six paired matched glucose values for readings at 3.90 mmol/L.]
Agreement analyses were presented in Table 3. The overall percentages of glucose values within ±10%/10 mmol/L, ± 15%/15 mmol/L, ± 20%/20 mmol/L, ± 30%/30 mmol/L, and ±40%/40 mmol/L of the venous blood glucose reference value were 63.34%, 81.31%, 90.50%, 97.29%, and 99.36% for Glunovo®, respectively, compared with 61.58%, 79.63%, 88.31%, 96.22% and 99.23% for FGM.

Table 3 | Agreement analysis between Glunovo® and FGM.


[image: A table comparing two glucose monitoring methods, FGM and Glunovo. Each method has accuracy percentages with 95% confidence intervals across five categories: ±10/10%, ±15/15%, ±20/20%, ±30/30%, and ±40/40%. For ±10/10%, FGM shows 61.58 (CI: 61.56-61.60), Glunovo shows 63.34 (CI: 63.32-63.36). For ±15/15%, FGM: 79.63 (79.61-79.65), Glunovo: 81.31 (81.29-81.32). For ±20/20%, FGM: 88.31 (88.3-88.32), Glunovo: 90.50 (90.49-90.51). For ±30/30%, FGM: 96.22 (96.21-96.23), Glunovo: 97.29 (97.29-97.30). For ±40/40%, FGM: 99.23 (99.22-99.23), Glunovo: 99.36 (99.35-99.36). FGM is noted as flash glucose monitoring.]
As shown in Figure 1, Clarke Error Grid Analysis demonstrated acceptable clinical accuracy. For Glunovo®, 99.61% of glucose values fell within zones A (93.64%, n = 2,179) and B (5.97%, n = 139). In comparison, for FGM, 100.0% of glucose values were within zones A (90.29%, n = 2,101) and B (9.71%, n = 226). As shown in Figure 2, Parkes Error Grid Analysis demonstrated acceptable clinical accuracy. For Glunovo®, 100.0% of glucose values fell within zones A (92.52%, n = 2,153) and B (7.48%, n = 174). In comparison, for FGM, 100.0% of glucose values were within zones A (90.29%, n = 2,101) and B (9.71%, n = 226).

[image: Two Clarke Error Grid Analysis charts, A and B, plot test glucose concentration against reference glucose concentration. Both charts display points within zones labeled A to E, indicating levels of clinical accuracy. Chart A shows more points in zone B, represented in blue, while chart B has more points in zone D, shown in green. Both charts have a higher concentration of points in zone A, colored in red, indicating accurate readings. The zones are delineated with distinctive boundaries.]
Figure 1 | Clarke error grid analysis. (A) flash glucose monitoring; (B) Glunovo®. The percentage of measuring points falling in A + B zones was 100.00% for flash glucose monitoring and 99.61% for Glunovo®. Zone A, clinically accurate; Zone B, benign errors; Zone C, overcorrection errors; Zone D, failure to treat errors; and Zone E, erroneous treatment errors.

[image: Two Clarke error grid analyses comparing test glucose concentration against reference glucose concentration. Panel A shows the spread of data points, with most in Zone A (red) and few in Zone B (blue). Panel B, similar to A, also shows concentrations predominantly in Zone A, with a significant number in Zone B. Zones C, D, and E are indicated as less concentrated areas. Both grids are divided into five zones labeled A to E, representing varying degrees of accuracy.]
Figure 2 | Parkes error grid analysis. (A) flash glucose monitoring; (B) Glunovo®. The percentage of measuring points falling in A + B zones was 100.00% for flash glucose monitoring and 100.00% for Glunovo®. Zone A, clinically accurate; Zone B, benign errors; Zone C, overcorrection errors; Zone D, failure to treat errors; and Zone E, erroneous treatment errors.






Discussion

Our findings demonstrated that the Glunovo® exhibited high accuracy, with an overall MARD of 8.89%. In the initial, middle, and final stages of data collection, Glunovo® consistently exhibited excellent performance. The 2013 CGM Roundtable emphasized that MARD values below 14% are desirable, while values exceeding 18% indicate poor accuracy (9). In comparison, the FGM system exhibited a slightly higher MARD value of 10.42%. A study of 72 diabetic patients evaluated a Dexcom G4 Platinum CGMS with a MARD value of 13% (10). The study on Dexcom G5 Platinum CGMS indicated a MARD value of 9.5% (11). In addition, a separate study of Dexcom G6 Platinum CGMS showed a MARD value of 9.0% (12). The Guardian Connect CGMS had a MARD value of 9.7% (13). Notably, due to limited available data within the hypoglycemic range, the accuracy of the sensors in the low blood glucose range (< 3.9 mmol/L) could not be effectively assessed. Previous studies have indicated that MARD values during hypoglycemia were significantly higher than those within the normal glucose range (14). Therefore, the focus of rtCGM in predicting hypoglycemia should be increased in the future.

The accuracy of Glunovo® was impaired during rapid changes in blood glucose, especially when the blood glucose change rate surpasses 0.11 mmol/L/min. Similarly, in a study of CGM in patients with type 1 diabetes, overall MARD during acute exercise was 29.8% (15). Since CGM does not directly measure glucose concentration in the veins, its values are determined by the rate of glucose diffusion from the plasma to the interstitial fluid and the rate of glucose uptake by cells in subcutaneous tissue (5). The rate of change in glucose concentration in interstitial fluid within tissues is typically slower than that in plasma, often resulting in a delay (16). When blood glucose undergoes rapid fluctuations, this delay was amplified, which could compromise the accuracy of CGM.

The Clarke Error Grid Analysis estimated high clinical performance, with 99.61% of samples in the clinically acceptable error zones A and B. In a multicenter study focusing on the Eversense implantable CGM sensor, the results showed that 99.2% of samples were within the clinically acceptable error zones A (84.3%) and B (14.9%) (17). Moreover, real-time continuous glucose monitoring (rtCGM) has shown promising results in monitoring diabetes for peritoneal dialysis patients, with 99.9% of data points falling within zones A and B (18). The evidence mentioned above strongly supports the implementation of rtCGM, providing patients with viable monitoring options.

Several limitations should be considered. First, as subjects received standardized hospital treatment, results may not apply to home care. Second, the potential impact of confounding factors, such as patient medication profiles and the severity of diabetes, may not have been comprehensively addressed. Third, limited hypoglycemia data may impact the assessment of monitoring effectiveness in low glucose conditions. Future studies should aim for larger sample sizes to detect differences in the low blood glucose range, thereby providing more insights for physicians.





Conclusion

In conclusion, our study highlights the enhanced accuracy of Glunovo® in blood glucose monitoring for hospitalized patients, providing an alternative for diabetes assessment and management. Nevertheless, the reliability of Glunovo® in low blood glucose monitoring requires verification. Further research is warranted to provide insights for the utilization of Glunovo® in the future.
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Objective

After fully lifting coronavirus disease 2019 (COVID-19) pandemic control measures in mainland China in 12/2022, the incidence of COVID-19 has increased markedly, making it difficult to meet the general time-in-range (TIR) requirement. We investigated a more clinically practical TIR threshold and examined its association with the prognosis of COVID-19 patients with type 2 diabetes(T2D).





Research design and methods

63 T2D patients complicated with COVID-19 were evaluated. Patients were divided into favorable outcome group and adverse outcome group according to whether achieving composite endpoint (a >20-day length of stay, intensive care unit admission, mechanical ventilation use, or death). TIR, the time-below-range (TBR) and the time-above-range (TAR) were calculated from intermittently scanned continuous glucose monitoring. Logistic regression analysis and other statistical methods were used to analyze the correlation between glucose variability and prognosis to establish the appropriate reference range of TIR.





Results

TIR with thresholds of 80 to 190 mg/dL was significantly associated with favorable outcomes. An increase of 1% in TIR is connected with a reduction of 3.70% in the risk of adverse outcomes. The Youden index was highest when the TIR was 54.73%, and the sensitivity and specificity were 58.30% and 77.80%, respectively. After accounting for confounding variables, our analysis revealed that threshold target ranges (TARs) ranging from 200 mg/dL to 230 mg/dL significantly augmented the likelihood of adverse outcomes.





Conclusion

The TIR threshold of 80 to 190 mg/dL has a comparatively high predictive value of the prognosis of COVID-19. TIR >54.73% was associated with a decreased risk of adverse outcomes. These findings provide clinically critical insights into possible avenues to improve outcomes for COVID-19 patients with T2D.
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1 Introduction

The Chinese Center for Disease Control and Prevention had reported that since the pandemic control measures of coronavirus disease 2019 (COVID-19) were fully lifted in mainland China in 12/2022, the peak number of COVID-19 nucleic acid-positive cases had reached 6.94 million, admissions to hospitals had reached a peak of 1.625 million, of which the highest number of severe cases had reached 128 thousand, and the cumulative number of deaths had reached 4273 by January 2023.

Diabetes has already become the second most common comorbidity of COVID-19 due to the coinciding of two global pandemics (1, 2). A meta-analysis including 7 studies with 1,576 patients showed the prevalence of diabetes of approximately 9.7% (95% CI: 7.2–12.2%) (3). Another meta-analysis was a comprehensive systematic search including data from 76,993 patients (4). According to this study, the prevalence of diabetes was estimated to be 7.87% (95% CI: 6.57–9.28%). Poor glycemic control increased the risk of mortality, morbidity, and secondary infections (5, 6).

These associations between diabetes and worse outcomes in COVID-19 patients were incontrovertible, as blood glucose fluctuation was not conducive to the improvement of disease, and inflammation caused by hyperglycemia led to increased mortality (7, 8). However, excessively tight glycemic control may increase the risk of hypoglycemia, which also increased mortality (9).The impact of COVID-19 on the patients and the use of glucocorticoids and nutritional support during the treatment increased blood glucose fluctuations, which had adverse effects on the prognosis (10). The UK Diabetes guidelines recommend a blood glucose target of 110 to 180mg/dL for diabetes patients with COVID-19, and a blood glucose level of less than 220mg/dL for patients with hypoglycemia and high risk factors (including the elderly, patients with low body weight, patients with severe COVID-19 and/or renal impairment) (11). American Diabetes Association guidelines recommend targeting blood glucose < 180 mg/dL in critically ill patients (12). Clinicians face a significant challenge in improving outcomes for individuals with COVID-19 and type 2 diabetes(T2D) due to uncertainty surrounding the optimal degree of glycemic management and its potential impact on treatment benefits and risks. The definition of optimal blood glucose control remains controversial (13). The wide application of hormonal and nutritional support treatment has led to significant fluctuations in blood glucose levels in clinical practice, making it challenging to maintain the general range. Consequently, our study aimed to analyze glycemic profiles using intermittently scanned continuous glucose monitoring (isCGM) to determine a more clinically practical threshold for TIR and investigate its correlation with prognosis.




2 Materials and methods

In our observational study, data of patients admitted to Qilu Hospital of Shandong University (public tertiary care) from Dec 2022 to Apr 2023 were analyzed. The patients all had moderate or severe cases and were diagnosed according to the guidelines issued by the World Health Organization (WHO) (14), meeting at least the following criteria: positive COVID-19 RNA PCR and characteristic imaging manifestations of novel coronavirus pneumonia. Additionally, eligible patients were those with T2D that had been diagnosed before admission or with newly diagnosed T2D after admission. All patients met the diagnostic criteria of T2D: typical diabetes symptoms plus random blood glucose ≥11.1 mmol/L or plus fasting plasma glucose(FPG)≥7.0 mmol/L or OGTT 2h blood glucose≥11.1 mmol/L. Exclusion criteria included patients who were intubated on admission and those younger than 18 years of age. The study was approved by the Ethics Committees of Qilu Hospital of Shandong University (KYLL-202307–047). Trial Registration: clinicaltrials.gov Identifier: NCT06156137 (Registered November 24, 2023).

Patient information that we collected through electronic medical records include gender, age, vital signs, symptoms on admission, duration of diabetes, comorbidities, FPG, hemoglobin A1c (HbA1c), alanine aminotransferase (ALT), aspartate aminotransferase (AST), total protein (TP), total cholesterol (TC), triglycerides (TG), serum creatinine, uric acid, estimated glomerular filtration rate (eGFR), inflammatory biomarkers, brain natriuretic peptide (BNP), CK-MB and medication, including oral hypoglycemic agent (OHA), insulin, anticoagulant drugs and glucocorticoids. CGM was initiated on admission. Diabetic meals were ordered for all patients during hospitalization.

All patients were equipped with isCGM sensors (FreeStyle Libre Flash glucose monitoring system; Abbott Diabetes Care Ltd, UK) on admission, and the nurse retrieved the probe when the patient was discharged or when the composite endpoint was reached. The routine protocol for glucose monitoring during hospitalization was fixed at four swipes daily (fasting, premeal and bedtime). In addition, scans can be performed when the patient encounters symptoms of hypoglycemia or any other discomfort. Measures of glycemic variability, such as time-in-range (TIR), time-below-range (TBR) and time-above-range (TAR), mean sensor glucose level and coefficient of variation (CV) of glucose levels, were calculated from isCGM records. TIR was defined as the percentage of time within the following ranges: 70–180 mg/dL, 80–190 mg/dL, 90–200 mg/dL, 100–210 mg/dL, 110–220 mg/dL, and 120–230 mg/dL.

A composite adverse outcome included a hospital stay of more than 20 days, admission to the intensive care unit, the need for mechanical ventilation, and death.



2.1 Statistical analysis

All data were analyzed using the SPSS software v.25(IBM Corporation, Armonk, NY). The normal distribution of continuous variables was checked by the Shapiro-Wilk test. Nonnormally distributed variables are presented as the median (IQR), and the Mann-Whitney U test and Kruskal-Wallis ANOVA were used for comparisons between groups. Categorical variables were expressed as numbers (percentages) and were compared using the χ2 test or Fisher’s exact test. To identify the covariates for inclusion in the multivariate analysis, a univariate logistic regression was initially performed. Candidate covariates were selected based on a significance level of P < 0.05 in the univariate analysis. Subsequently, multivariable-adjusted logistic regression models were employed to evaluate the association between TIR using isCGM and composite adverse outcomes. All analyses were adjusted for age, sex, CK-MB, symptoms on admission, LDH, use of OHA and anticoagulant. A receiver-operating characteristic (ROC) curve was constructed with TIR as the independent variable and prognosis as the dependent variable, and the diagnostic value of TIR was assessed based on the area under the curve (AUC). The optimal cutoff value was determined using the Youden index. All statistical tests were two-sided, and a significance level of P < 0.05 was considered statistically significant. Odds ratios (ORs) with 95% CIs are presented.





3 Results



3.1 Clinical characteristics of patients with COVID-19 and T2D upon admission

This study included a total of 63 patients who met the inclusion criteria (Figure 1). Among them, the mean age was 71.59 ± 12.24 years, including 42.90% female and 57.10% male. 27 of the 63 patients experienced composite adverse outcomes. The characteristics of these patients are presented in Table 1. Patients with adverse composite outcome had obvious cardiac damage on admission, and the myocardial injury markers LDH (280[234,342.75] U/L vs. 242[194.25,286] U/L) and CK-MB (2.20 [1.30,4.20] ng/mL vs. 1.50[0.78,2.10] ng/mL) were significantly increased (P<0.05). Additionally, patients in the adverse outcome group appeared to be older(75 vs. 72 years), accompanied by comorbidities(hypertension:70% vs. 67%; coronary heart disease: 70% vs. 56%) and higher levels of CRP(67.29[20.84,127.00] mg/L vs. 41.72 [7.51,95.99]mg/L), D-dimmer(1.76 [0.96,2.85] μg/mL vs. 0.97[0.56,1.81]μg/mL) on admission but there was no significant difference between the two groups.

[image: Flowchart detailing patient outcomes in a study. Initially, 86 patients met the inclusion criteria. However, 23 lacked complete glucose data, leaving 63 enrolled. Of these, 36 experienced composite adverse outcomes, while 27 had favorable outcomes.]
Figure 1 | Trial profile. *Meeting the following criteria: 1. Inpatients; 2. Patients diagnosed with T2D; 3. Patients receiving CGM during hospitalization; 4. Positive COVID-19 RNA PCR and characteristic imaging manifestations of novel coronavirus pneumonia.

Table 1 | Characteristics and isCGM data of patients with COVID-19 and T2D.


[image: Table displaying clinical characteristics, laboratory examinations, and treatments on admission for patients with and without the composite adverse outcome. Parameters include age, gender, heart rate, respiratory rate, blood pressure, fatigue, dyspnea, hypertension, coronary heart disease, and chronic renal diseases. Laboratory data cover leukocyte, neutrophil, and lymphocyte counts; C-reactive protein, procalcitonin, ALT, AST, creatinine, eGFR, CK, CK-MB, LDH, triglycerides, cholesterol levels, D-dimer, FPG, HbA1c, sensor glucose, and coefficient of variation. Treatments include antibiotic therapy, glucocorticoids, anticoagulant therapy, and hypoglycemic agents. Data is presented with median and interquartile ranges, with significant results marked by an asterisk.]



3.2 Clinical treatment of patients with COVID-19 and T2D

The treatment of hospitalized patients with T2D and COVID-19 mainly includes anti-inflammatory therapy, hypoglycemic therapeutics and other nutritional support therapy. More than 70% of the 63 patients were treated with glucocorticoids therapy, 75% of the patients were treated with nutritional support, 52.4% of the patients were treated with anticoagulant therapy and 66.7% of the patients were treated with insulin. Compared with the improved discharge group, more patients in the poor outcome group used anticoagulant therapy (70% vs. 39%, P<0.05). There was no significant difference in the use of antibiotics (93% vs. 97%), glucocorticoids (85% vs. 67%) and insulin (78% vs. 58%) between the two groups (P>0.05).




3.3 Comparison of TIR between the adverse and favorable outcome groups

In the study, the mean TIR (70–180mg/dl) of patients was 48.57%, the mean sensor glucose level was 203.57 (162.7–235.88) mg/dl, and the mean CV was 33.29% (27.88 – 37.62). The proportion of patients with TIR (70–180mg/dL)>70% during hospitalization was 26.9%. Patients with composite adverse outcomes exhibited significantly lower TIR values compared to those with favorable outcomes (P < 0.05) (Figure 2). Univariate and multivariable logistic regression models were used to analyze data from all 63 patients. Univariate regression analysis showed that TIR variables (0.977 [0.957–0.996], 0.968 [0.947–0.990], 0.960 [0.935–0.985], 0.957 [0.930–0.984], 0.958 [0.931–0.986], 0.963 [0.936–0.991]) were associated with a decreased risk of the composite outcome (Figure 3). Univariate logistic regression analysis of composite outcomes is shown in Table 2. After adjustment for multiple covariates (age, sex, CK-MB, symptoms on admission, LDH, use of OHA and anticoagulant), TIRs (0.975 [0.948–1.002], 0.963 [0.932–0.995], 0.951 [0.916–0.988], 0.950 [0.914–0.987], 0.960 [0.926–0.995], 0.967 [0.934–1.001]) exhibited a significant association with reduced odds of composite adverse outcomes (Table 3). Thus, a TIR of 80–190 mg/dL was significantly associated with favorable outcomes.

[image: Box plots labeled A to F compare TIR percentages between favorable and adverse outcomes. Plots A, C, D, and E show highly significant differences (p<0.01). Plot B shows a significant difference (p<0.05), while plot F shows no significant difference (p=0.06). Blue represents favorable outcomes and purple represents adverse outcomes.]
Figure 2 | TIRs in favorable outcomes and adverse outcomes groups during hospitalization. Adverse outcomes showed significantly lower TIR1 (70-180 mg/dL) than favorable outcomes (A), TIR2 (80-190 mg/dL) (B), TIR3 (90-200 mg/dL) (C), TIR4 (100-210 mg/dL) (D), TIR5 (110-220 mg/dL) (E) but TIR6 (120-230 mg/dL) had a weakly negative correlation with the outcomes (F). *P < 0.05, **P < 0.01.

[image: Forest plot displaying odds ratios with 95% confidence intervals for six TIR groups. TIR6 has an odds ratio of 0.963, CI 0.936-0.991, P=0.010. TIR5 shows 0.958, CI 0.931-0.986, P=0.004. TIR4 shows 0.957, CI 0.930-0.984, P=0.002. TIR3 shows 0.960, CI 0.935-0.985, P=0.002. TIR2 shows 0.968, CI 0.947-0.990, P=0.005. TIR1 shows 0.977, CI 0.957-0.996, P=0.021. All intervals depicted with horizontal lines.]
Figure 3 | TIRs variables was associated with decreased risk of the adverse outcome. TIR1:70-180 mg/dL; TIR2:80-190 mg/dL; TIR3:90-200 mg/dL; TIR4:100-210 mg/dL; TIR5:110-220 mg/dL; TIR6:120-230 mg/dL.

Table 2 | Univariate logistic regression analysis of composite outcomes of COVID-19.


[image: A comprehensive table presenting odds ratios and confidence intervals for various clinical characteristics, comorbidities, and laboratory examinations on admission. Significant values include CK-MB (1.543), LDH (1.009), and sensor glucose (1.010). Other notable factors are anticoagulant therapy (3.732) and insulin hypoglycemic agents (2.500). P-values indicate statistical significance levels, with CK-MB (0.020), LDH (0.021), and anticoagulant therapy (0.015) being notable.]
Table 3 | Multivariate analysis for predicting composite adverse outcomes by glycemic metrics derived from isCGM.


[image: Table displaying sensor glucose levels in milligrams per deciliter (mg/dL) with corresponding odds ratios and 95 percent confidence intervals. TIR1 to TIR6 levels are listed with glucose ranges and odds ratios as follows: TIR1 (70-180): 0.975 (0.948-1.002), TIR2 (80-190): 0.963 (0.932-0.995), TIR3 (90-200): 0.951 (0.916-0.988), TIR4 (100-210): 0.950 (0.914-0.987), TIR5 (110-220): 0.960 (0.926-0.995), TIR6 (120-230): 0.967 (0.934-1.001). Data adjusted for age, sex, CK-MB, symptoms upon admission, LDH, OHA use, and anticoagulant use.]



3.4 TIR predicted the prognosis of T2D patients with COVID-19

The multivariate logistic regression analysis revealed that the TIRs of 80–190, 90–200, and 100–210 mg/dL remained as independent predictors of composite adverse outcomes even after adjusting the multiple covariates. ROC analysis was employed to evaluate the prognostic value of TIR for COVID-19 patients with T2D. The test variables were defined as TIRs within the ranges of 80–190, 90–200, and 100–210mg/dL while the state variable was represented by composite adverse outcomes in patients (Figure 4A). The area under the ROC curve was 0.713 (95% CI: 0.585–0.841, P = 0 .004), 0.739 (95% CI: 0.614–0.863, P = 0 .0013), and 0.748 (95% CI: 0.624–0.872, P < 0 .001). The area under the curve is maximized when TIR exhibits high predictive value for COVID-19 patient prognosis. Although the TIR (100–210 mg/dL) had the largest area under the ROC curve, it was not significantly different from the other two ROC curves. This does not indicate that the TIR (100–210 mg/dL) has higher prognostic value than the TIR (80–190 mg/dL) and the TIR (90–200 mg/dL). In this study, the average TIR (80–190mg/dl) of patients with adverse composite outcome was significantly lower than that of the favorable outcome group (38.29 ± 24.94% vs. 57.94 ± 24.42%, P<0.05), while TAR was significantly higher (55.59 ± 31.35% vs. 39.82 ± 25.47%, P<0.05). Therefore, glycemic control between 80 and 190mg/dl can improve the prognosis. In all patients, the TIR of 80–190 mg/dL corresponds to 54.73% and maximizes the Youden index, with a sensitivity and specificity of 58.3% and 77.8%, respectively (Figure 4B).

[image: Two Receiver Operating Characteristic (ROC) curves are shown. Panel A depicts six colored curves labeled TIR1 to TIR6 with AUC values ranging from 0.6728 to 0.7479, assessing different test performances. Panel B shows a single ROC curve with an AUC of 0.713 and P-value of 0.004, indicating statistical significance. Both plots have Sensitivity% on the y-axis and 100% minus Specificity% on the x-axis.]
Figure 4 | The diagnostic value of TIR was evaluated by the receiver operating characteristic (ROC) analysis. (A) The receiver operating characteristic (ROC) analysis was used to evaluate the diagnostic value of TIRs. TIR1:70-180 mg/dL; TIR2:80-190 mg/dL; TIR3:90-200 mg/dL; TIR4:100-210 mg/dL; TIR5:110-220 mg/dL; TIR6:120-230 mg/dL; AUC, area under curve. (B) The receiver operating characteristic (ROC) analysis was used to evaluate the diagnostic value of TIR of 80-190 mg/dL and estimate the optimal cutoff value.





4 Discussion

Data from this cross-sectional study showed that optimal glycemic control during hospitalization was associated with a lower risk of severe illness and death in patients with COVID-19. After adjusting for covariates, maintaining TIR within the thresholds of 80 to 190 mg/dL significantly relates to favorable outcomes.

In our study, the patient population was divided into two cohorts based on the occurrence of composite adverse events. The proportion of severe COVID-19 cases at admission was higher in the population with composite adverse events than in the second cohort (63% vs. 33.3%, P = 0.002). Although patients with composite adverse outcomes were more likely to be male and older than 65 years with comorbidities and higher levels of inflammatory, endothelial, and coagulopathy markers on admission, there was no significant difference between the two groups. Patients achieving composite adverse outcomes had significantly higher CK-MB and LDH levels on admission. When analyzing TIR as a factor influencing outcome, all of the above confounding variables were adjusted for to reach the following conclusion: TIR values with thresholds of 80 to 190 mg/dL were significantly associated with a lower risk of the composite adverse outcomes.

Previous studies have shown that variability is a potential risk predictor of death and other complications (4, 15). The presence of COVID-19 has been shown to play a significant role in impairing blood glucose control within the range of 70–150 mg/dL (13). A study of 548 patients with COVID-19 and T2D has confirmed that the parameters such as mean glucose, peak glucose, and the magnitude of glycemic fluctuations in the early stage of hospitalization are significantly correlated with adverse outcomes, and are closely related to increased hospitalization expenses, prolonged hospitalization time, and increased risk of all-cause death (16). A small-sample study (17) suggested that maintaining TIR (70–160 mg/dL) >70% could improve outcomes. In clinical practice, we found that only 15.87% of patients achieved that target, and the average TIR in our study was 39.36% during the pandemic. Inpatient medication (corticosteroids) and enteral and parenteral nutrition contribute to hyperglycemia (18). The widespread use of glucocorticoids caused patients to experience wide fluctuations in blood glucose levels, which may have more adverse effects than sustained hyperglycemia. In our study, more than 70% of the patients were received glucocorticoids therapy, and 75% were treated with enteral or parenteral nutrition, which resulted in a high mean sensor glucose level [203.57 mg/dL (162.7–235.88)] and a wide CV of glucose values [33.29% (27.88 to 37.62)]. This also explained why the TIR threshold of COVID-19 patients with T2D was higher.

Moreover, the elevation of cortisol levels resulting from COVID-19 infection, stress, and similar factors can contribute to excessive hepatic gluconeogenesis, impaired glucose utilization, and insulin deficiency (19–21). There is a suggested direct impact of SARS-CoV-2 on pancreatic β-cell function and survival, exacerbating rapid and severe metabolic deterioration in individuals with preexisting diabetes (22, 23). Angiotensin-converting enzyme 2 (ACE 2) potentially serves as a crucial molecular link between COVID-19 severity and insulin resistance (23–25). Our findings supported this hypothesis, as the patients who achieved the composite adverse outcomes had a significantly lower TIR (80–190 mg/dL) and a higher TAR >190 mg/dL. Furthermore, they used a higher maximum insulin dose during hospitalization [34(18–47) vs. 19(0–40), P = 0.046]. In this study, we found that poor glycemic control was associated with a worse outcome that included a higher need for medical intervention, hospitalization, and mortality. The insights gained here provide direct suggestions for the clinical management of T2D during the COVID-19 pandemic.

Excessive glycemic control leading to severe hypoglycemia has been associated with increased mortality rates (9). The international consensus on TIR (26) indicated that although evidence regarding TIR for older or high-risk individuals is limited, several studies have demonstrated an elevated risk for hypoglycemia. Therefore, they reduced the TIR target from 70% to 50%. In our study, the age of enrolled patients was relatively high, the mean age was 71.59 ± 12.24 years old, and the TIR (80 to 190 mg/dL) corresponded to 54.73% and had a maximum Youden index. This cutoff value had good clinical significance.

The major advantage of our study lies in the utilization of the isCGM system for T2D patients complicated with COVID-19, enabling comprehensive assessment of hyperglycemia, hypoglycemia, and glycemic variability. Our study has presented the appropriate threshold and cutoff point for TIR in patients with COVID-19 and T2D, which is more relevant to clinical practice. However, several limitations need to be acknowledged. Firstly, it was a retrospective study, which may introduce patient selection bias. Secondly, the sample size was relatively modest and might not fully capture the complexity of the general population. Therefore, large-scale prospective cohort studies involving ethnically diverse cohorts from different geographical regions are warranted to gain a better understanding of the association between glycemic control and COVID-19 progression. Finally, it should be noted that our analysis excluded individuals with type 1 diabetes, but glycemic control could also influence their outcomes.




5 Conclusions

In conclusion, maintaining a TIR (80–190 mg/dL) above 54.73% independently correlates with a significant reduction in composite adverse outcomes associated with COVID-19 infection among patients with T2D. These findings provide valuable insights into the clinical characteristics of glycemic variability in individuals affected by both COVID-19 and T2D while offering potential avenues for improving disease outcomes.
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Objective

To observe the clinical efficacy and safety of the Qingre Lishi decoction in treating of newly diagnosed overweight and obese patients with type 2 diabetes mellitus (T2DM) from an evidence-based medical perspective.





Methods

70 cases of overweight and obese patients with newly diagnosed T2DM treated in the outpatient clinic of the Department of Endocrinology of the Affiliated Hospital of Liaoning University of Traditional Chinese Medicine from December 2021 to November 2022 were selected, of which 35 cases were in the observation group and 35 cases were in the control group. The observation group was treated with the Qingre Lishi decoction add lifestyle intervention, and the control group was treated with lifestyle intervention only. We compared and analyzed the fasting blood glucose (FPG), 2-hour postprandial glucose (2hPG), the occurrence of adverse reactions, and the related indexes provided by wearing the CGM device during the observation period of the patients in the two groups.





Results

53 participants completed the clinical trial. In relation of glycemic control, a decreasing trend has shown in both groups, with the decreases in FPG, 2hPG, eHbA1c, and MG in the observation group being higher than those in the control group (P<0.05). In regard to blood glucose attainment, at the 28d, the attainment rate of patients in the observation group with TIR>80% was 87.10%, and the magnitude of changes in the rise of TIR and the fall of TAR was significantly better than that in the control group (P<0.01). In terms of blood glucose fluctuation, CV and SD of the patients in the observation group decreased compared with the 0d; the magnitude of daytime blood glucose fluctuation was significantly alleviated compared with that of the control group. The degree of decrease in LAGE, MAGE, and MODD was significantly lower than that of the control group (P<0.01).





Conclusion

The Qingre Lishi decoction can effectively improve the hyperglycemic condition of overweight and obese patients with newly diagnosed T2DM. It can reduce blood glucose, alleviate blood glucose fluctuations, reduce the incidence of hypoglycemia, and improve patients’ adherence and self-confidence in controlling blood glucose.





Clinical Trial Registration

https://itmctr.ccebtcm.org.cn/, identifier ITMCTR2024000006.





Keywords: newly diagnosed type 2 diabetes mellitus, type of damp-heat trapped spleen, Qingre Lishi decoction, CGM, blood glucose fluctuation




1 Introduction

The number of newly diagnosed type 2 diabetes (T2DM) patients in the world is increasing year by year and growing faster than before, of which the proportion of overweight people has reached 41.0%, while the proportion of obese people is 24.3% (1). Additionally, only 30.2% of those with a body mass index (BMI) over 28 have achieved glycated hemoglobin (HbA1c) control (2, 3). In 2021, the definition and criteria for alleviating T2DM were clearly stated at the American Diabetes Association (ADA) (4). Subsequently, the Consensus of Chinese Experts on the Remission of Type 2 Diabetes Mellitus was officially promulgated, re-emphasizing the importance of alleviating T2DM (5). Varies of domestic and international studies have confirmed that early intensive lifestyle intervention and medication for overweight and obese T2DM patients can substantially improve their hyperglycemic state and delay the progression of T2DM (6–8). Therefore, we have committed to alleviating T2DM as the ultimate goal of treating patients with newly diagnosed T2DM.

Nowadays, an increasing number of patients with newly diagnosed T2DM in China are opting to use Chinese herbs to manage their blood glucose levels. The Guideline for the Prevention and Treatment of Type 2 diabetes mellitus in China (2020 edition), along with several meta-analyses and randomized controlled studies, confirm that early herbal treatment for newly diagnosed T2DM can reduce patients’ symptoms, effectively regulate their blood glucose. In addition to this, herbal medicine can improve the β-cell functional index and insulin sensitivity post-treatment while restoring their own pancreatic islet function (9–16). For instance, Chinese herbal ginseng and astragalus compounds can rectify the instability of the internal environment caused by pathogenic factors and relieve inflammation, subsequently reducing blood glucose and improving the patients’ quality of life.

After years of clinical experience, our research team has concluded that the pathogenic perspective of Damp-heat induced Wasting-thirst (17, 18). We believe that most newly diagnosed T2DM are overweight, and mainly belongs to the type of Damp-heat trapped spleen, with severe insulin resistance and pancreatic islets β-cells damage. From multiple perspectives, including animal experiments and clinical evidence-based researches, we found that in overweight or obese T2DM individuals, those belonging to the type of Damp-heat trapped spleen showed significantly elevated levels of clear IL-6 and PRA, Ang II, and ALD of the RASS system (19–21). In this way, it was confirmed that impaired glucose regulation mechanisms contribute to the exacerbation of oxidative stress in vascular endothelium. Combined with the contemporary high-sugar and high-fat dietary pattern, we also found that pancreatic β-cells in individuals with T2DM often experience overload, resulting in repetitive stimulation of the vascular endothelium and subsequent development of oxidative stress, which then leads to persistent fluctuations in blood glucose (22–24). Similarly, an increasing number of experimental studies focusing on glucose-lipid metabolism, intestinal flora, and other aspects of overweight/obesity T2DM have shown common characteristics related to Damp-heat trapping the spleen. These studies have also revealed a disordered inflammatory regulatory mechanism in the body, dysfunction in adipokines and intestinal flora, as well as damaged or dysfunctional pancreatic islet β-cells (25–30). Although numerous evidence-based studies have been conducted to showcase the efficacy of Chinese herbal medicines in reducing and controlling blood glucose, the majority of these studies have combined with treatment of both traditional Chinese medicine and Western medicine.

However, this approach fails to provide a comprehensive evaluation of the actual effectiveness of Chinese herbal medicines alone. In a word, the principle of blood glucose lowered by traditional Chinese medicine still lacks the basis of clinical observation. Therefore, from the perspective of evidence-based medicine, our team treated newly diagnosed overweight and obese T2DM patients with the addition and subtraction of the Qingre Lishi decoction and evaluated its clinical efficacy and safety. Additionally, we integrated a continuous glucose monitoring system and a mobile application device to evaluate the impacts of treatment with the addition and subtraction of the Qingre Lishi decoction on blood glucose fluctuations.




2 Methods



2.1 Study design and participants

In this trial, 70 overweight and obese patients with newly diagnosed T2DM in the Department of Endocrinology of the Affiliated Hospital of Liaoning University of Traditional Chinese Medicine between December 2021 and November 2022 were selected. All participants were included according to the T2DM criteria defined in the ADA Guidelines for the Diagnosis and Treatment of Diabetes (2021 edition) and Guideline for the Prevention and Treatment of Type 2 diabetes mellitus in China (2020 edition). This research was approved by Ethics Committee of the First Affiliated Hospital of Liaoning University of Traditional Chinese Medicine [Y2023109CS(KT)-109-01]. And it was also registered with the code of ITMCTR2024000006 (Registration date: 15/01/2024) in the International Traditional Medicine Clinical Trial Registry.



2.1.1 Specific inclusion criteria

a. newly diagnosed T2DM, with no comorbidities or complications of diabetes; b. the course of the disease is within 12 months (including 12 months); c. the age of patients were between 18 and 65, regardless of gender; d. overweight and obese, BMI ≥ 24kg/m2, defined by Chinese criteria (30); e. no COVID-19 infections in the last 6 months, 48 hours negative for novel coronavirus-N gene test and negative for novel coronavirus-ORF1ab gene test.




2.1.2 The exclusion criteria

a. failure to meet the new diagnosis of T2DM; b. women who are pregnant or breastfeeding; c. those with severe heart, lung, brain, liver and kidney diseases; d. combination of any diabetic comorbidities and complications of diabetes mellitus; e. allergy or intolerance to therapeutic drugs; f. severe mental disorders, functional neurologic disorders and inability to communicate properly; g. other diseases that may have an effect on glucose metabolism; h. experience of a critical illness or other stressful situation within the last month; i. participation in other studies within the last 3 months; j. COVID-19 infection in the last 6 months, or 48 hours positive for novel coronavirus-N gene and positive for novel coronavirus-ORF1ab gene. Termination criteria: Newly diagnosed overweight and obese T2DM remained HbA1c/eHbA1c > 7.5% after 1 month of treatment with the addition and subtraction of the Qingre Lishi decoction.




2.1.3 Procedure

All 70 eligible participants underwent an OGTT test upon enrollment and wore ambulatory glucose monitoring. At the same time, the attending physician provided them with training and guidance on the application of CGM and APP software, and conducted follow-up visits at the 14d and 28d after enrollment. Each participant was required to wear the CGM throughout the observation period, including during showering and sleeping. The participants were provided with dietary instructions for managing diabetes, specifying a consumption of 30 kcal/(kg·d), distributed across three meals, with 50% from carbohydrates, 15% from protein and 35% from fat (9). The exercise instruction requires each patient to walk slowly for 30 minutes each morning. Smoking, alcoholic beverages, or drinks containing alcohol are not allowed during the observation period.

The observation group was given Traditional Chinese Medicine, the Qingre Lishi decoction. Essential medicine composition: radix bupleuri (Chai Hu, 柴胡) 15g, rhizoma pinellinae praeparata (Fa Banxia, 法半夏) 15g, scutellaria baicalensis (Huang Qin, 黄芩) 15g, wine-treated rhubarb (Jiu Dahuang, 酒大黄) 15g, sinocalamus affinis (Zhu Ru, 竹茹) 15g, fructus aurantii immaturus rhizome (Zhi Shi, 枳实) 10g, anemarrhenae (Zhi Mu, 知母) 10g, raw gypsum (Sheng Shigao, 生石膏) 15g, coptis chinensis (Huang Lian, 黄连) 15g, cassia twig (Gui Zhi, 桂枝) 10g, rhizoma zingiberis (Gan Jiang, 干姜) 10g, dark plum (Wu Mei, 乌梅) 5g, schisandra chinensis (Wu Weizi, 五味子) 5g. Method of administration: prepare 300 mL of the above Chinese medicine after decocting it in water, and take 100 mL of it warm during the three meals in a day, analyze the pattern of disease in combination with the participants, and adjust the treatment accordingly. All participants in the control group expressed a voluntary preference for lifestyle interventions over medication. At the same time, they were willing to receive CGM to better understand their glycemic changes. Apart from that the control group remained consistent with the observation group in meeting all other requirements.





2.2 Outcomes and measures



2.2.1 Primary outcome

The primary was the change from baseline levels in relevant glycemic indicators at the 14d and 28d. Indicators include fasting blood glucose (FPG, mmol/L) and 2-hour postprandial blood glucose (2hPG, mmol/L) obtained after the OGTT test; estimated HbA1c (eHbA1c, %), standard deviation (SD, mmol/L), mean amplitude of glycemic excursions (MAGE, mmol/L), large amplitude of glycemic excursions (LAGE, mmol/L), mean of daily differences (MODD, mmol/L), coefficient of variation (CV, %), time in range (TIR, %): percentage of time with blood glucose between 3.9 and 10.0 mmol/L, time above range (TAR, %): percentage of time with blood glucose ≥10.0 mmol/L, time below range (TBR, %), mean blood glucose (MG, mmol/L) in CGM reports.




2.2.2 Secondary outcomes

Included BMI, triglyceride (TG, mmol/L), low density lipoprotein (LDL-C, mmol/L), alanine aminotransferase (ALT, U/L), aspartate aminotransferase (AST, U/L), γ-glutamyl transpeptidase (GGT, U/L), serum creatinine (Scr, μmol/L), urea nitrogen (UREA, mmol/L).




2.2.3 Laboratory data measures

In this study, FPG, TG, LDL-C, ALT, AST, GGT, Scr, and UREA were measured with a fully automated biochemical analyzer (HITACHI Model 7600-020; Hitachi, Japan; Immunoturbidimetric method). Normal reference range for monitoring biochemical indicators: FPG: 3.9 ~ 6.1mmol/L, TG: 0.7 ~ 1.7mmol/L, LDL-C: ≤ 3.62mmol/L, ALT: 5 ~ 40U/L, AST: 8 ~ 40U/L, GGT: 11 ~ 50U/L, Scr: 59 ~ 104μmol/L, UREA: 2.9 ~ 8.2mmol/L. Detection of HbA1c and FCP by fully automated electrochemiluminescence immunoassay analyzer (Cobas Model e601; Roche, Germany; immunoluminescent method). Normal reference range for monitoring biochemical indicators: HbA1c: 4.0% ~ 6.0%, FCP: 1.1 ~ 4.4ng/mL. The ATTD International Consensus recommends a TIR attainment cutoff of 70 percent. Considering that this study is on newly diagnosed T2DM, the higher the percentage of TIR attainment, the more it contributes to their T2DM remission, so 80% was chosen as the cut-off point for TIR attainment in this study (31).




2.2.4 Glucose measures

The CGM monitor was used in this study to monitor patients’ daily blood glucose in real time. The continuous glucose monitoring system (model: GS1, Registration Certificate No.: National Equipment Standard 20213070871) produced by Shenzhen Silicon-Based Sensing Technology Co., Ltd. is selected for blood glucose monitoring, including the sensor package and the mobile phone Silicon-based Dynamic APP software (version: 01.11.00.00). The sensor package includes the sensor electrode assembly and guide pin, while the applicator includes the transmitter and transmitter back glue. The effective range of the blood glucose test for this instrument is 2.2 ~ 25 mmol/L.

The sensing probe is inserted into the subcutaneous tissue of the inner side of the participant’s upper arm. It receives an electrical signal each minute, storing and recording a factual blood glucose value each 5 minutes. This amounts to 288 values per day, providing continuous monitoring of the participant’s blood glucose for 14 days, resulting in a total of 4021 blood glucose values. If the participant’s blood glucose value exceeds the effective range, the mobile app will display an alert message stating very low blood glucose or very high blood glucose accompanied by an alarm sound. After wearing the device for 14 days, the APP system automatically generates an AGP map based on the recorded values.





2.3 Statistical analysis

Data processing was performed with SPSS 25.0 statistical software. All measures conforming to a normal distribution expressed by means ± standard deviation (SD), and non-normally distributed measures were expressed by medians (interquartile range), except for separate labeling. Independent t test and paired t test were used to analyze and compare between and within groups for data conforming to normal distribution, respectively, while non-normally distributed data were compared between and paired within groups using non-parametric rank sum test and Friedman test. P< 0.05 was considered a statistically significant difference, and P< 0.01 was considered a statistically significant difference.





3 Results

A total of 53 patients finally completed the observation. Among the dropouts, there were 4 cases in the observation group where 2 cases refused to continue with the original medication or clinical regimen, and 2 cases exhibited poor adherence during the wearing process. In the control group, there were 13 dropouts where 5 cases could not be revisited for various reasons, 2 cases showed poor adherence during the wearing process, and 6 cases refused to continue with the original medication or the clinical treatment regimen, and asked to withdraw from the study (Figure 1). There were 26 males and 27 females, with an average age of (47.36 ± 11.71) years, BMI (27.17 ± 2.39) kg/m2, and FPG (venous blood) 9.42 ± 2.44 mmol/L. During the observation process, the differences in age, disease duration, BMI and blood glucose indexes between the two groups were not statistically significant (P > 0.05) (Tables 1, 2).

[image: Flowchart depicting a study with 70 participants. Thirty-five entered the observation group and 35 the control group. At two weeks, 34 from the observation group remained, with one withdrawal for non-compliance. At one month, 33 remained after another similar withdrawal. At three months, 31 were assessed after two withdrew, refusing to continue. In the control group, six withdrew at two weeks, for various reasons, leaving 29. At one month, four more left, retaining 25. By three months, three additional withdrew, leaving 22 assessed.]
Figure 1 | Progress of the research.

Table 1 | Comparison of baseline characteristics between the observation and control groups [ [image: Mathematical notation showing the partial derivative symbol followed by a subscript "X".]  ± s or M (Ql, Qu)].


[image: Table comparing characteristics of observation and control groups. Parameters include gender, age, course of disease, BMI, education, physical activity, smoking, drinking, and family history of diabetes. P-values are provided to indicate statistical significance of differences between groups.]
Table 2 | Comparison of basic biochemical indexes between observation and control groups [ [image: Mathematical notation showing "X" with a bar over it, typically representing the mean or average of a set of values.]  ± s or M (Ql, Qu)].


[image: Table comparing various biochemical parameters between an observation group and a control group, with corresponding P values. Parameters include C peptide, LDL-C, TG, ALT, AST, GGT, serum creatinine (Scr), and UREA. P values indicate statistical significance, with AST and GGT showing significance at 0.034 and 0.001, respectively. Descriptive statistics such as mean and standard deviation or range are included for each parameter.]


3.1 Comparison of changes in blood glucose control indexes before and after observation

Throughout the trial, we noticed a decrease in FPG, 2hPG, and eHbA1c levels in newly diagnosed overweight and obese T2DM patients when compared to the 0d. However, the observed change was statistically significant (P< 0.05) only within the observation group, both in comparison to the 0d and in comparison to the control group. Furthermore, this difference was found to be statistically significant when comparing the two groups (P< 0.01) (Table 3).

Table 3 | Comparison of changes in blood glucose-related indexes before and after observation between the observation group and the control group ( [image: Mathematical expression featuring the variable "x" styled in a serif font, surrounded by subtle visual noise or blur, enhancing the textual element's aesthetic presentation.]  ± s).


[image: A table comparing fasting blood glucose (FPG), 2-hour postprandial glucose (2hPG), and estimated glycated hemoglobin (eHbA1c) between observation and control groups over time points 0, 14, and 28 days. Results show significant differences in FPG, 2hPG, and eHbA1c levels with associated t-scores and p-values, indicating statistical significance at various points. Footnotes indicate significance comparisons between groups and days.]



3.2 Comparison of changes in CGM monitoring indicators before and after observation



3.2.1 Changes in blood glucose fluctuations index

The results indicated that after the 28d of treatment with the Qingre Lishi decoction, the SD, CV, LAGE, MAGE, and MODD of patients in the observation group exhibited a decreasing trend (Figure 2). The differences in LAGE, MAGE, and MODD were statistically significant (P< 0.01) when compared to both the 0d and the control group (Table 4).

[image: Bar chart showing various indicators in mmol/L for observation and control groups over days 14, 28, and 84. Indicators include MG, MAGE, LAGE, and MODD. The observation group shows blue, orange, green, and yellow bars, while the control group shows blue with pattern, orange with pattern, green with pattern, and yellow with pattern bars. Error bars indicate variability.]
Figure 2 | Comparison of changes in blood glucose fluctuation indicators between the observed and control groups. mean blood glucose (MG), large amplitude of glycemic excursions (LAGE), mean amplitude of glycemic excursions (MAGE), mean of daily differences (MODD).

Table 4 | Comparison of changes in CGM indexes before and after observation between the observation group and the control group [ [image: A mathematical expression showing the character "X" with a subscript "i" indicating an indexed variable.]  ± s or M (Ql, Qu)].


[image: A table comparing various parameters between an observation group and a control group over different time points (days 1, 14, and 28). Parameters include Time in Range (TIR), Time Above Range (TAR), Time Below Range (TBR), Mean Blood Glucose (MG), Coefficient of Variation (CV), Large Amplitude of Glycemic Excursions (LAGE), Mean Amplitude of Glycemic Excursions (MAGE), and Mean of Daily Differences (MODD). The table includes mean values, standard deviations, p-values, and test statistics (t/Z values) for each parameter at each time point, comparing the observation group and control group. Significant p-values are marked.]
In pairwise analysis within the observation group, it was observed that compared to the 14d, the amplitude of blood glucose fluctuation was significantly improved after the patients were treated with Qingre Lishi decoction. And the changes in LAGE, MAGE, and MODD were statistically significant (P< 0.05). However, in the control group, which underwent only lifestyle intervention, it was found that changes in LAGE, MAGE, and MODD were not significant, and the changes in SD and CV exhibited an increasing trend. Additionally, the upward change in SD was statistically significant compared to the 0d (P< 0.05). This indicates that patients who only underwent lifestyle interventions had greater fluctuations in their own blood glucose (Table 4).




3.2.2 Changes in blood glucose compliance index

Paired analyses showed statistically significant differences in TIR, TAR, and TBR compared to the 0d among patients in the observation group (P< 0.05). Furthermore, when comparing the 28d to the 14d with the Qingre Lishi decoction, significant differences in TIR and TAR were observed (P< 0.01). Meanwhile, we noted slight improvements in TIR and MG through lifestyle intervention alone, but after the 28d of intervention, we observed a rebound trend in TIR, TAR, TBR, and MG among the patients (Table 4).

In conclusion, using TIR > 80% as the measure of success, the TIR attainment rate in the observation group significantly improved to 87.10% after the 28d of treatment with the Qingre Lishi decoction. This indicates a notable upward trend in TIR and significant relief in blood glucose levels among the patients. On the other hand, the TIR attainment rate in the control group was only 22.73%. Moreover, as time progressed, the changes in TIR, TAR, TBR, and MG were not evident and even exhibited a rebound effect (Table 5; Figure 3).

Table 5 | Comparison of TIR attainment at each observation stage between the observation group and the control group.


[image: Table showing Time in Range (TIR) percentages for observation and control groups at two time points, 14 and 28 days. Categories: TIR less than or equal to 80%, between 80% and 90%, and greater than 90%. Numbers represent the count and percentage in parentheses for each group.]
[image: Bar chart showing TIR compliance rates for observation and control groups on days 14 and 28. The chart displays categories: TIR ≤ 80%, 80% < TIR ≤ 90%, and TIR > 90% for both groups, using different colors and patterns. Rates are higher on day 28, especially for TIR ≤ 80% groups. Error bars indicate variability.]
Figure 3 | Comparison of TIR attainment in the observation group and control group. time in range (TIR).




3.2.3 Changes in AGP mapping

The 1d, 14d, and 28d after wearing CGM were chosen as observation points. The matplotlib library for Python used to visualize AGP in both groups of patients. The results showed that before the 0d, the majority of newly diagnosed T2DM patients in the group had high blood sugar levels and experienced significant fluctuations. Their hyperglycemic condition improved after lifestyle intervention or treatment with the addition of the Qingre Lishi decoction (Figure 4).

[image: Three line graphs labeled A, B, and C show blood glucose levels (mmol/L) over 24 hours. Each graph includes lines for the median, upper, and lower quartiles for both a study group and a control group. The graphs illustrate trends and variations in glucose levels throughout the day, with overlapping shaded areas representing quartile ranges.]
Figure 4 | Comparison of blood glucose change curves between the observation and control groups at each observation time point. (A) Blood glucose fluctuation profiles of patients in the observation group and control group on the 1 day of wearing CGM. (B) Blood glucose fluctuation profiles of patients in the observation group and control group on the 14 day of wearing CGM. (C) Blood glucose fluctuation profiles of patients in the observation group and control group on the 28 day of wearing CGM.

At the 14d of observation, there were already noticeable differences in AGP maps between the two groups of patients. At the 28d of observation, the patients in the observation group exhibited more stable AGP maps and experienced less fluctuation in blood glucose levels compared to the control group. The observation group showed improvements in hyperglycemia, with reduced and stabilized fluctuations in the blood glucose change curve compared to the previous one. After 28d of clinical treatment, the blood glucose change curve in the observation group became smoother, with smaller fluctuation amplitudes, which was significantly improved compared with the 0d (Figure 4).





3.3 Adverse reactions

We observed that in the observation group, all newly diagnosed overweight and obese T2DM patients did not exhibit significant abnormalities in ALT, AST, GGT, UREN, and Scr after treatment with the Qingre Lishi decoction. The differences in the changes were not statistically significant (P > 0.05). It means that the Qingre Lishi decoction will not affect liver and kidney functions in humans. In terms of hypoglycemic events, there were 2 cases of hypoglycemia in the observation group and 6 cases of hypoglycemia in the control group, the incidence of hypoglycemia in the two groups was 6.45% and 27.27% respectively, demonstrating a statistically significant difference in the occurrence of hypoglycemia according to the chi-square test (P< 0.05) (Table 6).

Table 6 | Comparison of the incidence of hypoglycemia between the observation group and the control group.


[image: Table comparing hypoglycemia occurrence in observation and control groups. Observation group: 2 cases (6.45%). Control group: 6 cases (27.27%). Chi-square value: 4.353. P value: 0.037.]




4 Discussion

The results of this study suggested that treatment with the Qingre Lishi decoction could significantly relieve blood glucose levels in overweight and obese patients with newly diagnosed T2DM. It was found that from the 14th day of observation, the changes in eHbA1c of the patients in the observation group were statistically significant when compared with the control group. At the 28d, the changes in FPG and 2hPG of the patients in the observation group started to show statistical differences. We believe that this may be related to the fact that Chinese herbal tonics require a certain amount of time to accumulate efficacy in controlling blood glucose and regulating the patient’s internal environment stability. This finding was also consistent with the results described in a previous study by Liying Zhang (32). Comparison within the group revealed that in those who adhered to the Qingre Lishi decoction for 28 days, the patients’ FPG, 2hPG and eHbA1c were significantly relieved, and their quality of life was improved. It also provided a good foundation for remission of newly diagnosed T2DM. This was consistent with the findings of the latest real-world study by Prof. Guoming Pang’s team (33, 34).

Another strength of our study was the use of a continuous glucose monitoring system in order to demonstrate that the Qingre Lishi decoction reduces glycemic fluctuations and enhances glycemic stability in newly diagnosed overweight and obese T2DM patients, with a low incidence of hypoglycemia and a safety profile. Glycemic fluctuations have now been shown to increase vascular endothelial oxidative stress, thus becoming an independent risk factor for vascular complications in diabetes. Our team’s previous study has also demonstrated that IL-6 levels are significantly elevated in newly diagnosed T2DM patients of the type of dampness heat trapped spleen, and that oxidative stress damage to the vascular endothelium is more severe (18). Meanwhile, it has also been shown in a large number of studies that beneficial genera such as rumenococci and Bradyrhizobium spp are diminished in the intestinal flora of obese T2DM patients. This reduction weakens bile acid metabolism, resulting in glucose metabolism disorders, decreased insulin sensitivity, and significant fluctuations in blood glucose levels (21, 22, 35, 36). Therefore, the focus of clinicians has shifted towards achieving a more precise and effective reduction in blood glucose levels while also minimizing fluctuations.

In recent years, there has been an increasing number of studies using CGM to evaluate TIR in patients with T2DM. Moreover, TIR has been proposed as a valuable addition to the glycemic control targets (9). After evaluating CGM data, we observed that as the duration of the treatment with the Qingre Lishi decoction increased, patients achieved higher rates of TIR. Additionally, TAR decreased significantly, while the change in TBR was not conspicuous. After the 28d of treatment with the formula, patients exhibited smoother blood glucose change patterns within a 24-hour period, and the amplitude of blood glucose fluctuation was significantly reduced. To assess blood glucose variability, we used SD and CV, and then, we found that after treatment with the Qingre Lishi decoction, the patients’ blood glucose fluctuations decreased compared to the 0d. On the other hand, relying solely on lifestyle interventions did not relieve blood glucose fluctuations and, in fact, tended to exacerbate their intensity. This further suggests that the administration of the Qingre Lishi decoction can effectively decrease blood glucose fluctuations and strengthen blood glucose regulation. This study also discovered that in the short term, lifestyle interventions alone could partially manage blood glucose, though to a limited extent. However, in the long run, the majority of patients struggle to maintain a consistent and appropriate diet and exercise routine. As a consequence, glycemic control rates diminish, blood glucose experiences significant fluctuations, and then, in some cases, a rebound effect may manifest.

The incidence of newly diagnosed T2DM in China is gradually rising. It is marked by a substantial number of individuals being overweight or obese, low adherence to glycemic control, and insufficient patient awareness. However, TCM treatment for T2DM possesses distinct advantages and has garnered increasing recognition. In recent years, large-scale clinical trials have confirmed that TCM has made good achieved positive outcomes in regulating overall metabolic functions and managing blood glucose levels (13, 37, 38). These findings open up new possibilities for TCM to effectively manage blood glucose levels in newly diagnosed T2DM patients, aiming for stable blood sugar levels and achieving remission of newly diagnosed T2DM. However, it is important to note that there is limited research on the use of herbal formulas alone as interventions for controlling blood glucose in newly diagnosed T2DM patients. Therefore, we combined the CGM technique to confirm the effectiveness and safety of herbal formula in mitigating and stabilizing blood glucose in newly diagnosed T2DM patients from the perspective of clinical medical research.

In this study, the selected drugs were based on Da Chai Hu Decoction as the fundamental formula. Modern pharmacological studies have confirmed that the active ingredients in the drugs of the formula possess anti-inflammatory properties, prevent vascular endothelial oxidation, lower blood glucose levels, and improve insulin resistance. For example, the Chaihu polysaccharides and Chaihu saponins in radix bupleuri (Chai Hu, 柴胡) can increase the sensitivity to inhibit inflammatory signaling pathways, such as the HMGB1-TLR4 signaling pathway, inhibit oxidative stress, and activate the 5-HT2C receptor that suppresses appetite in humans. Thus they play a crucial role in preventing inflammation, inhibiting the oxidation of the vascular endothelium, and preventing weight gain (39–41). Scutellaria baicalensis (Huang Qin, 黄芩) decoction regulates the metabolism of substances in the body thereby reducing blood lipids and treating obesity; it inhibits NO production, exerts anti-inflammatory effects, and is closely related to diseases such as edema, hypertension and heart disease (42, 43). The organic acids and polysaccharides contained in dark plum (Wu Mei, 乌梅) can exhibit antioxidant activity, protect pancreatic β-cells, and improve insulin resistance, thereby reducing blood glucose levels. The organic acids present in dark plum (Wu Mei, 乌梅) can also reduce oxidative stress and inflammation by modulating the Nrf2/ARE signaling pathway and inhibiting ROS overproduction (44, 45). Additionally, a large number of animal experiments have also confirmed the effectiveness of the drugs in the formula (46, 47). For instance, rhizoma zingiberis (Gan Jiang, 干姜) decoction can resist vascular oxidation, inhibit platelet aggregation, improve lipid metabolism, and also improve cardiac function by modulating Ang II, TNF-α, MDA, and NO (48–50). In both in vivo and in vitro studies, cinnamaldehyde in cassia twig (Gui Zhi, 桂枝) has been shown to be the component most closely associated with reducing blood glucose levels (51–53). The team from Iran even demonstrated that aqueous extract of rhubarb (Da Huang, 大黄) had a positive effect on insulin resistance and lipoproteins in T2DM patients (54).

As far as we know, the strength of this study lies in its clinical approach, combining CGM monitoring techniques with the use of herbal formulas to control glycemia in newly diagnosed overweight and obese T2DM. However, there are some limitations and shortcomings in this study. Firstly, it is limited by a small sample size and a short follow-up period. Secondly, when it comes to acquiring observational metrics, we only compared the differences between pre- and post-observations of eHbA1c in the enrolled patients, disregarding the differences in HbA1c itself. Additionally, we only collected the fasting C-peptide values at the time of enrollment and did not collect their fasting insulin values, which prevented us from calculating the HOMA-β and Matsuda index to assess the effect of the Qingre Lishi decoction on the improvement of insulin resistance and insulin secretion/sensitivity in the patients. Thirdly, although each patient received formal diabetic diet and exercise instructions, their related behaviors were not meticulously recorded, which could also have an impact on blood glucose indicators.

In the future, we plan to conduct a large-sample, multi-center randomized controlled trial to validate the effectiveness of the Qingre Lishi decoction in managing blood glucose, improving insulin resistance and alleviating blood glucose fluctuations among individuals newly diagnosed with T2DM from multiple perspectives.




5 Conclusion

The Qingre Lishi decoction can effectively improve the hyperglycemic condition of overweight and obese patients with newly diagnosed T2DM. It can reduce blood glucose, alleviate blood glucose fluctuations, reduce the incidence of hypoglycemia, and improve patients’ adherence and self-confidence in controlling their own blood glucose.
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Objective

The long-term glucose monitoring is essential to the risk assessment of diabetic retinopathy (DR), the aim of this study was to investigate the predictive ability of visit-to-visit fasting blood glucose (FBG) indices on the risk of DR.





Methods

This was a community-based, cohort study conducted from 2013 to 2021. DR was diagnosed by digital fundus photography. The FPG indices included FBG, var. Associations of each FBG indices and DR were estimated using multinomial logistic regression models adjusting for confounders, and discrimination was determined by area under the curve (AUC). Predictive utility of different models was compared by changes in AUC, integrated discrimination improvement (IDI), and net reclassification index (NRI).





Results

This study analyzed 5054 participants, the mean age was 46.26 ± 11.44 years, and 2620 (51.84%) were women. After adjustment for confounders, the adjusted odds ratios (ORs) with 95% confidence intervals (CIs) for FBG, SD, CV, VIM, ARV, M-FBG, and cumulative FBG load were 1.62 (1.52—1.73), 2.74 (2.38—3.16), 1.78 (1.62—1.95), 1.11 (0.95—1.29), 1.72 (1.56—1.91), 2.15 (1.96—2.36), and 2.57 (2.31—2.85), respectively. The AUC of the model with separate cumulative FBG load and classical risk factors was 0.9135 (95%CI 0.8890—0.9380), and no substantive improvement in discrimination was achieved with the addition of other FBG indices once cumulative FBG load was in the model.





Conclusions

Cumulative FBG load is adequate for capturing the glucose-related DR risk, and the predictive utility of cumulative FBG load is not significantly improved by adding or replacing other FBG indices in the assessment of DR risk.





Keywords: FBG index, risk prediction, diabetic retinopathy, cohort study, diabetic microvascular complication




1 Introduction

As the most common and specific microvascular complication of diabetes, diabetic retinopathy (DR) remains a leading cause of preventable vision impairment and blindness in working-age adults (1–4). The global diabetes prevalence in adults aged 20—79 years is expected to rise to 12.2% (783.2 million) by 2045, as estimated (5). Accordingly, the annual incidence of DR ranged from 2.2% to 12.7% and progression from 3.4% to 12.3%, respectively (6). Therefore, early identification of the onset of DR and further active and effective interventions to delay progression are essential to reduce DR-related risks.

Previous studies have established that long-term, sustained hyperglycemia is a key risk factor for DR (7). Furthermore, strong evidence suggests that intensive glucose control achieved through medication or therapy effectively prevents DR onset or delays its progression (8–10). Fasting blood glucose (FBG), a common metric for monitoring glycemic control, captures immediate blood glucose levels. Studies on the relationship between FBG levels and DR have primarily relied on single FBG data. Due to fluctuations, FBG monitoring at a single point may not capture long-term trends, reducing accuracy of DR risk assessment. Therefore, tracking FBG levels over time can provide a more reliable assessment of DR risk.

Recently, several visit-to-visit FBG indices, such as standard deviation (SD), coefficient of variation (CV), variation independent of the mean (VIM), average real variability (ARV), mean fasting blood glucose level (M-FBG), and cumulative FBG load, were calculated from multiple readings of FBG and documented to be associated with diabetic (macrovascular and microvascular) complications (11–15). However, most previous studies have focused on the relationship between FBG indices and cardiovascular complications (16, 17), diabetic nephropathy (18), and diabetes peripheral neuropathy (13, 14), and there are only few studies on DR (19, 20). Therefore, there is a need to explore whether these FBG indices can be used as predictors of DR risk and further identify the most informative predictors of these FBG indices in terms of DR risk.

Therefore, our study aimed to investigate the separate and joint predictive ability of different FBG indices for the risk of DR, thereby identifying DR and providing a robust basis for further glycemic control.




3 Methods



3.1 Study population

The data used in this study were obtained from the Jidong Eye Cohort Study (JECS). The JECS design was recorded as previously described. The participants were the general population consecutively recruited from the Jidong community (Tangshan City, northern China) from July 2013 to August 2014. From 2013 to 2021, the participants underwent five health screenings every one or two years. Routine screening included comprehensive laboratory tests (blood biochemistry and routine blood examinations) and a standardized questionnaire interview regarding demographic characteristics and medical history. Following routine screening, all participants underwent a comprehensive ophthalmological examination. Participants with less than three FBG tests, those lacking FBG tests from May 2019 to November 2021, and those with missing or unqualified fundus photography were excluded from the analysis (21, 22). This resulted in a final sample size of 5054 subjects for final analysis, as shown in online Supplementary Figure 1.

This study complied with the principles of the Declaration of Helsinki (revised in 2013). It was approved by the Ethics Committee of the Staff Hospital of Jidong Oil-field of Chinese National Petroleum (approval document 2018 YILUNZI 1) and the Ethics Committee of Wenzhou Medical University Affiliated Ophthalmology Hospital (2021-074-K-63-01). All subjects signed the informed consent.




3.2 Clinical and biological parameters

In this study, age, sex, educational level, income, smoking and drinking status, history of comorbidities, and current medication use were recorded using a standardized questionnaire. All participants underwent a comprehensive physical examination and laboratory tests. The education level was categorized into: “illiteracy or primary school or middle school” and “college graduate or above”. The average monthly income was categorized into “≤ ¥5,000” and “> ¥5,000”. In this study, hypertension was defined as systolic blood pressure (SBP) ≥ 140 mmHg, or diastolic blood pressure (DBP) ≥ 90 mmHg, or self-reported hypertension history, or current use of antihypertensive medications. Dyslipidemia was defined by either low-density lipoprotein (LDL-C) ≥ 3.37 mmol/L, high density lipoprotein (HDL-C) < 1.04 mmol/L, total cholesterol (TC) ≥ 5.18 mmol/L, triglyceride (TG) ≥ 1.7 mmol/L, self-reported history of dyslipidemia, or current use of lipid-lowering medications.




3.3 FBG collection and calculation of longitudinal FBG indices

Fasting plasma glucose levels were measured in the early morning after at least 8 hours of food and water deprivation. Blood samples were collected from the antecubital vein (elbow vein). Following storage, the fasting plasma glucose levels were measured using an autoanalyzer employing the glucose oxidase method. The following four indices representing long-term glycemic variability were calculated: 1) SD: the standard deviation of FBG values; 2) CV: CV (%) = SD (mmol/L)/mean (mmol/L) ×100% 3) VIM: VIM= 100×SD/meanβ, β is the regression coefficient based on the ln of the SD over the ln of the mean; 4) ARV (23, 24). In our study, M-FBG was calculated as the average of the FBG values measured over time. Additionally, cumulative FBG load was determined by dividing the area under the curve (AUC) for FBG values ≥ 5.6 mmol/L divided by the AUC for all FBG values and then multiplied by 100 to achieve the percentage (25, 26).




3.4 Ophthalmic examination

All participants in our study underwent a complete ophthalmological examination between May 2019 and November 2021, including best-corrected visual acuity (BCVA) using a standard logarithmic visual acuity chart, the status of refraction using an auto refractometer (KR800; Topcon; Tokyo, Japan), axial length (AL) using a Lenstar 900 (Haag-Streit; Koeniz, Switzerland), and optical coherence tomography angiography (OCTA) images using a spectral-domain OCTA (RTVue XR Avanti with AngioVue; Optovue; Fremont, CA, United States). At least two independent ophthalmologists reviewed all the examination results. Digital fundus photography of each eye was performed by a trained ophthalmologist using a 45°non-mydriatic fundus camera (CR2AF; Canon; Tokyo, Japan). For image quality control, two trained ophthalmologists ensured that the images qualified for further analysis. Qualified fundus photographs were read by two experienced ophthalmologists double-blind, according to the International Clinical Diabetic Retinopathy (ICDR) Severity Scale (27). The diagnosis of DR was confirmed using digital fundus photography.




3.5 Statistical analysis

Continuous variables are expressed as mean (SD), as they were almost normally distributed, and categorical variables were expressed as numbers and percentages. Differences in baseline characteristics between the groups were compared using unpaired t-test or Wilcoxon rank sum test for continuous variables, and chi-square test or Fisher’s exact test for categorical variables. Missing data were handled differently depending on the variable. For continuous variables like body mass index (BMI), we replaced missing values with the mean. For categorical variables like current smoking, current drinking, and hypertension, we used the median as the replacement value. The proportions of missing data for all covariates before imputation were less than 10%. Associations between different FBG indices were assessed using Spearman’s correlations, both unadjusted and then sex and age were considered. Multinomial logistic regression models were used to estimate the relationship between each FBG index and DR. The DR models were adjusted for age, sex, educational level, income, current smoking, current drinking, hypertension, and dyslipidemia. The AUCs were used to assess the discrimination of different models with FBG indices. Changes in the AUC, integrated discrimination improvement (IDI) and net reclassification index (NRI) were calculated to compare the predictive ability of different models for the risk of DR. In addition, changes in Akaike Information Criteria (AIC) and Bayesian Information Criteria (BIC) were used to assess the improvement in goodness of model fit. We performed sensitivity analyses in subjects with more than three FBG tests and more than four FBG tests.

We expressed associations by βs and 95% confidence intervals (CIs) for all analyses. 2-tailed P values < 0.05 were considered statistically significant. All statistical analyses were performed using SAS software (version 9.4; SAS Institute Inc., Cary, NC, USA) and R 4.3.2(Packages included).





4 Results



4.1 Baseline characteristics

A total of 5054 participants with a mean age of 46.26 years (SD 11.44) were included in the final analysis, of whom 2620 (51.84%) were women. Table 1 shows the baseline characteristics of NO DR and DR groups. DR was observed in 158 (3.13%) participants. Participants in the DR group were more male, older and less educated, more likely to be current smokers and drinkers, had a higher prevalence of hypertension and hyperlipidemia, and had higher levels of BMI, FBG, SD, CV, ARV, M-FBG, and cumulative FBG load (Table 1).

Table 1 | Participant characteristics at baseline.
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Participants with higher FBG, SD, CV, ARV, M-FBG, and cumulative FBG load levels were more likely to be men, less educated, current smokers, current drinkers, and had a higher prevalence of hypertension and dyslipidemia (Supplementary Tables 1-7). The M-FBG and cumulative FBG load were highly correlated with FBG (r > 0.6) (Supplementary Table 8).




4.2 Multivariable association of different FBG indices with DR outcomes

Table 2 shows the relationships between different FBG indices and DR. The adjusted odds ratios (ORs) with 95%CIs for FBG, SD, per 1 SD increase in CV, per 1 SD increase in VIM, per 1 SD increase in ARV, M-FBG, and per 1 SD increase in cumulative FBG load were 1.62(1.52—1.73), 2.74(2.38—3.16), 1.78(1.62—1.95), 1.11(0.95—1.29), 1.72(1.56—1.91), 2.15(1.96—2.36), and 2.57(2.31—2.85), respectively, after adjusting for age, sex, educational level, income, current smoking, current drinking, hypertension and dyslipidemia. Specifically, the SD and per 1 SD increase in the cumulative FBG load showed stronger links to DR.

Table 2 | Associations of different FBG indices with DR in the logistic regression model.
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4.3 Prediction of DR in addition to classical risk factors

Classical risk factors alone achieved reasonable discrimination for DR prediction (AUC 0.7703, 95%CI 0.7391—0.8015; Figure 1A). Adding any FBG index, except the VIM, further improved discrimination (Figure 1A). Among models with individual FBG index, discrimination and reclassification increased only when M-FBG or cumulative FBG load was added compared to the model with FBG (Tables 3; 4), and the model with separate cumulative FBG load achieved the highest discrimination (AUC 0.9135, 95%CI 0.8890-0.9380; Figure 1A, Table 3). When adding ARV or FBG and ARV to the model with separate cumulative FBG load, the discrimination improved modestly (changes in AUC +0.0013, 95%CI 0.0001—0.0025 and +0.0018, 95%CI 0.0004—0.0033; Figure 1B, Supplementary Table 12). However, adding ARV or FBG and ARV did not further improve the reclassification (Supplementary Table 13). There was no compelling evidence that adding other indices after adding the cumulative FBG load improved the goodness of model fit as measured by AIC and BIC (Supplementary Table 14).

[image: Two ROC curve graphs labeled A and B depicting sensitivity versus specificity for various models. Each model is represented by differently colored lines. The legend lists models like "Classical risk factors", "Classical risk factors + FBG", and others, alongside corresponding AUC 95% confidence intervals, demonstrating model performance.]
Figure 1 | Prediction performance of the models. (A) Models with a separate FBG index. (B) Models with combined FBG indices.

Table 3 | Discrimination statistics for prediction of DR compared with the model with classical risk factors and FBG (n=5054).
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Table 4 | Reclassification statistics for prediction of DR compared with the model with classical risk factors and FBG (n=5054).
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Specifically, among all the models, the highest discrimination was observed when the FBG, ARV, and cumulative FBG load were added (AUC 0.9153, 95%CI 0.8914—0.9393]; Supplementary Table 9). Compared to the model with separate FBG, the discriminatory power and risk reclassification of model with FBG, ARV, and cumulative FBG load improved significantly (IDI 0.0630, 95%CI 0.0358—0.0901; NRI 0.1278, 95%CI 0.0434—0.2122; Supplementary Table 10). The goodness of model fit improved significantly as well (ΔAIC -99.6533; ΔBIC -86.5970; Supplementary Table 11). However, when compared to the model with separate cumulative FBG load, the discriminatory power and risk reclassification did not improve substantially (IDI 0.0027, 95%CI -0.0022—0.0076; NRI -0.0006, 95%CI -0.0399—0.0386; Supplementary Table 13), and the goodness of model fit showed the opposite trend (ΔAIC 1.9209; ΔBIC 14.9770; Supplementary Table 14).




4.4 Sensitivity analysis

Supplementary Tables 15, 16 show the discrimination of the different models among participants (n=3557 individuals) with more than three FBG tests and participants (n=1587 individuals) with more than four FBG tests. The AUCs with 95%CIs of the models with separate cumulative FBG load were 0.9209, 0.8937—0.9480 and 0.9317, 0.9004—0.9631. We observed similar discrimination in the three groups.





5 Discussion

In this study, we evaluated the predictive ability of various FBG indices for DR. This study showed that SD and per 1 SD increase in cumulative FBG load had stronger associations with the risk of DR among these FBG indices. In addition, compared with other FBG indices, cumulative FBG load was a better predictor of DR. AUC analysis clearly showed that the model with separate cumulative FBG load was sufficiently qualified to capture the glucose-related DR risk. The predictive ability of model with separate cumulative FBG load were not improved by the replacement or addition with other FBG indices.

Compared with FBG, indices representing long-term glycemic control, such as M-FBG and cumulative FBG load, were more closely related to DR risk and simultaneously had better discrimination. Previous studies have shown that chronic, long-term glycemic exposure is a critical risk factor for diabetic complications (25). Unlike FBG, which offers a snapshot, long-term glucose control indices consider time, highlighting the impact of chronically high glucose levels on DR development. Moreover, maintaining stable glucose levels over time plays a key role in management of DR. Our study showed that compared with M-FBG, cumulative FBG load was more strongly associated with the risk of DR. Furthermore, cumulative FBG load was superior to the M-FBG in improving AUC, IDI, NRI, AIC, and BIC when added to a model with classical risk factors. Studies have shown that the M-FBG level is a good predictor of the development/progression of DR (19). Moreover, patients with a high average glucose level have an increased likelihood of adverse associations (18, 26). However, the M-FBG considers only the FBG level and time. When the average FBG level is below the threshold, it does not lead to DR (28, 29). Compared to the M-FBG, the cumulative FBG load considers the intensity, time, and emphasizes the proportion of the FBG load (17). Simultaneously, the cumulative FBG load introduced a blood glucose reference standard for prediabetes and emphasized the impact of FBG levels above the threshold on the retina (24). Our findings are consistent with those of a previous study which showed that a fasting blood glucose level of above 5.6 mmol/L was associated with a higher risk of cardiovascular disease and all-cause mortality (30). Several studies on cumulative FBG load support our findings. Previous studies have shown that a higher cumulative FBG load is associated with a higher risk of DM complications (17, 31). From the perspective of a clinical utility, cumulative FBG load is a better predictor of DR risk, as minor alterations in risk predictions can have substantial effects when applied to large populations.

While our study demonstrated little improvement in discrimination for other models compared to cumulative FBG load, a separate study in type 2 diabetics found that the coexistence of high glycemic variability and high glucose levels may exacerbate the independent risk of premature mortality (32). This inconsistency with our results may be because glycemic variability mainly affects diabetic nephropathy (DN) rather than DR (33, 34). Although other FBG indices may have roles in some cases, our data suggests that a separate cumulative FBG load is adequate to predict the risk of DR. Therefore, as a simple measure of the level of FBG control at different time points, it can be considered for future risk prediction of DR.

Sensitivity analysis showed that the discrimination was similar among participants who had three or more FBG tests (n=5054 individuals), four or more FBG tests (n=3557 individuals), and five FBG tests (n=1587 individuals). The results showed that increasing the frequency of the FBG tests may not improve the prediction ability of these models. Therefore, from the perspective of the socioeconomic burden of the disease, appropriately reducing the frequency of FBG monitoring may not reduce the prediction efficiency.

This study is the first to use the cumulative FBG load to predict the risk of DR in a substantial community-based population. The strengths of this study include the use of detailed ophthalmic examinations, standardized questionnaires, biochemical analyses, and models that were fully adjusted for all common DR Risk factors. In addition, AUC was used to evaluate the model’s prediction performance, which IDI, NRI, AIC, BIC further complemented to alleviate the possible limitations of a single model evaluation indicator.

However, our study has some limitations. The correlation of FBG indices with DR severity remains unclear as we did not stage DR according to severity. Besides, this study did not offer the baseline levels and the progress of DR, and we cannot draw a causal association between FBG indices and the occurrence and progression of DR. Further exploration of FBG indices on DR occurrence and progression prediction may be the purpose of future research. Additionally, the study participants were all from the Jidong community, and the applicability of our results to other ethnic populations requires further investigation. In the case of continuous variables, there may be potential differences when the mean is used in place of missing data. Finally, the analysis did not include potential confounders such as creatinine, AL, diopters, and residual confounding factors.




6 Conclusions

In conclusion, our study supports the idea that a separate cumulative FBG load is perfectly adequate for capturing the glucose-related DR risk, and the predictive utility of cumulative FBG load is not further substantively improved by the addition or replacement with other FBG indices in the assessment of DR risk. Our findings highlight the importance of achieving long-term normal FBG levels in glycemic management.
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Objective

Hypoglycemia represents a serious acute complication in individuals with type 1 diabetes mellitus (T1DM). In order to more effectively identify and discriminate the occurrence of hypoglycemic events in patients with T1DM, this study aims to evaluate the impact of two distinct glucose monitoring systems—Flash Glucose Monitoring (FGM) and Continuous Glucose Monitoring (CGM)—on the management of blood glucose levels and the emotional responses associated with hypoglycemic episodes in individuals with T1DM.





Method

In this study, a total of 113 patients with type 1 diabetes mellitus were enrolled and allocated to two groups for the implementation of Glucose Monitoring Systems (GMS). The groups consisted of the FreeStyle Libre group (FGM, n=56) and the ipro2 group (CGM, n=57). Participants in both groups utilized GMS at least biannually and completed a set of three questionnaires: the Diabetes Monitoring and Treatment Satisfaction Questionnaire (DMTSQ), the Diabetes Specific Quality of Life (DQOL), and the Chinese Version of the Hypoglycemia Fear Survey II (CFHSII). Clinical data, CGM metrics, and questionnaire scores were collected at the initial visit and after a one-year follow-up period.





Results

The glucose coefficient of variation (GCV) and the standard deviation of blood glucose (SDBG) were independently associated with Time Below Range (TBR). Specifically, GCV could predict TBR ≥12%, with a cut-off point of 40.55. This yielded a specificity of 88.10% and a sensitivity of 68.18% in the overall patient population. For the FreeStyle Libre group and the iPro2 group, the cut-off points were 38.69 and 40.55, respectively, with specificities of 0.74 and 0.92, and sensitivities of 0.73 and 0.86, respectively. In the FreeStyle Libre group, where the frequency of use was greater than or equal to five times per year, the hypoglycemic episodes (time/month) and CHFSII-B scores were significantly reduced at follow-up compared to baseline (7.80 ± 10.25 vs 13.95 ± 14.87; 27.37 ± 11.05 vs 38.90 ± 21.61, respectively, all P <0.05).





Conclusion

The utilization of multiple Flash Glucose Monitoring (FGM) implementations proved to be valuable in discriminating the occurrence of hypoglycemia and mitigating the fear of hypoglycemic episodes in patients with type 1 diabetes. Within the parameters of Glucose Monitoring Systems (GMS), the glucose glycemic variability (GCV) was identified as a predictive factor for the risk of severe hypoglycemia (TBR > 12%). The optimal cut-off point for GCV was determined to be 40.55.





Keywords: type 1 diabetes, hypoglycemia, flash glucose monitoring system, continuous glucose monitoring system, glucose coefficient of variation




1 Introduction

Type 1 diabetes mellitus (T1DM) is an autoimmune disorder. According to the most recent nationwide population-based registry study, the estimated incidence of T1DM per 100,000 person-years across all age groups in China is 1.01 (1). Hypoglycemia represents an acute complication of T1DM, leading to both short-term and long-term physical adverse outcomes. The blood glucose management of patients with T1DM has an impact on the risk of complications (2). For example, poor glycemic control is associated with cardiac autoimmunity and may increase the risk of cardiovascular disease (CVD) (3) and fractures (4) in T1DM.Furthermore, it exerts a significant impact on psychosocial well-being, particularly by augmenting the fear of hypoglycemic episodes (5, 6). The adoption of higher hemoglobin A1c (HbA1c) targets is thought to diminish the risk of hypoglycemia (7). However, HbA1c reflects an average blood glucose level over the preceding 2-3 months and has a limited association with glycemic variability (8) and hypoglycemia (9). Conventional self-monitoring of blood glucose (SMBG) has been deemed inconvenient and insensitive for T1DM patients in the context of hypoglycemia prevention (10).

Continuous Glucose Monitoring (CGM) systems offer a convenient means of automatically recording interstitial fluid glucose concentrations at intervals of 5 to 15 minutes over several days. Previous evidence (11, 12) has demonstrated the benefits of CGM systems in glycemic control and the reduction of hypoglycemic episodes. Moreover, metrics of glycemic variability (GV) are emerging as valuable tools for the prediction of diabetic complications. For instance, Lu (13) reported that patients with more advanced diabetic retinopathy (DR) exhibited significantly reduced time spent within the glucose target range (TIR). Bragd et al (14) found that standard deviation of blood glucose (SDBG) not only showed significance in predicting the incidence of peripheral neuropathy, but also was a highly significant predictor of hypoglycemic unawareness in type 1 diabetes. In addition, Toschi et al (15) and Zhu et al (16)found that glucose coefficient of variation (GCV) from CGMs can identify individuals at higher risk for hypoglycemia compared with HbA1c in T1DM.

Time Below Range (TBR) represents the percentage of time per day that blood glucose levels are below 3.9 mmol/L, providing crucial insights into the duration of hypoglycemic episodes. Type 1 diabetes mellitus (T1DM) is characterized by significant glycemic fluctuations, making individuals with this condition more susceptible to hypoglycemia compared to those with type 2 diabetes. Flash Glucose Monitoring (FGM) systems, such as the FreeStyle Libre, are novel glucose monitoring technologies that provide continuous glucose data for up to 14 days per sensor wear, thereby enhancing the quality of life and satisfaction with diabetes monitoring and treatment among patients (17).

In light of these advancements, the present study aimed to investigate the association between TBR and glycemic variability (GV) in Chinese patients with T1DM by utilizing various Glucose Monitoring Systems (GMS). Additionally, the study sought to explore the impact of FGM on glycemic control and the fear of hypoglycemia after approximately one year of follow-up.




2 Methods



2.1 Study population

This study was conducted as a non-masked controlled trial, with participants, investigators, and study staff not being blinded to group allocation. A total of 120 patients with type 1 diabetes mellitus (T1DM) were recruited, and 113 of these were ultimately included in the study (Figure 1). The participants were recruited from the Departments of Endocrinology and Metabolism at Shanghai General Hospital, affiliated with Shanghai Jiao-Tong University School of Medicine; the Shanghai Jiao Tong University School of Medicine Affiliated Sixth People’s Hospital; and the Third Affiliated Hospital of Sun Yat-sen University. Recruitment and follow-up of patients occurred from March 2018 to May 2021.Inclusion criteria for participation were as follows: willingness to participate in the study; a confirmed diagnosis of T1DM with a history of insulin use for at least 3 months; an age of 6 years or older; the technical proficiency to utilize a glucose monitoring system; and agreement to perform self-monitoring of blood glucose (SMBG) at least three times daily. Exclusion criteria included the following: a current diagnosis of hypoglycemia unawareness; a history of diabetic ketoacidosis or myocardial infarction within the preceding 6 months; known allergy to medical-grade adhesives; use of continuous glucose monitoring within the previous 4 months; pregnancy or intention to become pregnant; and receipt of oral steroid therapy.

[image: Flowchart of a study with 113 participants screened. Fifty-six in the Freestyle Libre group and 57 in the ipro2 group. Thirty-eight were excluded for loss of follow-up, unwillingness to continue, or allergies. Seventy-five proceeded to follow-up: 41 in the Freestyle Libre group and 35 in the ipro2 group. The Freestyle Libre group was further divided into Group 1 (less than five times per year) and Group 2 (five or more times per year).]
Figure 1 | Flowchart of T1D patients recruitment and follow-up. A total of 113 patients with type 1 diabetes (T1D) were enrolled in this study following a screening process. Of these, 56 patients wore the FreeStyle Libre system, and 57 patients wore the iPro2 system. However, 38 patients were excluded from the study due to skin allergies (n=4), reluctance to continue wearing the device (n=18), and loss to follow-up (n=16). Consequently, 75 patients were followed up for approximately 1 year. Among these, 41 participants wore the FreeStyle Libre system, and 34 participants wore the iPro2 system. The FreeStyle Libre group was further divided into two subgroups based on wearing frequency: Group 1 (Worn less than five times per year) and Group 2 (Worn at least five times per year).

The iPro2 group (n=57) utilized a retrospective Continuous Glucose Monitoring (CGM) system (Medtronic Inc., Northridge, CA) for a period of three consecutive days. The FreeStyle Libre group (n=56) employed the FreeStyle Libre system (Abbott Diabetes Care, Witney, UK) for a duration of fourteen consecutive days. Both groups were required to perform Glucose Monitoring Systems (GMS) assessments at least twice annually. Following a one-year follow-up period, a total of 74 patients completed the study.

The study protocol was ethically approved by the Institutional Review Board (IRB) of Shanghai Jiao Tong University Affiliated Sixth People’s Hospital, in compliance with the ethical principles outlined in the Declaration of Helsinki. Informed written consent was obtained from all participants prior to their inclusion in the study. This trial was registered with the Chinese Clinical Trial Registry (ClinicalTrials.gov) under the registration number ChiCTR1900025495, ensuring transparency and accountability in clinical research.




2.2 Clinical parameters collection

Prior to the commencement of Glucose Monitoring System (GMS) monitoring, comprehensive baseline data was collected from all subjects, encompassing demographic information such as age, sex, duration of diabetes, presence of diabetes-related complications, and details of insulin therapy. Additionally, anthropometric measurements were recorded, including height, weight, systolic and diastolic blood pressure. Body Mass Index (BMI) was calculated using the formula BMI = body weight (in kg)/height2 (in m2). A range of laboratory assessments was conducted, which included measurements of fasting plasma glucose, fasting C-peptide levels, HbA1c, a comprehensive lipid profile, and urine analysis.




2.3 CGMS parameters collection

Following the monitoring period, a suite of glycemic metrics was calculated, including Mean Blood Glucose (MBG), Time in Range (TIR), Time below Range (TBR), Time above Range (TAR), and measures of glycemic variability (GV). These metrics were calculated as follows:

	MBG: Defined as the average blood glucose level across all measured values.

	TIR: Represented the percentage of time during a 24-hour period that blood glucose levels remained within the target range of 3.9–10.0 mmol/L.

	TBR: Indicated the percentage of time during a 24-hour period that blood glucose levels were below 3.9 mmol/L.

	TAR: Measured the percentage of time during a 24-hour period that blood glucose levels exceeded 10.0 mmol/L.

	GV: This was quantified by metrics such as the standard deviation of blood glucose (SDBG), the glucose coefficient of variation (GCV), and the largest amplitude of glycemic excursion (LAGE). GCV was calculated by dividing SDBG by MBG. LAGE was defined as the difference between the maximum and minimum blood glucose levels observed during the monitoring period.






2.4 Questionnaire collection

Upon completion of the baseline and follow-up visits, during which the Glucose Monitoring System (GMS) was employed, patients were required to complete three questionnaires: the Diabetes Monitoring and Treatment Satisfaction Questionnaire (DMTSQ), the Diabetes Specific Quality of Life (DQOL), and the Chinese Version of the Hypoglycemia Fear Survey II (CHFSII). The CHFSII encompasses two subscales: the Behavior (CHFSII-B) and the Worry (CHFSII-W) subscales (18).




2.5 Statistical analysis

Data were presented as mean ± standard deviation (SD) for continuous variables and as percentages (%) for categorical variables. Comparisons between groups were conducted using the Chi-square test and the Mann-Whitney U test for categorical variables, and the Student’s t test for continuous variables. The relationship between glycemic variability (GV) metrics and baseline characteristics was assessed using multiple stepwise linear regression analysis. The Receiver Operating Characteristic (ROC) curve was utilized to determine the cut-off value of the glucose coefficient of variation (GCV) for identifying the occurrence of abnormal Time Below Range (TBR) values (≥12%). Differences between baseline and follow-up data were evaluated using the Paired sample t test for continuous variables and the McNemar’s test for categorical variables. All statistical analyses were performed using SPSS 26.0 (SPSS Inc., Chicago, IL) and GraphPad Prism 9.0. A two-sided P value < 0.05 was considered statistically significant.





3 Results



3.1 Participants characteristics

A total of 113 patients with type 1 diabetes mellitus (T1DM) were included in the study, with a gender distribution of 54 males and 59 females. The participants had a mean age of 35.7 ± 16.3 years and had been diagnosed with diabetes for a duration of 3.136 ± 3.032 years. The mean daily insulin dose was 31.59 ± 14.24 units, and the mean monthly frequency of hypoglycemic episodes was 7.531 ± 12.055. Fasting plasma glucose (FPG) and hemoglobin A1c (HbA1c) levels were 8.52 ± 3.60 mmol/L and 7.58 ± 1.66%, respectively. Time in Range (TIR), Time above Range (TAR), Time below Range (TBR), Standard Deviation of Blood Glucose (SDBG), and Glucose Coefficient of Variation (GCV) were measured at 63.43 ± 22.50%, 29.86 ± 23.29%, 6.72 ± 9.79%, 2.95 ± 1.23, and 34.05 ± 11.14, respectively. Scores on the Chinese Version Hypoglycemia Fear Survey II (CHFSII) subscales Behavior (CHFSII-B) and Worry (CHFSII-W), as well as the Diabetes Specific Quality of Life (DQOL) and Diabetes Monitoring and Treatment Satisfaction Questionnaire (DMTSQ), were 25.94 ± 15.59, 14.20 ± 9.16, 99.39 ± 25.06, and 60.72 ± 18.40, respectively (Table 1).

Table 1 | Clinical characteristics and questionnaire scores of type 1 diabetes participants.


[image: A table summarizes clinical data for three groups: all participants, Freestyle Libre group, and iPro2 group, with 113, 56, and 57 individuals, respectively. Categories include demographics, diabetes management metrics, and satisfaction scores. Key measurements include age, BMI, blood pressure, glucose levels, cholesterol levels, diabetes duration, HbA1c, hypoglycemia incidents, insulin usage, and quality of life scores, with corresponding p-values indicating statistical significance.]
The study involved 57 patients who were implanted with the iPro2 system (retrospective Continuous Glucose Monitoring, CGM) and 56 patients who were implanted with the FreeStyle Libre system (Flash Glucose Monitoring, FGM). Significant differences were observed in Time Below Range (TBR), Glucose Coefficient of Variation (GCV), and scores on the Chinese Version Hypoglycemia Fear Survey II Behavioral subscale (CHFSII-B) between the two groups. Specifically, the TBR, GCV, and CHFSII-B scores were found to be higher in the FGM group compared to the iPro2 group (Table 1).




3.2 The associated factors of TBR

In this study, Time Below Range (TBR) was found to be significantly correlated with Time Above Range (TAR), Mean Blood Glucose (MBG), Standard Deviation of Blood Glucose (SDBG), Glucose Coefficient of Variation (GCV), HbA1c, Fasting C-peptide levels, and scores on the Chinese Version Hypoglycemia Fear Survey II Behavioral subscale (CHFSII-B) in all patients with type 1 diabetes (Table 2). To further analyze the independent association factors of TBR, a multiple stepwise linear regression analysis was performed. The results indicated that GCV and SDBG were independent impact factors of TBR, after adjusting for other clinical confounding factors such as age, sex, body mass index (BMI), insulin dosage, duration of insulin use, fasting-C peptide levels, HbA1c, and other glycemic variability (GV) metrics (Table 3). Spearman correlation analysis revealed that GCV significantly correlated with TBR in both patient groups that wore the iPro2 and the FreeStyle Libre systems [correlation coefficients (r) = 0.693 and r = 0.463, respectively, all P < 0.001] (Figure 2).

Table 2 | Correlation analysis of variables with TBR in all T1DM.


[image: A table displaying the correlation coefficients (r) and p-values (P) for various health and diabetes-related variables. Variables include TIR, TAR, MBG, SDBG, CV, LAGE, HbA1c, FPG, PPG, fasting C-peptide, diabetic duration, age, BMI, insulin daily dose, SBP, DBP, TC, TG, HDL, LDL, sex, CHFSII-B, CHFSII-W, DQOL, and DMTSQ. The table also includes abbreviations like BMI, SBP, HbA1c, TC, and their definitions, such as body mass index and glycosylated hemoglobin A1c, at the bottom.]
Table 3 | Linear Regression Analysis of the GCV SDBG and TBR.


[image: Table showing the results of models with different parameters. Each model includes Parameters, B(95%CI), Standardized β, and P-values. Model 1 has GCV and SDBG with significant P-values. Model 2 adds MBG. Model 3 adds LAGE. Model 4 adds TIR. Model 5 adds TAR. Adjustments include age, sex, BMI, insulin dosage, and HbA1c. Abbreviations include BMI, HbA1c, TIR, TAR, MBG, SDBG, and GCV.]
[image: Scatter plot with three panels labeled A, B, and C, each showing the relationship between CV (%) and TBR (%). Panel A: strong positive correlation (r=0.668, p<0.0001). Panel B: moderate positive correlation (r=0.463, p<0.001). Panel C: strong positive correlation (r=0.693, p<0.0001). Each plot includes a regression line with dotted confidence intervals.]
Figure 2 | Linear regression analysis was performed for TBR and GCV. (A) means the correlation coefficient between TBR and GCV was 0.668 in all participants, p<0.0001;(B, C) means in Freestyle Libre group and Ipro2 group the correlation coefficient between TBR and GCV was 0.463,0.693, respectively, all P < 0.001].




3.3 The predictive value of GCV for TBR≥12%

According to the Chinese clinical guidelines for continuous glucose monitoring (19), Time Below Range (TBR) ≥12% was defined as the upper threshold of unacceptable hypoglycemia. Glucose Coefficient of Variation (GCV) and Standard Deviation of Blood Glucose (SDBG) were independently correlated with the TBR level. Consequently, Receiver Operating Characteristic (ROC) curve analysis was employed to identify the cut-off value of GCV for predicting abnormal TBR (≥12%). In the overall cohort of type 1 diabetes mellitus (T1DM) subjects, the area under the curve (AUC) was 0.847 (95% Confidence Interval, 0.758-0.935; P=0.000), with a cut-off point of 40.55, yielding specificity of 88.10% and sensitivity of 68.18% (Figure 2A). In the FreeStyle Libre group, the AUC was 0.775 (95% CI, 0.638-0.912; P=0.002), with a cut-off point of 38.69, resulting in specificity of 73.53% and sensitivity of 73.33% (Figure 2B). In the iPro2 group, the AUC was 0.920 (95% CI, 0.793-1.000; P=0.000), with a cut-off point of 40.55, leading to specificity of 92.00% and sensitivity of 85.71% (Figure 3) (Table 4).

[image: Three ROC curves labeled A, B, and C are displayed. Each graph plots sensitivity against 1-specificity, with a diagonal line representing no discrimination. Curve A demonstrates high sensitivity and specificity, curve B displays moderate performance, and curve C shows excellent sensitivity and specificity.]
Figure 3 | Receiver operating characteristic curve (ROC) analysis was used to know the cut-off point of GCV to predict abnormal TBR (≥12%). (A) In all T1DM subjects, area under the curve (AUC) of GCV was 0.847 (95%CI, 0.758-0.935; P<0.001) and the cut-off point was 40.55 with specificity 88.10% and sensitivity 68.18%, respectively. (B) In Freestyle Libre group, area under the curve (AUC) was 0.775 (95%CI, 0.638-0.912; P=0.002) and the cut-off point was 38.69 with specificity 73.53% and sensitivity 73.33%, respectively. (C) In Ipro2 group, AUC was 0.920 (95%CI, 0.793-1.000; P=0.000) the cut-off point was 40.55 with specificity 92.00% and sensitivity 85.71%, respectively (Table 4).

Table 4 | The characteristics of receiver operating characteristic curve.
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3.4 One year follow-up of T1DM who implemented with FGM

In this study, a one-year follow-up was conducted on 41 patients who used the FreeStyle Libre system. Clinical data, along with scores from the Chinese Version Hypoglycemia Fear Survey II (CFHSII), Diabetes Specific Quality of Life (DQOL), and Diabetes Monitoring and Treatment Satisfaction Questionnaire (DMTSQ), were reassessed. Based on the frequency of FreeStyle Libre use, patients were categorized into two groups: FreeStyle Libre Group 1, with low frequency use (<5 times per year, mean ± SD of 2.43 ± 0.51), and FreeStyle Libre Group 2, with high frequency use (≥5 times per year, mean ± SD of 22.10 ± 6.11).At baseline, there were no statistically significant differences between the two groups in terms of HbA1c, age, sex, Fasting Plasma Glucose (FPG), Body Mass Index (BMI), Lipid Profile, Insulin Daily Dose, Insulin Use Duration, and scores on the CFHSII-W subscale (all P values > 0.05). However, the frequency of hypoglycemic episodes (time/month) was significantly higher in FreeStyle Libre Group 2 compared to FreeStyle Libre Group 1 at baseline (5.38 ± 6.85 vs 13.95 ± 14.87, P < 0.05). Additionally, the CFHSII-B scores were significantly lower in FreeStyle Libre Group 2 compared to FreeStyle Libre Group 1 at baseline (25.78 ± 14.77 vs 38.90 ± 21.61, P < 0.05).A comparison of the clinical characteristics and questionnaire scores between FreeStyle Libre Group 1 and FreeStyle Libre Group 2 before and after follow-up revealed that the change in DQOL scores was significantly greater in FreeStyle Libre Group 2 compared to FreeStyle Libre Group 1 (11.79 ± 26.29 vs -9.41 ± 18.21, P < 0.05) (Table 5).

Table 5 | Comparison between FGM groups before and after follow-up.


[image: Table comparing baseline and follow-up data between FGM group 1 (21 individuals) and FGM group 2 (20 individuals). Variables include age, BMI, HbA1c, fasting glucose, insulin dose, hypoglycemic episodes, CHFSII-B/W scores, DQOL scores, DMTSQ scores, TG, TC, HDL-c, LDL-c, and diabetic duration. P-values indicate statistical significance. Follow-up data include changes in these parameters.]
We compared the follow-up clinical characteristics and questionnaire scores with the baseline data for FreeStyle Libre Group 1 and FreeStyle Libre Group 2. In FreeStyle Libre Group 2, the frequency of hypoglycemic episodes (time/month) and scores on the Chinese Version Hypoglycemia Fear Survey II Behavioral subscale (CHFSII-B) were significantly lower at follow-up compared to baseline (13.95 ± 14.87 vs 7.80 ± 10.25; 38.90 ± 21.61 vs 27.37 ± 11.05, respectively, all P<0.05). Additionally, the violin charts revealed that after follow-up, the distribution of hypoglycemic episodes (time/month) and CHFSII-B scores became more concentrated, with a narrower range between the maximum and minimum values (Figure 4).
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Figure 4 | The comparison of hypoglycemic episodes, CFHSII-B between baseline and follow-up of Freestyle Libre group 2. FGM group 1 used Freestyle Libre at low frequency (<5 times per year) and FGM group 2 used Freestyle Libre at high frequency (≥ 5 times per year). In (A, B), the CFHSII-B score of the follow-up group was significantly lower than baseline group, and the episodes of hypoglycemia in the follow-up group was significantly reduced compared with baseline in (C, D), It can also be seen from the violin chart (B, C) that after follow-up, the distribution of hypoglycemia episodes (time/month) and CHFSII-B scores was more focused, and the gap between the maximum and minimum values was reduced.

In contrast, in FreeStyle Libre Group 1, there was no significant change in the frequency of hypoglycemic episodes (time/month) and CHFSII-B score. However, the Diabetes Specific Quality of Life (DQOL) score increased significantly (109.24 ± 19.87 vs 118.65 ± 23.20, P <0.05). Furthermore, the insulin daily dose increased significantly in both groups (P <0.05). Other variables, including triglycerides (TG) and fasting plasma glucose (FPG), did not show significant differences between the follow-up and baseline periods in either group (Table 6).

Table 6 | Intra-group comparison before and after follow-up.
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4 Discussion

In this study, we identified that Glucose Coefficient of Variation (GCV) and Standard Deviation of Blood Glucose (SDBG) serve as independent risk factors for Time Below Range (TBR) in the FreeStyle Libre (FGM) and Continuous Glucose Monitoring (CGM) parameters of patients with type 1 diabetes mellitus (T1DM). A high GCV is predictive of TBR ≥12%, with the most accurate prediction achieved at a GCV of 40.55%.

Patients with T1DM who were fitted with the iPro2 and FGM systems were followed up for one year. Our findings indicate that both FGM and iPro2 contribute to the timely detection of hypoglycemic episodes in T1DM patients. Although the Receiver Operating Characteristic (ROC) curve analysis demonstrated that iPro2 was more specific and sensitive than FGM in predicting TBR using GCV, the clinical parameters and questionnaire scores of patients using FGM before and after follow-up revealed that FGM use effectively reduced the monthly frequency of hypoglycemia and hypoglycemia-related fear behaviors. Furthermore, multiple FGM wearings exhibited a more pronounced effect on hypoglycemia monitoring.

Continuous Glucose Monitoring Systems (CGMS) have been extensively employed in clinical practice, with numerous studies conducted in patients with type 1 diabetes. These studies have provided valuable insights that have informed our research. For instance, Rama et al (9) identified the Glucose Coefficient of Variation (GCV) derived from CGMS (iPro2) and Self-Monitoring of Blood Glucose (SMBG) as the most effective discriminator of hypoglycemia (<3 mmol/L), with an Area Under the Curve (AUC) of 0.88. The optimal cut-off point was 44%, yielding a sensitivity of 81.3% and a specificity of 89%, thus offering the best discrimination of subjects with hypoglycemia among those with type 1 diabetes. Bragd et al (14) found that SDBG derived from SMBG was also a highly significant predictor of hypoglycemic unawareness (P = 0.001). Saisho (20) demonstrated that the SDBG derived from CGMS data was positively correlated with the duration of hypoglycemia (<3.9 mmol/L). Torimoto (21) indicated that the GCV derived from CGMS could serve as an indicator of hypoglycemia in type 2 diabetes, with an AUC of 0.756, and the cut-off points for GCV in predicting hypoglycemia (<3.9 mmol/L) were 22%. Zhu et al (16) revealed that the GCV was strongly correlated with the percentage of time with glucose <70 mg/dL (<3.9 mmol/L) (r = 0.79; P < 0.0001) in youth with T1D.Toschi E et al (15) suggested that the GCV derived from CGMS could better identify individuals at higher risk for hypoglycemia compared to A1c alone.

Our research encompasses several unique and innovative aspects. Firstly, we compared the efficacy of two Glucose Monitoring Systems (GMS) in the recognition of hypoglycemia in patients with type 1 diabetes (T1D). The results revealed that both blood glucose monitoring systems were effective, with iPro2 demonstrating higher diagnostic sensitivity and specificity when TBR ≥ 12%. However, iPro2 is a retrospective blood glucose monitoring system, which can only reflect the blood glucose fluctuations over a span of 3 days and does not provide real-time guidance for the timely adjustment of hypoglycemic medications to reduce the duration of hypoglycemia. Secondly, our study evaluated the impact of FreeStyle Libre Monitoring (FGM) on quality of life and hypoglycemic fear behavior at baseline and follow-up. The findings indicated that the frequency of hypoglycemia was significantly reduced in the follow-up group, along with a significant decrease in the hypoglycemic fear behavior score. Rouhard et al. (22) conducted a retrospective study to assess the medium-term impact of FGM in T1DM and reported improvements in glycemic control, a slight reduction in daily insulin dose, an increase in diabetes satisfaction scores, and a decrease in hypoglycemic fear behavior scores. However, they did not observe a reduction in the frequency of hypoglycemia, particularly in well-controlled subjects. Thirdly, this study compared high-frequency FGM wear to low-frequency FGM for better glycemic control. Gomez-Peralta et al. (23) collected data on blood glucose variability, scanning frequency, and HbA1c in all Spanish individuals using Freestyle Libre to establish a Spain-specific relationship between testing frequency and glycemic parameters, and to demonstrate the associations of flash glucose monitoring with glycemic control under real-world settings. They found a positive correlation between high-frequency scanning and improved glycemic control. However, the large sample size may lead to an unfiltered sample, potentially resulting in biased outcomes. Urakami et al. (24) conducted a study on the effect of FGM on glycemic control in children and adolescents with T1D. They divided the subjects into high-frequency and low-frequency groups based on scanning frequency greater than 12 times/day, and found that scanning frequency was significantly positively correlated with TIR and negatively correlated with HbA1c. To date, more studies have focused on the influence of scanning frequency on glycemic control, while the effect of wearing frequency on glycemic control remains under-explored. Our research contributes to this field by addressing this gap.

Our study also yielded some results that diverge from previous findings. For instance, Torimoto et al. (21) reported that Mean Blood Glucose (MBG) could predict hypoglycemia in type 2 diabetes mellitus (T2DM), with ROC curve analysis indicating that the optimal cut-off point for MBG in predicting hypoglycemia was 152 mg/dL (AUC = 0.826; 95% CI: 0.753–0.900). Contrary to this, in our study, MBG was not identified as an independent risk factor for Time Below Range (TBR), thus precluding its use for predicting abnormal TBR. We hypothesize that this discrepancy may be attributed to the more stable glycemic variability in T2DM compared to T1DM, making MBG a more suitable predictor of hypoglycemia in type 2 diabetes.

In our study, while HbA1c did not decrease following the use of FreeStyle (17) Libre Monitoring (FGM), the frequency of hypoglycemia was significantly reduced. This suggests that FGM may play a pivotal role in the management of hypoglycemia but that hyperglycemia management remains inadequate. Bolinder et al. found that FGM reduced the time adults with well-controlled T1DM spent in hypoglycemia (<3.9 mmol/L [70 mg/dL]) between baseline and 6 months. Laffel et al. (25) conducted a randomized clinical trial involving adolescents and young adults and reported a slight but statistically significant decrease in mean HbA1c from 8.9% at baseline to 8.5% at 26 weeks in the CGM group, whereas there was no change in HbA1c at baseline and 26 weeks in the BGM group. Karter et al. (26) included patients with both T1DM and T2DM in their retrospective study and found that the use of real-time CGM was associated with significantly lower HbA1c levels and lower rates of emergency department visits or hospitalizations for hypoglycemia compared to non-use.

The convenience of hospital-based intravenous blood glucose monitoring is limited, and self-monitoring of blood glucose (SMBG) is less convenient than Continuous Glucose Monitoring (CGM) due to its invasive nature. Despite the discrepancy between interstitial-fluid blood glucose monitoring and intravenous blood glucose monitoring, this difference does not significantly impact blood glucose management. Kumagai et al. (27) concluded that both the FreeStyle Libre Pro (FSL-Pro) and iPro2 systems are clinically acceptable, but glucose values tended to be lower when measured using the FSL-Pro compared to the iPro2.

This study exhibits several strengths. Firstly, within the context of Continuous Glucose Monitoring (CGM) data, we identified that the Glucose Coefficient of Variation (GCV) is independently associated with Time Below Range (TBR), with a cut-off point of 40.55 for abnormal TBR (≥12%). Secondly, we discovered a positive correlation between hypoglycemia-related worry and the frequency of hypoglycemic episodes, indicating that patients with greater concern about hypoglycemia are more inclined to wear a continuous glucose monitor frequently. Thirdly, the use of the Freestyle Libre Flash Glucose Monitoring (FGM) system at high frequency has been shown to decrease the incidence of hypoglycemia and alleviate hypoglycemia-related fear behaviors.

Certainly, the present study is not without limitations. Firstly, the study cohort comprises a relatively small sample size of follow-up patients with T1DM. Therefore, further research is warranted to recruit a larger sample and extend the follow-up duration to validate the observed phenomena. Secondly, the absence of Continuous Glucose Monitoring (CGM) data from the follow-up visit precluded the analysis of changes in Time Below Range (TBR) and other glycemic variability (GV) metrics across the study groups. Thirdly, the one-year follow-up duration of this study limits its ability to assess the long-term impact of Flash Glucose Monitoring (FGM) on diabetes management.




5 Conclusions

In summary, the implementation of multiple Flash Glucose Monitoring (FGM) systems proved valuable in discriminating the occurrence of hypoglycemia and mitigating the fear-related behaviors in patients with type 1 diabetes. Among the Glucose Monitoring System (GMS) parameters, the Glucose Coefficient of Variation (GCV) emerged as a predictor of the risk of severe hypoglycemia (TBR > 12%), with an optimal cut-off point of 40.55. Consequently, for patients with T1DM whose blood glucose levels are prone to fluctuations, particularly adolescent patients, it is recommended to utilize real-time, non-invasive FGM systems frequently to promptly identify the risk of severe or prolonged hypoglycemia. This approach can alleviate the psychological burden associated with hypoglycemia and enhance the quality of life within the T1DM population.
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Aims

To compare impact of pump treatment and continuous glucose monitoring (CGM) with predictive low glucose suspend (SmartGuard) or user initiated CGM (iscCGM) on sleep and hypoglycemia fear in children with type 1 Diabetes and parents.





Methods

Secondary analysis of data from 5 weeks pump treatment with iscCGM (A) or SmartGuard (B) open label, single center, randomized cross-over study was performed. At baseline and end of treatment arms, sleep and fear of hypoglycemia were evaluated using ActiGraph and questionnaires.





Results

31 children (6-14 years, male: 50%) and 30 parents (28-55 years) participated. Total sleep minutes did not differ significantly for children (B vs. A: -9.27; 95% CI [-24.88; 6.34]; p 0.26) or parents (B vs. A: 5.49; 95% CI [-8.79; 19.77]; p 0.46). Neither daytime sleepiness nor hypoglycemia fear in children or parents differed significantly between the systems. Neither group met recommended sleep criteria.





Conclusion

Lack of sleep and fear of hypoglycemia remain a major burden for children with diabetes and their parents. Whilst no significant differences between the systems were found, future technology should consider psychosocial impacts of diabetes and related technologies on children and parents’ lived experience to ensure parity of esteem between physical and mental health outcomes.





Clinical Trial Registration




 www.ClinicalTrials.gov, identifier NCT03103867.
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1 Introduction

The daily management of type 1 diabetes (T1D) is a 24/7 challenge for children and their caregivers and may have a major negative impact on their sleep and quality of life (1–3).

Fear of nocturnal hypoglycemia is common and a significant concern amongst parents of children with T1D (4–6), and is associated with enhanced attention to frequent checking of their children’s glycemia or sensor values or to get up during the night (7, 8). Data show that fear of hypoglycemia can lead to chronic sleep disturbance for the parents as for their children with diabetes (9–11). This highly prevalent chronic sleep interruption can affect caregivers of children with T1D with negative effects on their daily functioning and well-being (12, 13).

New technologies have been introduced to facilitate and improve care with automated sensor-augmented pump (SAP) and predictive low glucose suspend and alerts (SmartGuard) or with user-initiated intermittently scanned continuous glucose monitoring (iscCGM, Freestyle libre).

SAP treatment leads to improved metabolic outcome (14). Alerts about hypo-and hyperglycemia are programmed in SAP in order to enable patients and their caregivers to react quickly to such information. The Minimed 640G pump with SmartGuard feature combines alerts with an automated insulin suspension to prevent hypoglycemia. The pump suspends insulin infusion when the sensor glucose (SG) is within 3.9 mmol/l (70 mg/dl) above the low limit and predicted to be 1.1 mmol/l (20 mg/dl) or lower above the low limit in 30 min. Glucose values and glucose trends are available on the pump screen (15).

A multicenter evaluation shows that SmartGuard technology significantly reduces the risk for hypoglycemia in pediatric diabetes patients without increasing HbA1c (16).

However, alerts may be perceived as intrusive and anxiety-inducing which can lead to diabetes distress and alert fatigue as well as nocturnal awakenings (8, 17).

Freestyle Libre 1 is a device measuring the interstitial glucose levels continuously. The results can be obtained when the patient/caregiver actively scans the sensor (iscCGM): no alerts are given for hypo-or hyperglycemic events, nor is information available when the sensor is not scanned. Data is lost when more than 8 hours elapse between scans. No communication exists between this glucose measurement and the insulin pump (15).

The evaluation of iscCGM being as safe as self-monitoring of blood glucose (SMBG) and having a better metabolic outcome than SMBG is demonstrated in children (18, 19).

The impact of these technologies on metabolic control has been studied before (20).

To our knowledge, no study has yet addressed the focus on comparing the impact of these two technologies on fear of hypoglycemia, quality and quantity of sleep in children and their caregivers. In this report we analyze these questions using questionnaires, sleep diaries and ActiGraph data in the QUEST trial (15).




2 Materials and methods



2.1 Ethics committee statement

This study was approved by the National Luxembourgish Ethics committee (CNER). Only pseudonymized data was used for the analysis.




2.2 Study design and randomization

The study had an open-label, single-center, randomized, two-period crossover design.

Each patient was randomly allocated; the sequence codes (A-B or B-A) were determined in advance (15).




2.3 Participants

Patients fulfilling the following inclusion criteria got included: age between 6 and 14 years, type 1 diabetes and on insulin pump treatment for at least 6 months and HbA1c ≤ 11% (≤ 96.72 mmol/mol) (30).

Exclusion criteria were physical or psychological disease likely to interfere with an appropriate conduct of the study and chronic sleep medication used by the patient or by the participant primary caregiver. Prior to enrollment, written informed consent was obtained from the parents and all children gave their informed assent (30).




2.4 Procedures

The participants were randomized either to treatment A, insulin pump Minimed 640G and independent iscCGM (Freestyle libre 1) or to treatment B, SAP with SmartGuard feature (Minimed 640G), each for 5 weeks. Following a 3 weeks washout period the participants crossed over to the other study arm for another 5 weeks.

No specific dietary advice was given.

The week before randomization as well as during the last 7 days of each treatment the participants and one of their caregivers (same reference person throughout the course of the study) wore a sleep device on the wrist (ActiGraph) and completed a sleep diary. Before the start and at the end of each treatment arm the subject and his caregiver were asked to fill in the questionnaires.

To evaluate the hypoglycemia fear, the Children’s Hypoglycemia Survey (CHS) and Hypoglycemia Fear survey for parents were used. The Children’s Hypoglycemia Survey (24 items) measures 3 areas of hypoglycemia fear: their general fear of hypoglycemia and its consequences, the children’s fear of hypoglycemia in a specific situation, and the children’s behavior to avoid hypoglycemia. The survey for parents is divided into 2 subscales-scores, one asking about parental worry about their child’s hypoglycemia (15 items), and the other about behavior to prevent hypoglycemia for their child (11 items) (21–25).

Daytime sleepiness in the children and their caregiver were evaluated using the Epworth sleepiness scale, a self-administered questionnaire which provides a measurement of the subject’s general level of daytime sleepiness (26). The Epworth Sleepiness Scale is defined based on questions about the chances to fall asleep in different situations. The score ranges from 0-24 with the following interpretation: score 0-5: lower normal daytime sleepiness/6-10: higher normal daytime sleepiness/11-12: mild excessive daytime sleepiness/13-15: moderate excessive daytime sleepiness/16-24: severe excessive daytime sleepiness (26).

The detailed conduct of the study was previously published (15).

The use of the two glucose measurement tools and the features of the Minimed 640G pump were explained during the dedicated training visit. All participants had access to a 24/7 diabetes hotline in case of technical or any other issues. Settings of the SmartGuard were standardized based on the current experience (20). The low limit was set at 3.4 mmol/l, with an insulin suspension at ≤7.3 mmol/l if the predicted value within 30 minutes was 4.5 mmol/l (15).




2.5 Methods

Randomization (ratio 1:1) was performed by a statistician with 4 blocks of 8 participants and equal treatment allocation based on prepared envelopes with the sequence code (A-B or B-A). In this randomized block design the sequence codes were randomly allocated to each block. This kind of design is used to minimize the effects of systematic error.

After consenting, the envelope was opened by the medical team to provide the participant with the allocated treatment sequence (15, 30).

Blinding was not possible for the participant nor the medical team.

A sample size of 36 patients with a minimum of 31 patients was calculated for a power of 80% (15).

To ensure data quality, double data entry was performed within Ennov Clinical software, and online logical controls were performed with correction of erroneous data values.

Hypoglycemia Index in children (subscales and Hypoglycemia Fear Survey in parent/caregiver (subscales for hypoglycemia worry and behavior) at baseline and at the end of each treatment arm were also analyzed by using a linear mixed model with the same independent parameters as described previously.

Total sleep (minutes) and total wake time (minutes) and number of awakenings during the last 7 days of each treatment arm were measured by ActiGraph, in children and in one of their caregivers. Sleep analysis was performed using ActiLife data analysis software. The detailed assessment of sleep patterns was previously published (15). The average sleep time per night for each visit was used as the outcome to compare the two different treatments. Additionally, the average number of awakenings and the average length of total wake time per night and visit was compared between the two devices. Where Actigraph measurement of sleep was divided into more than one sleep period (due to being awake and getting out of bed for more than 10 minutes), total sleep time (defined by ActiLife), time and number of awakenings (defined by ActiLife), number of get-ups (number of sleep periods - 1), and time of being out of bed (time from out of bed till sleep onset) was added up to have one measurement per night. Sleep time during the day (nap; went to bed between 12pm and 7pm) was excluded from the analysis. For number of awakenings and total wake time, the estimations of the ActiLife algorithm (Sadeh for children (10-25 years) and Cole-Kripke for adults) were used as outcomes (27, 28).

Time to bed, time out of bed and number of awakenings were also compared with the sleep diary and some parameters were adjusted according to the sleep diary if they seemed too unrealistic when calculated by ActiLife. We used the ActiLife settings for bedtime (5 consecutive asleep minutes) and wake time (first 10 consecutive minutes of awake time following a sleep period). The definition of sleep is based on the accelerometer data. If there is no movement for at least 5 minutes, the period is defined as sleep. Vacation time was not taken into account.

Characteristics of children and parents were presented using mean and standard deviations (SD) for continuous variables, median, 25% and 75% quartiles (Q1, Q3) for count variables and frequency and percentage for categorical variables. Characteristics for children are shown for the total study population and separated by treatment sequences. Z score BMI are calculated with the formula Z score = (X-m)/SD; X = BMI, m = mean, SD = standard deviation of BMI of the reference population (WHO growth reference (2006) data) with same sex and age (29).

Total sleep, quality of sleep (Epworth sleepiness scale and sleep diary) and number of awakenings were analyzed by using a linear mixed model and a naïve Fisher’s Exact test with treatment given (A vs. B), treatment sequence (A-B vs. B-A) and period of treatment (week 5 vs. week 13) as fixed effects factors and patient as a random effect.

Least square means and their 95% confidence intervals (CI) from the linear mixed models were reported as adjusted mean average sleep time and adjusted average number of awakenings in children and parents.

All test were two-tailed and a p-value<0.05 was claimed statistically significant. RStudio 2021.09.2 was used for statistical analysis.





3 Results

32 children, 16 male (50%), between 6 -14 years with a mean HbA1c of 7.47%, (58.14 mmol/mol), SD 0.59, a mean diabetes duration of 5.91 years (SD 3.29), being on insulin pumps for 5.07 (SD 3.87) years, were included in this study. Metabolic outcome as primary endpoint was reported previously (30). One child dropped out of the study after the first visit at baseline, without wearing neither the ActiGraph nor filling out any of the questionnaires and sleep diaries. 31 children (16 males) completed the study.

30 caregivers (24 females, 28 – 55 years (mean 42.77 years, SD 5.96)) participated in the study.

One parent had two children included in the study, therefore only one questionnaire and sleep diary was filled out and one Actigraph was worn by the parent. 28 parents and children answered all the questionnaires.

Table 1 (30) shows the demographic baseline values for study participants (31 children), Table 2 the data for the participating parents (30 caregivers).

Table 1 | Descriptive baseline characteristics of the participating children (30).


[image: Table displaying baseline characteristics for three groups: Total (N=31), Sequence A-B (N=14), and Sequence B-A (N=17). Average age in years: 10.5, 11.2, and 10.7 respectively. Gender distribution: Total includes 48% females; Sequence A-B and Sequence B-A have 50% and 47% females, respectively. Ethnicity: Majority Caucasian, sparse African. Other metrics include height, weight, BMI, HbA1c levels, diabetes duration, and pump use, showing slight variation across groups. Bold values denote median baseline characteristics.]
Table 2 | Descriptive baseline characteristics of the participating parents.


[image: A table displaying demographic and physical data. Total participants: 30. Average age: 42.8 years. Gender distribution: 24 females (80%), 6 males (20%). Ethnicity: 29 Caucasian (97%), 1 African (3%). Average height: 168.0 cm, weight: 77.4 kg, body mass index: 27.5. Standard deviations are provided for age, height, weight, and BMI.]


3.1 Description of missing data



3.1.1 Children

For one child the glucose sensor values of the last visit are missing. For another child the questionnaire, sleep diary and ActiGraph data of the wash-out period are missing for visit 3. Two children did not return/fill out the questionnaire of visit 2. Two children did not completely fill out all questions at visit 3. The maximum percentage of missing data in the models was 6.5% for children (model including Epworth Sleepiness Scale).




3.1.2 Parents

The parent of the child whose data were missing for visit 3, had also no data for visit 3. One parent had missing data for the ActiGraph and the sleep diary for visit 2, 3 and 4. Two parents did not fill out/return the questionnaire at visit 2. One parent did not answer one question at visit 3. The maximum percentage of missing data in the models was 10% for parents (model including Epworth Sleepiness Scale).





3.2 Sleep data results



3.2.1 Total sleep time

Adjusted average sleep time for children in treatment A (pump and iscCGM) was 449.3 (95% CI [432.8; 465.7]) minutes per night (7.5 hours per night) and 440.0 (95% CI [423.6; 456.5]) minutes per night (7.3 hours per night) for treatment B (pump plus SmartGuard). No significant difference of total sleep time between devices was found (p-value 0.255).

For parents the adjusted average sleep time in treatment A was 413.8 (95% CI [395.4; 432.2]) minutes per night (6.9 hours) with a non-significant increase in sleep time of 5.5 minutes (95%CI [-8.8; 19.8]); p-value 0.46) for treatment B (419.3 (95% CI [400.9; 437.7])).




3.2.2 Number of awakenings

The adjusted average number of nocturnal awakenings in children in treatment A (pump and iscCGM) was 24.7 (95% CI [22.5; 26.9]) and 25.2 (95% CI [23.0; 27.3]) in treatment B (pump plus SmartGuard); no significant difference between the devices was found (p-value 0.64).

For parents the adjusted average number of nocturnal awakenings in treatment A was 16.3 (95% CI [14.5; 18.1]) compared to 16.1 (95% CI [14.3; 17.9]) in treatment B; no significant difference between the devices and number of awakenings was found (p-value 0.76).




3.2.3 Number of nocturnal get-ups

The adjusted average number of nocturnal get-ups in children did not show a significant difference between the two devices: 0.35 (95% CI [0.23; 0.48]) in treatment A compared to 0.41 (95% CI [0.28; 0.54]) in treatment B; p-value: 0.25. The number of nocturnal get-ups in parents was 0.58 (95% CI [0.36; 0.80]) in device A compared to 0.64 (95% CI [0.43; 0.86]) in device B; no significant difference was found (p- value 0.35).





3.3 Questionnaire results



3.3.1 Hypoglycemia fear questionnaire

The score (Hypoglycemia Survey for children and for parent/caregiver with subscales for hypoglycemia worry and behavior) ranges from 0 = no fear to 104 high fear.

In the participating children, the adjusted mean for the hypoglycemia score was 55.1 (95% CI [51.7; 58.8]) for children in arm A. In treatment B, the score of hypoglycemia fear decreased by -0.8 (95% CI [-4.5; 2.9]), but no significant difference was observed between both devices (p-value = 0.67). In parents, the adjusted mean score was 40.67 (95% CI [33.1; 48.3]) in treatment A and decreased by -2.9 (95% CI [-7.0; 1.3]) points for device B. No significant difference for hypoglycemia fear was found between the devices (p= 0.18).




3.3.2 Epworth sleepiness scale

The participating children showed on average a less normal daytime sleepiness during baseline, device A, B and washout period (summary in Table 3) than their parents (Table 4). No significant difference of the Epworth’s Sleepiness Scale and between device groups was found (p-value = 0.54). Also when only considering the 5-level interpretation scale of Epworth’s Sleepiness Scale with a naive Fisher’s Exact test, no significant differences was found between the devices (p = 0.90).

Table 3 | Epworth’s sleepiness scale interpretation by device (N (%)), children’s answers.


[image: Table displaying daytime sleepiness levels across four conditions: Baseline (30 participants), Device A (30), wash-out (29), and Device B (28). Lower normal daytime sleepiness ranges from 57% to 69%. Higher normal ranges from 23% to 25%. Mild excessive sleepiness ranges from 0% to 7%, moderate ranges from 4% to 13%, and severe ranges from 0% to 4%.]
Table 4 | Epworth’s sleepiness scale interpretation by device (N (%)), parent’s answers.


[image: Table comparing daytime sleepiness across four conditions: Baseline, Device A, Wash-out, and Device B, with participant numbers. Categories: Lower normal, higher normal, mild excessive, moderate excessive, and severe excessive sleepiness, with corresponding participant counts and percentages for each category.]





4 Discussion

In our real-life study neither children with type 1 diabetes nor their parents show a significant difference in either hypoglycemia fear, quality or quantity of sleep during the use of two different glucose monitoring systems with or without the alarm function and predictive low glucose suspend. The lack of change in hypoglycemia fear may explain why we do not observe a change in sleep quality and quantity. Whether this depends on the short duration of our intervention or on other factors that were no taken into account is uncertain. The time to get used to a new system and develop a confidence in its function may vary between individuals and for some the 5 weeks may have been insufficient (31).

In our study, the mean sleep data outcome of our participants (children or caregivers) was below the recommended sleep duration as published by the American Academy of Sleep medicine (AASM). According to the Consensus Statement of the AASM children (6 to 12 years of age) should sleep 9 to 12 hours per 24 hours and teenagers (13 to 18 years) 8 to 10 hours per 24 hours to promote optimal health (32). Sleep deprivation occurs. when an individual fails to get enough sleep. In healthy children, sleep deprivation is associated with worse cognitive functioning, school performance and more behavioral problems (33).

In our study, the children, slept on average between 1.2 and 1.5 hours less than the minimum recommended sleep, in both treatment arms.

Per night, they slept an average of 9 minutes longer in treatment A (pump and iscCGM) compared to treatment B, which was not significant.

For adults, the AASM and the Sleep Research Society recommend in their Consensus Statement at least 7 or more hours per night on a regular basis to promote optimal health (34). The parents in our study missed on average the minimum of recommended sleep slightly (6.89 hours in treatment A and 6.98 in treatment B). Unlike their children, the parents in our study slept an average of 5.5 minutes longer per night in treatment B (pump and SmartGuard).

According to the consensus statements, all participants in our study are considered to be sleep deprived (children more than their parents).

Caregivers of children with T1D are known to be frequently sleep deprived and to worry about their child’s nighttime glucose (35). Sleep deprivation plays a role in different physiological processes influencing disease development (36). Treatment modalities, which can improve sleep quality and quantity, may have more impact on the general health and not only on diabetes outcome.

Sleep analysis and psycho-behavioral outcomes will have an added value in the evaluation of new technologies or new treatments and should be included as outcome parameter (37).

Future studies are needed to further explore the best use of new technologies and to offer a personalized medical approach.




5 Strength and limitations

The study is limited due to the constrained study duration and the number of participants. The study was powered for the primary outcome (percent of time spent in glucose target, TIT, (3.9 - 8 mmol/l) of treatment A and B during the final 7 days of the five-week device arm) (28).

The strength of the study derives from the fact that all data reflect the real world situation, as they were collected in free living at home. Another strength is the evaluation of sleep information with an objective method (Actigraphy) complemented with a sleep diary and not only based on self-reported data.
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Objectives

Based on FreeStyle Libre, we designed QT AIR, an advanced real-time, calibrated Continuous Glucose Monitoring (CGM) device. This study aim to validate the consistency and clinical accuracy of the product by comparing the capillary blood glucose (CBG) with CGM data in both in-hospital and outpatient scenarios.





Methods

Results of CGM devices were compared with random capillary glucose values from users in both in-hospital and outpatient settings. The accuracy of CGMs was assessed through consistency analysis, Bland-Altman analysis, calculation of MARD and MAD, Consensus Error Grids, as well as analysis using the Continuous Glucose Deviation Interval and Variability Analysis (CG-DIVA).





Results

In outpatient setting, 1907 values from 138 users were analyzed. FreeStyle Libre data, QT AIR calibrated and uncalibrated data showed strong positive correlations with capillary blood glucose values. The MARD values for the FreeStyle Libre, uncalibrated QT AIR, and calibrated QT AIR groups were 18.33%, 20.63%, and 12.39%, respectively. Consensus Error Grid, reference values in Zone A: FreeStyle Libre: 69.75%, QT AIR uncalibrated: 67.80%, QT AIR calibrated: 87.62%. The Bland-Altman analysis results suggest that FreeStyle Libre exhibitsed a systematic underestimation of blood glucose levels, while QT AIR almost rectified the differences. In the in-Hospital setting, the MARD of QT AIR after calibration was reduced to 7.24%. The Consensus error grid analyses of the in-Hospital data revealed that 95% of the calibrated QT AIR values fell within Zone A, a significantly higher proportion than that of other two group. The CG-DIVA analysis of the calibrated QT AIR device showed a median bias of -0.49% and a between-sensor variability of 26.65%, both of which are significantly lower than the corresponding values observed for the FreeStyle Libre device.





Conclusions

We successfully transformed a retrospective CGM system into a real-time monitoring device. The monitoring accuracy of the device could be improved by calibration.





Keywords: rtCGM, continuous glucose monitoring, accuracy, FreeStyle libre, calibrate




1 Introduction

Diabetes mellitus is a chronic metabolic disorder requiring long-term management (1). Currently, the population of diabetes is continuously increasing world-wide (2). The control of blood glucose (BG) has been shown to significantly reduce the complications of diabetes (3). Effective glycemic management relies upon close blood glucose monitoring. Continuous glucose monitoring (CGM) is an effective method that enables multi-day tracking of patients’ blood glucose levels without frequent blood sampling (4). It helps in the detection of asymptomatic hypoglycemic (or hyperglycemic) events that might be ignored by a self-monitoring of peripheral blood glucose (SMBG) (5). Furthermore, it generates an ambulatory glucose profile for the patient. The time in range (TIR) of blood glucose, time above range (TAR), and time below range (TBR) provided by CGM has now become a recommended target for glycemic management according to multiple guidelines (6).

FreeStyle® Libre™ flash glucose monitoring (Abbott Diabetes Care, Alameda, CA) allows for convenient scanning to obtain instantaneous blood glucose readings and 14 days’ glucose profiles (7). Additionally, it records the blood glucose fluctuations of the preceding 8 hours at 15-minute intervals. FreeStyle Libre holds a significant market share in developing countries, including Mainland China. However, as an intermittent-scanning CGM, it still presents certain limitations:1) FreeStyle Libre requires an intermittent scan for data at least every 8 hours and is a retrospective glucose monitor that cannot provide real-time monitoring (8, 9). 2) Its clinical accuracy might be marginally insufficient, with glucose levels tending to be lower compared to readings from traditional blood glucose testings (10, 11). We have developed the “QT AIR” based on FreeStyle Libre to solve the problems of consistency of glucose with SMBG, the inability to calibrate and the inability to synchronize data, which can synchronize, calibrate and monitor patients’ blood glucose levels in real time. QT AIR is connected to FreeStyle Libre through a transfer hoop, capturing the electrical signal from FreeStyle Libre in real-time (Figure 1). Utilizing a proprietary intelligent algorithm, it promptly processes the data to generate glucose readings and subsequently transmits them to the cloud server. The QT APP available on both iOS and Android platforms, as well as the hospital’s QT AIR management PDA, can be paired with fingertip glucose meters. This enables for the synchronization and recording of users’ fingertip blood glucose measurements. Moreover, the fingertip glucose (FG) values are utilized to calibrate the monitoring readings of the QT AIR.

[image: Three-dimensional rendering of a device labeled "QT AIR" with a patented magnetic adapter in three sections. It is compatible with Abbott FreeStyle Libre. Logos indicate compliance with FDA, CE, FCC, and RoHS standards.]
Figure 1 | QT AIR 3D structure diagram.

We aim to compare the consistency and clinical accuracy of clinical capillary blood glucose levels with the data obtained from Libre, QT AIR uncalibrated and QT AIR calibrated. This comparison will be conducted both in outpatient daily life settings and within the controlled environment of standard healthcare settings in hospitalized patients.




2 Methods



2.1 Patients

Adults with and without diabetes who wear QT AIR device and choose to consent to the use of the product to record blood glucose data were enrolled in this study.

The study encompasses two groups of participants:

a. Patients who wore QT AIR in outpatient settings (n = 138) from October 1, 2022, to March 31, 2023.

All device uers who electronically affirmed the QT APP End User License Agreement (EULA) were systematically enrolled in the randomized sampling framework.

b. Patients admitted to the Endocrinology Department at Beijing Tsinghua Chang Gung Hospital and wearing QT AIR (n = 38) from March, 2023, to March, 2024.

Eligible participants met the following criteria: (1) age ≥ 16 years with no gender restriction; (2) clinical indication for glycemic surveillance and willingness to maintain CGM device adherence for ≥7 consecutive days. Exclusion Criteria: (1) Required radiographic examinations (X-ray, MRI, or CT) or anticipated exposure to high-intensity radiation/electromagnetic fields during CGM application; (2) Presented with severe circulatory insufficiency; (3) Demonstrated documented hypersensitivity reactions to CGM sensor components; (4) Experienced acute metabolic complications including diabetic ketoacidosis (DKA); (5) Used pharmacotherapeutic agents with known interference potential on CGM or capillary blood glucose measurements.




2.2 Study design

Outpatient participants followed the instructions provided for wearing the Libre and the QT AIR. They downloaded the QT APP and activated and synchronized the devices through the app. Participants used their personal blood glucose meters, which were paired with the QT APP following authentication. This pairing process enables the automatic synchronization of self-measured fingertip blood glucose readings. Additionally, patients had the option to manually input their self-measured fingertip blood glucose values and corresponding test times into the QT APP. The reading in the stable blood glucose period (the glucose reading changes are lower than 0.05mmol/L·min) were utilized for calibrating the QT AIR data. During the wearing period, patients could have random fingertip blood glucose test. Before calibration, patients continued their daily routines and avoided strenuous exercise, eating, and injecting insulin for 3-4 hours, the blood glucose change rate should be less than 0.05 mmol/L·min. Concurrently, QT AIR uncalibrated data, QT AIR calibrated data, Libre readings, and fingertip blood glucose levels, were transmitted to and documented on a secure cloud-based server. In case of occurrences of hyperglycemia or hypoglycemia, the QT APP was able to alert the patients and provide feedback to healthcare providers, facilitating timely intervention to ensure comprehensive patient medical safety.

In the hospital setting, with the assistance of professional staff, the Libre and QT AIR were worn on the outer side of the upper arm. After initiating the Libre, patient and device information was inputted into the hospital’s internal glucose management platform. QT AIR device transmitted blood glucose readings to the hospital’s server at one-minute intervals. During the monitoring process, nursing staff applied the standard blood glucose meter (Accu-Chek® Performa Connect) and utilized the same batch of blood glucose test strips for fingertip blood glucose measurements. All data will be systematically transmitted and recorded on the cloud server. If any hyperglycemic or hypoglycemic events occur, the hospital management platform will send immediate notifications to the doctor in charge. These notifications enable physicians to promptly intervene and make necessary adjustments to the treatment regimen.

Given that the FreeStyle Libre has a specified range of readings (2.2-27.8 mmol/L), data exceeding this range will be considered as output readings. The study will comprehensively compare the consistency and clinical accuracy of the data obtained from QT AIR uncalibrated, QT AIR calibrated, Libre readings, taking corresponding fingertip blood glucose values recorded at the matching time points as reference.




2.3 Statistical analysis

Statistical analysis was performed using GraphPad Prism 9.0.0 (GraphPad Software, San Diego, CA, USA). The data in accordance with normal distribution were expressed as mean ± standard deviation (). Since the glucose data violated the assumption of normality (assessed by Shapiro-Wilk/Kolmogorov-Smirnov test, p<0.05), Spearman’s rank-order correlation was employed to evaluate the monotonic relationship between variables. Correlation analysis used Bland-Altman analysis (12); p<0.05 was considered as statistically significant. System error analysis used MAD (mean absolute difference) and MARD (mean absolute relative difference) (13); Clinical performance evaluation was conducted by analysis of the consensus error grid (14, 15); Plots and calculations were performed in “Python 3.11.1”. Point accuracy is assessed using Continuous Glucose Deviation Interval and Variability Analysis (CG-DIVA) based on Food and Drug Administration requirements for integrated CGM systems (16) (Figure 2).

[image: Flowchart detailing the QT AIR glucose monitoring study design. It divides participants into outpatient (n=138, 1907 data points) and in-hospital (n=38, 939 data points) groups. Both groups compare capillary blood glucose with FreeStyle Libre, QT AIR uncalibrated, and QT AIR calibrated. Analyses include correlation, difference, consensus error grid, and Bland-Altman. Inclusion criteria: age 16+, clinical indication for glycemic surveillance, CGM adherence for seven days. Exclusion: specific medical conditions and treatments.]
Figure 2 | Flowchart of research procedures. CG-DIVA, Glucose Deviation Interval and Variability Analysis.





3 Results



3.1 The evaluation of the device’s performance in outpatient settings



3.1.1 Correlation analysis

We have conducted an analysis of 1,907 paired data sets from 138 outpatient users, collected from the QT APP cloud server. The capillary glucose values of the users demonstrated significant and positive Spearman correlation with both Libre data and QT AIR data, before and after calibration (p<0.0001) (Shapiro-Wilk/Kolmogorov-Smirnov test, p<0.001). The correlation ranking of capillary blood glucose levels can be expressed as follows: QT AIR calibrated > Libre > QT AIR uncalibrated (Figure 3).

[image: Three scatter plots compare capillary glucose levels (mmol/L) to different glucose measurements. Plot 1 compares capillary glucose with FreeStyle Libre, showing r=0.8109. Plot 2 compares capillary glucose with QT AIR uncalibrated, showing r=0.7519. Plot 3 compares capillary glucose with QT AIR calibrated, showing r=0.8803. All plots indicate a significant positive correlation with p<0.0001.]
Figure 3 | Correlation between capillary blood glucose and CGM ① FreeStyle Libre; ② QT AIR uncalibrated; ③ QT AIR calibrated;.




3.1.2 Difference analysis

The MARD for FreeStyle Libre was 18.33% ± 16.31%, while QT AIR uncalibrated has an MARD of 20.63% ± 15.92%. Remarkably, QT AIR calibrated exhibits a significantly superior performance with an MARD of 12.39 ± 12.94%, outperforming the other two groups (overall p < 0.0001).

Further analysis involved stratifying the data based on capillary glucose values.The MAD was used for error comparison in the hypoglycemic group (BG ≤ 3.9 mmol/L,136 samples). The MARD was calculated for the hyperglycemic group (BG > 10.0 mmol/L, 170 samples) and optimal glycemic groups (4.0-10.0 mmol/L, 1601 samples). The results showed that the MAD of QT AIR calibrated data closely approximated that of Libre and significantly outperformed the uncalibrated data in the hypoglycemic group. In the non-hypoglycemic range (BG > 3.9 mmol/L), the MARD values of QT AIR calibrated were significantly better than both the Libre and the uncalibrated group, with Libre slightly surpassing the uncalibrated group (Table 1).

Table 1 | Comparison of MAD and MARD Values Among FreeStyle Libre, Uncalibrated QT AIR, and Calibrated QT AIR in different capillary glucose ranges among Out-of-Hospital Patients.


[image: Table comparing capillary glucose ranges between FreeStyle Libre and QT AIR (uncalibrated and calibrated). Metrics include sample size, MAD, MARD, and P values for glucose ranges ≤3.9, 4.0-10.0, >10.0, and >3.9 mmol/L. Overall MARD is also provided.]



3.1.3 Consensus error grid analysis

Consensus error grid analysis, an improved version of Clarke error grid analysis, addresses partition incoherence and other limitations to enhance accuracy assessment. The study’s results revealed that the proportions of values falling within regions A and B for FreeStyle Libre, QT AIR calibrated, and QT AIR uncalibrated were all over 99%. However, when focusing on the specific Zone A, the ratio of QT AIR calibrated (87.62%) was significantly superior to that of Libre (69.74%) and QT AIR uncalibrated (67.80%). Remarkably, none of the three exhibited samples in regions D and E, indicating their good performance in avoiding clinically dangerous errors (Figure 4, Table 2).

[image: Three Bland-Altman plots comparing glucose measurements. Panel 1: Capillary glucose vs. FreeStyle Libre, showing scatter around a red line at zero, indicating bias. Panel 2: Capillary glucose vs. QT AIR un-calibrated, similar scatter with no clear bias. Panel 3: Capillary glucose vs. QT AIR calibrated, shows tighter clustering around zero, indicating improved agreement. Each plot displays differences against the average of comparison measurements in millimoles per liter.]
Figure 4 | Consensus error grid of Out-of-Hospital Patients. ①comparison between FreeStyle Libre and capillary glucose; ②comparison between QT AIR uncalibrated and capillary glucose; ③comparison between QT AIR calibrated and capillary glucose.

Table 2 | Consensus error grid of out-of-hospital patients.


[image: Table comparing FreeStyle Libre, QT AIR uncalibrated, and QT AIR calibrated devices. Categories A, B, C, D, E, and A+B show sample counts and percentages. FreeStyle Libre: A 1330 (69.75%), B 559 (29.31%), C 18 (0.94%). QT AIR uncalibrated: A 1293 (67.80%), B 596 (31.26%), C 18 (0.94%). QT AIR calibrated: A 1671 (87.62%), B 224 (11.75%), C 12 (0.63%). Category A+B totals are also listed.]



3.1.4 Bland-Altman analysis

The Bland-Altman plot was generated with the mean value of capillary glucose and CGM data as the x‐axis and the difference between capillary blood glucose and CGM (BG - CGM) as the y‐axis. As shown in Figure 5, the mean difference in FreeStyle Libre was 0.8834 mmol/L, signifying an overall underestimation of FreeStyle Libre compared to capillary glucose data. The mean difference and standard deviation of QT AIR calibrated were significantly lower than those of Libre and QT AIR uncalibrated (Table 3).

[image: Three Clarke Error Grid Analysis charts compare capillary glucose to different measurement methods. Chart 1 uses FreeStyle Libre, Chart 2 uses QT AIR uncalibrated, and Chart 3 uses QT AIR calibrated. Each chart is divided into zones A to E, showing accuracy and error in measurements with colored data points.]
Figure 5 | Bland-Altman analysis of FreeStyle Libre, QT AIR calibrated and uncalibrated among Out-of-Hospital Patients.

Table 3 | Bland-Altman analysis of FreeStyle Libre, QT AIR calibrated and uncalibrated among Out-of-Hospital Patients.


[image: Comparison table showing bias, standard deviation (SD) of bias, and ninety-five percent confidence interval (CI) for FreeStyle Libre, QT AIR uncalibrated, and QT AIR calibrated. FreeStyle Libre shows a bias of 0.8834 mmol/L, SD of 1.423, and CI of -1.906 to 3.673 mmol/L; QT AIR uncalibrated shows a bias of -0.01517 mmol/L, SD of 1.741, and CI of -3.427 to 3.397 mmol/L; QT AIR calibrated shows a bias of 0.006137 mmol/L, SD of 1.094, and CI of -2.137 to 2.150 mmol/L.]




3.2 The evaluation of the device’s performance in hospital settings



3.2.1 In-hospital patients characteristics

The clinical characteristics of 38 randomly selected inpatients are as follows: among them, 27 were male and 11 were female, with a mean age of (53.32 ± 17.93) years (range: 18 to 84 years). Among the patients, there were 17 cases of type 1 diabetes, 16 cases of type 2 diabetes, 2 case of reactive hypoglycemia, and 3 cases of latent autoimmune diabetes in adults (LADA). Among these patients, 28 were undergoing insulin therapy, with an average daily insulin dosage of 26.72 ± 22.22 IU. The patients had an average body mass index (BMI) of (24.05 ± 4.62) kg/m² and an average diabetes duration of approximately 11 years (ranging from 1 week to 35 years). The mean value of glycated hemoglobin (HbA1c) was 9.12 ± 2.77% (Table 4).

Table 4 | Characteristics of study subjects.


[image: Table showing demographics and clinical characteristics of 38 subjects. Gender: 27 males (71.05%) and 11 females (28.95%). Diagnosis: 17 with Type 1 diabetes (44.74%), 16 with Type 2 (42.11%), 2 with reactive hypoglycemia (5.26%), and 3 with LADA (7.89%). Therapy: 28 on insulin (73.68%) and 10 on oral agents or non-pharmacological interventions (26.32%). Mean age: 53.32 years (SD 17.93). Mean BMI: 24.05 kg/m² (SD 4.62). Mean HbA1c: 9.12% (SD 2.77).]



3.2.2 Analysis of blood glucose measurement difference among in-hospital patients

A total of 939 capillary blood glucose data points from in-hospital patients were collected for analysis. The MARD for FreeStyle Libre was calculated as 13.72% ± 14.57%, the uncalibrated QT AIR exhibited a MARD of 13.00% ± 12.44%, and the calibrated QT AIR yielded a significantly improved MARD of 7.27% ± 7.45%. The statistical analysis showed a significant difference among these MARD values (p<0.0001).




3.2.3 Consensus error grid analysis of blood glucose among in-hospital patients

As illustrated in Figure 6, Table 5, the consensus error grid analysis for in-hospital patients revealed that approximately 99% of the data points from Libre, uncalibrated QT AIR, and calibrated QT AIR fell within the A+B zones. Similar to the outpatient results, the calibrated QT AIR exhibited a substantial improvement with 94.89% of its data points falling within the A zone, surpassing the 78.70% of Libre and the 79.45% of uncalibrated QT AIR.

[image: Scatter plots comparing glucose measurements with Clarke Error Grid overlays.   1. Freestyle Libre vs. Capillary Glucose: Points mostly in zones A and B, indicating good accuracy.  2. QT AIR uncalibrated vs. Capillary Glucose: Wider distribution, but most data still in zones A and B.  3. QT AIR calibrated vs. Capillary Glucose: Improved accuracy with more points in zones A and B.   Each plot shows a diagonal reference line and distinct zones (A to E) for measurement accuracy evaluation.]
Figure 6 | Consensus error grid among In-Hospital Patients. ①comparison between FreeStyle Libre and capillary glucose; ②comparison between QT AIR uncalibrated and capillary glucose; ③comparison between QT AIR calibrated and capillary glucose.

Table 5 | Consensus error grid among In-hospital patients.


[image: Comparison table of three glucose measurement methods across five zones (A to E) and combined zones (A+B). Each method lists sample size and percentage: FreeStyle Libre, QT AIR uncalibrated, and QT AIR calibrated. Zone A shows high samples and percentages, decreasing towards Zone E. Combined zones A+B yield high percentages across all methods.]



3.2.4 Point accuracy

The CG-DIVA results are shown in the Figure 7. Figures 7A–C, show the overall distribution of CGM reading biases across different glucose ranges. Overall median biases were -9.40%, -9.36%, and -0.49% for Libre, QT AIR uncalibrated, and calibrated, respectively. Figures 7D–F shows the variability of different representative sensors across various glucose levels, with an overall between sensor variability range of 60.17%, 62.40%, and 26.65% for Libre, QT AIR uncalibrated, and calibrated, respectively.

[image: Six graphs comparing glucose measurement deviations across different devices and calibration states. Graphs A, B, and C show bar charts for FreeStyle Libre, QT AIR uncalibrated, and QT AIR calibrated, respectively, with color-coded deviation ranges. Graphs D, E, and F depict line charts for the same devices. Each graph is divided by glucose range categories and displays percentage accuracy above each section.]
Figure 7 | Continuous Glucose Deviation Interval and Variability Analysis (CG-DIVA) of FreeStyle Libre, QT AIR uncalibrated, and calibrated. (A–C): Provides an absolute bias comparison for glucose levels <70 mg/dL and a relative bias comparison for all other glucose levels, referencing the right axis scale. Consistency rates (AR) are used to evaluate the other glucose ranges, referencing the left axis scale.The bias intervals are shown as light/dark gray boxes, indicating the expected range of biases. The median bias is represented by a black dashed line. The coverage of the bias intervals, i.e., the percentage of biases falling within the intervals, is set according to the requirements defined by the U.S. Food and Drug Administration (FDA) and is printed at the top of the figure.The dark gray box represents standard I, and the light gray box represents standard II, corresponding to the percentage colors of the bias ranges at the top.The colored background indicates the degree of bias and is based on the limits of standards I and II. The green range represents standard I, the yellow range, which includes the green, represents standard II, and the red indicates exceeding the standard requirements. (D–F): Each sensor is described by the range of bias within the median and the 90% range, and sensors are ranked by median bias within the overall glucose range, with black solid dots representing the median positions.






4 Discussion

The CGM detects blood glucose through a series of interstitial fluid glucose measurement. It is very helpful for diabetic patients to optimize their treatment regimens (17). CGM systems are categorized into retrospective and real-time dynamic glucose monitoring systems. Real-time CGM devices provide a real-time glucose reading and glucose change trend. It not only facilitates convenient glucose information retrieval but also enables the anticipation of hyperglycemic or hypoglycemic events. As a result, users are empowered to promptly adjust their glycemic management strategies, thereby increase their TIR and improving overall glycemic control (18). However, FreeStyle Libre, a widely used intermittently scanned CGMs in China and other developing countries, operates as a retrospective system. Based on this technical foundation, our research team developed QT AIR to address these limitations. QT AIR upgraded Libre to a calibratable real-time continuous blood glucose monitoring device.

Capillary blood glucose, obtained from fingertip capillaries, remains an irreplaceable clinical prominence as the most commonly employed glycemic reference metric in both patients’ daily lives and clinical blood glucose management practices (19). Considering its reliablility and convienence, we utilize CBG as the benchmark for comparing the values obtained from CGM systems.

The evaluation of the accuracy of CGM systems encompasses two aspects: numerical accuracy and clinical accuracy assessment. In terms of numerical accuracy, the consistency analysis results reveal significant correlations among all three groups of outpatient users—Libre, calibrated QT AIR, and uncalibrated QT AIR. Among these, calibrated QT AIR exhibits the highest degree of correlation. The Bland-Altman analysis serves as a quantitative and directional means of assessing the consistency between two different measurement methods. In the comparison between FreeStyle Libre readings and capillary blood glucose values, it is evident that the Libre generally underestimates the blood glucose. This observation aligns with conclusions drawn from other relevant studies (10, 11). Comparatively, the differences between QT AIR monitoring values and capillary blood glucose values are less pronounced, with the average difference narrowing further after calibration. MARD is the measure of choice for evaluating the accuracy of CGM systems. Calibrated QT AIR exhibits a significant reduction in MARD values when compared to both Libre and uncalibrated QT AIR. In the outpatient setting, among the FreeStyle Libre, uncalibrated QT AIR and calibrated QT AIR, Consensus error grid analyses demonstrated data distribution exceeding 97% in zones A+B. Furthermore, after the calibration of QT AIR, the data within zone A rising from less than 70% to over 80%, resulting in a noteworthy enhancement in clinical accuracy within the context of daily outpatient scenarios. Building upon the factory calibration of FreeStyle Libre, QT AIR introduces capillary blood calibration to further refine data accuracy, thereby facilitating superior monitoring outcomes for users.

In the context of outpatient CGM device utilization, inaccuracies in measurement data may stem from various factors, including improper self-application of the sensor, intricate physical activities leading to suboptimal sensor adherence, and other related issues. Moreover, the accuracy of capillary blood glucose values, utilized as a calibration reference, could be influenced by variances in the patient’s self-sampling techniques, inconsistent skin disinfection procedures, and variations in the quality of testing instruments (20, 21). Therefore, our data collection was conducted among inpatients as well, with the assistance of specialized nursing staff, to ensure proper device placement, conduct regular checks of device functionality, and implement standardized procedures for capillary blood sampling. These measures were undertaken to mitigate potential data inaccuracies arising from procedural variations. In the hospital setting, the MARD of FreeStyle Libre was 13.72%, which closely approximates the official claim of 11.4%. However, after rigorous capillary blood calibration, the MARD of QT AIR decreased significantly to 7.27%, surpassing FreeStyle Libre with factory calibration. Additionally, this MARD value was lower than the reported 9.2% for subsequent iterations of FreeStyle Libre (22, 23). Previous studies have demonstrated that the MARD values of Dexcom G7 were 8.2% or 9.1%, compared with 9.4% for Guardian™ Sensor 3 (24, 25). After calibration, QT AIR exhibited comparable performance to these market-leading glucose monitoring systems. In terms of clinical accuracy, similar to the results of outpatients, the Consensus error grid analysis revealed that the predominant data points for all three groups fell within zones A and B. However, after calibration, QT AIR improved the proportion of data points in zone A from approximately 80% to 94.89%. This outcome underscores the remarkable clinical accuracy of QT AIR, underscoring its potential to deliver monitoring outcomes akin to capillary blood glucose levels when subjected to meticulous adherence to wearing protocols and rigorous data calibration procedures. CG-DIVA results show that after algorithm optimization and calibration, the QT AIR significantly improved the point accuracy of Libre and reduced the variability between devices and within devices. Furthermore, the calibrated QT AIR’s point accuracy has approached the benchmark required for an Integrated-CGM system.

Our study has certain limitations. In the outpatient study, there is a potential occurrence of inadequate sensor adherence. However, we addressed this concern by implementing data collection within a separated population, well monitored inpatients, and got a consistent result. The sample size in the hospital data collection was limited. We did not incorporate a gold standard reference such as venous blood for comparison.




5 Conclusion

In summary, we have successfully upgraded the intermittently scannedCGM device to a real-time CGM device and introduced capillary blood calibration to enhance accuracy. From the results, QT AIR demonstrated statistically significant enhancements in both data accuracy and clinical accuracy after calibration, surpassing the performance of FreeStyle Libre and achieving parity with leading CGM devices.
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Introduction

Every one in seven people with Type-I or Type-II diabetes suffers from fear of hypoglycemia (FOH). Its impact on quality of life, glycemic control, and health outcomes is well studied. However, its relationship with sleep quality remains underexplored, particularly in developing societies. We hypothesize that FOH is a key predictor of sleep quality in Type-I and Type-II patients with diabetes and, therefore, needs detailed investigation.





Methods

A multicentric study was conducted across five cities and six centers of Punjab. Data from 310 diabetes patients were analyzed using the Hypoglycemia Fear Survey-II (HFS-II) Scale and the Pittsburgh Sleep Quality Index (PSQI). Statistical analyses explored subgroup variations, correlations, regression models, and receiver operator curve (ROC) estimation.





Results

The study reports 57.70% of patients with poor sleep among whom 47% had elevated FOH. Sleep quality, age, gender, diabetes duration, and insulin route significantly correlated with FOH (p < 0.05), while glycemic control and insulin use did not. Binary logistics regression showed that for every one-unit increase in FOH, the odds of experiencing poor sleep increased by approximately 3.7% (p < 0.001; OR 1.037). Five out of seven sleep components (sleep quality, efficiency, disturbance, medication use, and daytime dysfunction) were significantly related to FOH. We hypothesize that FOH might specifically influence the quality rather than the initiation or termination of the sleep cycle. ROC analysis revealed that HFS-II may be better at diagnosing poor sleep in patients than by chance (p < 0.001) with an AUC of 0.691.





Conclusion

FOH is a key predictor of sleep quality among patients with diabetes. Healthcare providers should prioritize patient education targeting common FOH concerns and assess patients with disturbed sleep for elevated FOH levels, as it may contribute to sleep disturbances.





Keywords: fear of hypoglycemia, quality of sleep, diabetes mellitus, HFS-II scale, PSQI




1 Introduction

Diabetes is characterized as an increased blood glucose level that is caused by either a defect in insulin action, insulin secretion, or both, causing various metabolic disorders (1, 2). It is one of the most prevalent diseases across the world with an increasing incidence in Pakistan. The most recent data provided by the International Diabetes Foundation (IDF) has shown a 30.8% prevalence of diabetes in the Pakistani adult population, where every 1 in 4 persons is affected by diabetes (3).

Patients with diabetes are required to maintain a balance between their medication and food intake. This balance is essential to avoid poor glycemic control on one side and hypoglycemia on the other side. Hypoglycemia, although acute, yet is one of the most serious acute adverse outcomes of anti-diabetic treatments (4). It can be manifested as either autonomic symptoms (trembling, palpitations, sweating, tingling) or neuroglycopenic symptoms (difficulty concentrating, confusion, drowsiness, vision changes, difficulty speaking) (5). Generally, the symptoms can be alleviated by the administration of fast-acting carbohydrates and do not require any assistance (level 1 and level 2 hypoglycemia), however, if left unrecognized or unaddressed it may lead to a severe form of hypoglycemia (level 3, requiring aid) resulting in loss of consciousness, seizure, coma, or even death (6). These potentially fatal consequences create a psychological state of mind in diabetes patients known as the fear of hypoglycemia (FOH).

FOH is defined as “the degree of fear associated with episodes of hypoglycemia and their negative consequences” (7). It is one of the most common psychological manifestations associated with hypoglycemia (8–10).

The state of hypoglycemic fear induces behavioral changes in patients with diabetes to prevent the occurrence of hypoglycemic episodes and thus the consequences. These include having additional meals (11), snacking at night (12), stress-induced eating, decreased physical activity (13), maintaining higher blood glucose levels (14, 15), and mismanagement of insulin doses (11, 16–18). These behaviors can potentially lead to impaired glycemic control (10), reduced quality of life (19, 20), suboptimal diabetes management (21, 22), and development of microvascular complications (7, 22).

Along with these physical behaviors, FOH is also manifested psychologically. Evidence shows that FOH is related to anxiety and depression in patients with diabetes (23). These psychological states are closely linked with sleep quality (24, 25). Similarly, research shows that the improvement in blood glucose monitoring technologies has significantly reduced FOH and improved quality of life, including sleep quality, in these patients (26, 27). Therefore, FOH is a potential factor that may affect the quality of sleep in patients with diabetes.

Only a few studies are available worldwide that have assessed this correlation in patients with diabetes (15, 28), but the data on the Pakistani population is scarce. It has also been reported that there is a high prevalence of sleep disturbances among the diabetes population in Pakistan. The results were confirmed in a recent (and by far the first) study by Farooque et al. where 57% of the patients were found to be poor sleepers (Global PSQI Score > 5) in a sample of 329 patients (29). However, the reasons remain unexplored as in the aforementioned study (29), there was no association found between poor sleep and glycemic control which necessitates further research in this area. In light of this, the present study aims to determine if FOH is a key predictor of sleep quality, describe the relationship between FOH and sleep components, and describe factors associated with FOH for targeted interventions.




2 Methodology



2.1 Study setting and design

This study employed a multicenter cross-sectional research design spanning six months (April 2023 to September 2023). Data was collected from multiple healthcare settings of the Punjab province of Pakistan viz. Ahmad Diabetes and Foot Center, Sargodha; District Headquarter Hospital (DHQ), Sargodha; Non-Communicable Disease Clinic (NCD), DHQ Hospital Jhelum; DHQ Hospital Hafizabad; Tehsil Headquarter Hospital, Lalamusa; and Fatima Memorial Hospital, Sambrial.




2.2 Ethics approval

Ethical approval was obtained on April 19, 2023, from the Ethical Review Committee at the University of Sargodha (Reference Number SU/ORIC/799).




2.3 Study tools

The study employed two pre-validated questionnaires, viz. the Hypoglycemia Fear Survey (HFS-II) (30) and the Pittsburgh Sleep Quality Index (PSQI) (31). The HFS-II consists of 33 items divided among two sub-scales i.e., the behavior scale (HSF-B, 15 items) and the worry scale (HFS-W, 18 items). It is used to measure different aspects of fear related to hypoglycemia. Each item on the scale carries five Likert points from 0-4 marked as ‘Never’, ‘Rarely’, ‘Sometimes’, ‘Often,’ and ‘Almost always’, respectively. Patients were classified into “elevated fear” or “non-elevated fear” groups based on the elevated item (EI) endorsement criterion (32). The criterion describes patients as having elevated fear if they score ‘≥3’ for more than one item on HFS-W.

The PSQI, with its 19 items, is a widely used tool to assess the sleep quality of patients over the past month based on self-reporting (31). Initial scoring of the scale generates seven components i.e., subjective sleep quality, sleep latency, sleep duration, sleep efficiency, sleep disturbance, medication use, and daytime dysfunction. Each component is scored from 0-3 (0 being the best and 3 being the worst score), and when all seven are cumulated, a global score is generated from ‘0-21’. The patients were categorized into “good sleep health (PSQI ≤ 5)” or “poor sleep health (PSQI > 5)” groups based on the global score (31). Prior permissions were obtained from the relevant bodies/persons to use these questionnaires in this study.




2.4 Study participants

A total of 310 participants were enrolled from different centers, as mentioned above. Inclusion criteria comprised patients with Type-I or Type-II diabetes, diabetes duration of ≥ 1 year, good cognitive skills, and willingness to participate. Exclusion criteria included pregnancy-related diabetes, mental illness history, and other conditions hindering communication.

Patients were approached during healthcare visits, and provided with study details, and those agreeing to participate gave written informed consent. Selected patients were then interviewed thoroughly for the baseline demographics, HFS-II, and PSQI questionnaires and responses were marked accordingly.




2.5 Statistical analysis

The statistics were applied using the Statistical Package for the Social Sciences (IBM SPSS Statistics for Windows, Version 27.0. Armonk, NY: IBM Corp). Data analysis involved descriptive statistics for means, frequencies, and percentages. The non-normal distribution of dependent variables (HFS-II Total Score and PSQI Global Score) led to the use of non-parametric tests like Kruskal-Wallis and Mann-Whitney tests for significance testing regarding age, gender, education, diabetes duration, and insulin use.

Spearman’s correlation was used to analyze the relationship between fear of hypoglycemia (HFS-II) and sleep quality (PSQI). A binary logistic regression was subsequently performed, treating PSQI as a dichotomous variable for further exploration, with fear of hypoglycemia and insulin use as predictor variables. Finally, ROC curve analysis was conducted to evaluate the diagnostic ability of HFS-II (FOH) in measuring poor sleep quality. The output data on the assumption analysis of regression, normality testing, and ROC curve analysis can be found in the Supplementary File.





3 Results



3.1 Population characteristics

Table 1 summarizes the population’s characteristics. The largest age group was 41-60 years (30.9%), with 65.5% female and 34.5% male participants. Most had 10 years of education (28.4%), while 11.9% were graduates. Around 40.0% were diagnosed with diabetes in the last 5 years, and 30.0% had diabetes for over 10 years. Mean fasting blood sugar (BSF) was 181.91 mg/dL (SD 70.36), and random blood sugar (BSR) was 268.20 mg/dL (SD 92.17). Notably, 58.4% had poor glycemic control (BSF > 130 mg/dL). Type-I diabetes patients constituted 50% of the sample, primarily using syringes for insulin (41.0%). Additionally, 17.1% used insulin secretagogues and 4.8% used both insulin and insulin secretagogues.

Table 1 | Sample characteristics of study participants.


[image: Table displaying demographic and medical information of diabetes patients. Age distribution: ≤ 40 (22.6%), 41-60 (61.3%), > 60 (16.1%). Gender: Male (34.5%), Female (65.5%). Education levels: Primary (24.2%), Middle (23.2%), Matric (28.4%), Inter (12.3%), Graduate (11.9%). Duration of diabetes: < 5 years (40.0%), 5-10 years (30.0%), > 10 years (30.0%). Mean BSF: 181.91 mg/dL. Mean BSR: 268.20 mg/dL. Glycemic control: Poor (58.4%), Good (19.4%), Data unavailable (22.3%). Patients on insulin: 50.0%. Insulin administration: Syringe (41.0%), Penfil (14.5%), Pump (0.3%).]



3.2 HFS-II scores

The mean HFS-II total score was 25.18 (SD 23.24) on a scale of 0 – 132. Mean scores on HFS-B and HFS-W scales were 15.40 (SD 13.64) and 9.77 (SD 12.48) respectively. The most rated items on HFS-B and HFS-W have been listed in Table 2. Using the EI criterion (32), we identified 120 patients (38.7%) having an elevated FOH as they scored ‘≥ 3’ for more than one item on HFS-W.

Table 2 | Most rated items on HFS-II Scale by the study participants.


[image: Table showing the Hypoglycemia Fear Survey subscales and items with corresponding means and standard deviations. HFS-B items include social behaviors with scores: 1.55, 1.50, 1.38, 1.38. HFS-W items include cognitive and emotional concerns with scores: 1.18, 0.83, 0.77, 0.77. SD denotes standard deviation. HFS-B is the behavior subscale, and HFS-W is the worry subscale.]



3.3 FOH in different population groups

The scores of HFS-II, HFS-B, and HFS-W have been presented in Table 3. Participant’s gender, diabetes duration, and method of insulin administration were significantly related to the FOH scores. The mean HFS-II score was significantly higher in the female gender (M = 27.40 (SD 22.42)) than in males (M = 20.95 (SD 24.28)). Nearly 75% of the females had an elevated fear of hypoglycemia. The most feared items among females related to hypoglycemia were ‘made sure there were other people around,’ ‘stayed at home more than I liked,’ and ‘made sure I had someone with me when I went out.’ Male participants differed only in item (‘ate large snacks’).

Table 3 | Fear of hypoglycemia and sleep quality in different population groups.


[image: A table displays the outcome of the HFS-II total score and PSQI outcomes across various demographic and health categories, including age, gender, educational status, duration of diabetes, method of insulin use, glycemic control, and medications taken. Each category lists mean scores with standard deviations and p-values for statistical significance. Significant p-values are highlighted. The table provides comparative insights into good and poor sleep health percentages across different groups, emphasizing the relationship between these factors and hypoglycemia-related outcomes.]
Duration of diabetes appears to have a positive correlation with the FOH as the mean HFS-II scores are highest in patients with a duration of > 10 years. Though the overall difference in the groups is marginally significant (p = 0.047), the pairwise comparison highlights a more substantial difference of means between the groups ‘< 5 years’ and ‘> 10 years’ (p = 0.016).

Finally, the way the patients administer insulin seems to have a significant impact on their FOH. The fear is more prevalent among patients using traditional methods such as insulin syringes (M = 29.40; SD 25.04) than those using modern technologies such as penfills (M = 16.17; SD 18.60). No solid inference can be derived from the scores of patients on insulin pumps due to their small proportion.

Glycemic control (good or bad), insulin vs non-insulin users, and the educational status of the participants did not appear to influence the FOH levels significantly. However, the fear was higher in patients with good glycemic control (M = 30.63 (SD 28.53)), use of insulin (M = 26.22 (SD 24.59)), and lower educational level (M = 26.25 (SD 23.16)).




3.4 Sleep quality in different population groups

The mean PSQI score was 7.11 (SD 4.31) where 57.7% (179) of the participants were poor sleepers (PSQI > 5) and 42.3% (131) had better sleep (PSQI ≤ 5). Age, gender, diabetes duration, use of oral hypoglycemic agents, glycemic control, and insulin regimen were not related to sleep quality significantly (p > 0.05). The use of insulin only, however, had a significant impact on the quality of sleep (p = 0.047). The proportion of poor sleep health was higher in all patients with diabetes without regard to their therapeutic regimens i.e., insulin, insulin secretagogues, or both medications. However, sleep health was relatively more compromised in patients using insulins in combination with insulin secretagogues (73.3% poor sleep health). Among other groups, sleep health was more compromised in patients aged between 21-30 years (78.6%), females (59.6%), diabetes duration > 10 years (62.4%), penfil users (57.8%), and those having a good glycemic control (65.0%) (Table 3). Interestingly, the FOH also seems to be higher within the same population groups particularly ‘21-30 years old’, ‘females’, ‘diabetes duration >10 years’, and ‘good glycemic control’ (Table 3), setting up a base for a more in-depth relation between these two variables explained as follows.




3.5 Comparison of FOH and sleep quality

The sleep outcomes were measured as Global PSQI Score (sleep health) and seven sleep components (Table 4). A Spearman’s correlation between FOH and sleep health showed a highly significant positive monotonic relation between the two variables (p < 0.001, rs = 0.397, n = 310). The relationship with behavior and worry dimensions of HFS-II scale was equally significant (p < 0.001, rs = 0.379; p < 0.001, rs = 0.304 respectively). Notably, the correlation was positive, meaning the PSQI score increases with the increments in HFS-II scores. Moreover, the mean HFS-II scores were higher among patients with poor sleep health compared to those with good sleep health (Table 4). In addition, among the 179 patients with poor sleep health, 46.9% had an elevated FOH according to the EI criterion.

Table 4 | Relationship between FOH and sleep.


[image: Table displaying various sleep parameters such as PSQI Global, Subjective Sleep Quality, Latency, Duration, Efficiency, Disturbance, Medication, and Day Time Dysfunction. It includes columns for Mean FOH Score, Non-Elevated FOH, Elevated FOH, and Significance with FOH. Significance levels are highlighted, with bold values indicating statistical significance at p < 0.05.]
Going ahead, we attempted to understand the relationship between FOH and the sleep components to highlight grey areas in overall sleep health. The relationship of five out of seven components was significant (p < 0.05). These were subjective sleep quality, sleep efficiency, sleep disturbance, sleep medications, and daytime dysfunction. Sleep latency and duration showed an insignificant relationship with FOH. With few exceptions, the mean FOH scores as well as the proportion of elevated fear tend to rise with the worsening outcome of each sleep component. For example, a ‘fairly bad’ subjective sleep quality in patients is associated with 48.1% elevated FOH compared to 36.4% for ‘fairly good’ sleep quality. A similar trend is followed in other components except for the sleep duration where a relatively large deviation can be seen.




3.6 Relationship between FOH and sleep quality

To further understand the nature of the relationship between FOH and sleep quality, logistic regression analysis was performed between the two variables (Table 5). The global PSQI score (continuous scale, 0-21) was converted into a binary variable ‘sleep health’ with two outputs, good sleep health (PSQI ≤ 5) and poor sleep health (PSQI > 5), to perform a binary logistic regression. The ‘HFS-II score’ (continuous variable) was added as the independent variable with ‘insulin use (dichotomous)’ as a covariate since it was found to be significantly related to sleep quality (Table 3). The model demonstrated an overall satisfactory fit, as evidenced by the -2 Log Likelihood value of 382.370 and the Cox & Snell R Square (12.1%) and Nagelkerke R Square (16.2%). For the predictor variable “Fear of hypoglycemia,” the coefficient (B) was 0.036, and the Wald chi-square test yielded a statistically significant result (χ² (1) = 29.387, p < 0.001). The odds ratio (Exp(B)) was 1.037, suggesting that for every one-unit increase in fear of hypoglycemia, the odds of experiencing poor sleep increased by approximately 3.7%. As for “Insulin use,” the coefficient (B) was -0.440, and the Wald chi-square test produced a p-value of 0.073, indicating marginal significance. The odds ratio (Exp(B)) for insulin use was 0.644, suggesting that individuals using insulin had approximately 60% lower odds of experiencing poor sleep compared to those not using insulin.

Table 5 | Logistic regression predicting sleep health from FOH and insulin use.


[image: A table presenting logistic regression results. The predictors are "Total HFS Score," "Patients Taking Insulin Only," and "Constant." For "Total HFS Score": B is 0.036, Wald χ² is 29.387, p-value is less than 0.001, Odds Ratio is 1.037, with a 95% CI of 1.023 to 1.050. For "Patients Taking Insulin Only": B is -0.440, Wald χ² is 3.212, p-value is 0.073, Odds Ratio is 0.644, with a 95% CI of 0.398 to 1.042. For "Constant": B is -0.293, Wald χ² is 1.845, p-value is 0.174, Odds Ratio is 0.746.]



3.7 Diagnostic ability of FOH to predict poor sleep quality – receiver operating characteristic (ROC) curve analysis

ROC curve analysis is a graphical representation used to evaluate the diagnostic ability of a binary classifier system. In the present case, the ROC curve analysis was conducted to evaluate the diagnostic accuracy of three scales—HFS-B (Behavior score), HFS-W (Worry score), and HFS-T (Total HFS score)—in identifying poor sleep quality (Table 6, Figure 1). The dataset comprised 179 cases with severe sleep difficulty and 131 cases without. The Area Under the Curve (AUC) values were 0.691 for the Total HFS Score, 0.681 for the HFS-B Scores, and 0.647 for the HFS-W Scores, with all p-values being < 0.001. This indicates that all three scales are significantly better than chance at distinguishing between individuals with and without severe sleep difficulty. Following this, we analyzed sensitivity and 1 – specificity values of the three scales at a cutoff value of 3.5. The total HFS-II score showed the highest sensitivity, followed by HFS-B and HFS-W. However, as a trade-off between sensitivity and specificity, HFS-B appears to be more optimal with a specificity of 83.8% and a false-positive rate of 61.1%.

Table 6 | Diagnostic performance of Total HFS, HFS-B, and HFS-W scores for identifying poor sleep quality using ROC.


[image: Table displaying test result variables with metrics: Total HFS Score, HFS-B Scores, and HFS-W Scores. Includes AUC, standard error, p-value, 95% confidence intervals, cutoff, sensitivity, and 1-specificity values. Total HFS Score has AUC 0.691, HFS-B Scores 0.681, and HFS-W Scores 0.647. Cutoff for all is 3.5000. Sensitivity values are 0.888, 0.838, and 0.654 respectively.]
[image: ROC curve graph displaying sensitivity versus specificity for three sources: HFS-B (blue line), HFS-W (black line), and Total HFS (red line). The curve rises from the origin towards the top right corner, indicating varying levels of sensitivity and specificity. The diagonal line represents a random classifier.]
Figure 1 | ROC Curves of fear of hypoglycemia scores predicting sleep quality in patients with diabetes. This figure shows ROC curves for components of the Fear of Hypoglycemia Survey (HFS) in predicting sleep quality among patients with diabetes. The blue curve (HFS-B) represents the behavioral component, the black curve (HFS-W) represents the worry component, and the red curve (Total HFS) represents the combined score. The diagonal red dashed line indicates no discrimination (AUC = 0.5). Higher AUC values denote better predictive accuracy.





4 Discussion

This is the first study examining the FOH among patients with diabetes and its influence on the quality of sleep in Pakistan. While the clinical practice is intensely oriented to reducing glycemic levels, the resultant hypoglycemic events and associated psychological implications are often ignored. FOH is one of the most common psychological manifestations of hypoglycemia. It is known to impact behavioral and worry patterns in individuals with diabetes. However, its impact on psychological states, such as sleep, is still in its infancy. Few studies that examined this particular relationship were related to Type-I patients (28) or adolescents (33).

In our study, with the inclusion of both Type-I and Type-II diabetics and no age restriction, the mean HFS-II score is 25.18 (SD 23.24) which is relatively lower compared to similar studies measuring FOH (10, 30, 34, 35). However, like our study, some other studies have also reported lower mean values for HFS scores (36). The EI criterion classified 120 individuals (38.7%) as having an elevated FOH which is relatively higher than other studies by Hajos et al. (32) (26%) and Majanovic et al. (37) (11.1%). The mean differences as well as fear characteristics could be attributed to the population differences in these studies.

In our study, FOH was higher in younger age (<10 – 30 years) as supported by other studies (35, 38, 39). Also, higher FOH was seen in patients above 60 years which is also evident from the literature (10, 11). We have also noted that the most vulnerable age groups with respect to FOH are those below 40 years and above 50 years. However, we agree with the interpretation of Martyn-Nemet et al. (40) that there is no consistent pattern of FOH with regard to age and that the relationship with age is complex. For gender comparisons, FOH was higher in females which are in uniform agreement with the previous literature (38, 41, 42).

Education seems to have a positive impact on the FOH. The fear is higher among participants with lower educational levels and vice versa. This appears to be a negative correlation as reported by Gonder-Fredrick et al. (30), however, we could not perform a direct correlation statistic due to the categorical nature of our variable. The relationship, nonetheless, remains insignificant and consistent with other studies (41).

Duration of diabetes was significantly associated with FOH in our study. The scores of HFS-II increased with the increase in the duration of diabetes. The findings are consistent with previous studies by Hongmei et al. (43) and Erol and Enc (41) where a positive correlation existed between the course of disease (diabetes) and FOH. Opposite findings also surfaced in some populations where there was no correlation between duration of diabetes and FOH or the FOH decreased with an increase in the duration of diabetes (30, 44).

The impact of glycemic control on FOH is debated. Some studies suggest improved glycemic control is associated with increased FOH (35, 40, 45), while others show higher FOH in patients with poor control (36). In our study, glycemic control showed a marginally insignificant relationship with FOH. However, patients with good control (FPG 80-130 mg/dL) were more likely to have FOH than those with poorer control (FPG > 130 mg/dL). Tight control lowers glucose levels intensively, raising hypoglycemia risk and concerns. Regular glucose monitoring and insulin dose management are key, especially in T2DM.

The FOH did not differ significantly among insulin users and those on oral anti-diabetic agents. However, the proportion of FOH was greater among insulin users compared to other groups. Studies have found a similar pattern of FOH among Type-I and Type-II diabetes patients, that is, individuals with T1DM have more FOH than individuals with T2DM, but the difference is not statistically significant (35, 36, 41).

As for the technology used for insulin administration, our data suggested that FOH was more prevalent in those administering insulin via syringes than those using pen fills. This means that technology infuses confidence and security among patients and is a reliable tool for reducing FOH. These results are consistent with a previous study showing that FOH was higher in patients using multiple-dose injection treatment compared to those receiving insulin via pump (38). However, in our study patients on insulin pumps showed a higher proportion of FOH but given the small number of users, the results cannot be generalized.

The relationship between FOH and sleep appears to be fairly significant. The univariate analysis as well as the multivariate logistic regression found the relationship significant. Moreover, five out of seven PSQI sleep components showed a statistically significant link with FOH. Sleep latency and sleep duration were not significantly linked with FOH. This generates the hypothesis that the FOH may not affect the initiation or termination of the sleep cycle rather it is more specifically linked with the quality of sleep. This could be disturbed sleep (p < 0.001), less efficient sleep (p = 0.017), medication-dependent sleep (p < 0.001), or sleep leading to daytime dysfunction (p < 0.001). These findings represent a novel contribution to the existing literature, signaling a need for further exploration and in-depth investigation into the specific mechanisms through which FOH manifests its impact on the qualitative aspects of sleep.

The ROC curve estimation also provided some novel insights into utilization of HFS-II scores in determining the quality of sleep. The results revealed that the HFS scores were better at predicting sleep quality than by chance. However, we couldn’t determine a specific cut-off score for a reliable diagnosis as the false positive rates were high. For the sake of comparison, a cut-off value of 3.5 was selected, which was closest to the maximum possible score on one item. This approach showed that the HFS-B scale was better at predicting poor sleep quality than the other forms of the scale in terms of sensitivity and specificity. This could be because of the underlying condition that the means of the HFS-B scores were higher in our study participants (15.40 (SD 13.64)) compared to the HFS-W scores (9.77 (SD 12.48)) indicating that fear derived from behavioral aspects may be more limiting towards sleep quality. However, the findings need clinical support to reflect more authenticity.

The identification of these nuanced relationships provides a foundation for targeted interventions aimed at improving sleep quality in individuals grappling with the psychological challenges associated with FOH. As the field advances, this newfound understanding paves the way for tailored strategies that encompass both glycemic control and psychological well-being in the holistic care of patients with diabetes. Further research endeavors should delve into the intricate dynamics of FOH and its implications on sleep, contributing to the evolving landscape of diabetes management and patient-centric care.

The strength of this study is that, for the first time, it provides comprehensive data on FOH in the diabetes population of Pakistan. While most of the studies utilize only the worry scale of HFS-II, we used the complete 33-item HFS-II scale in our sample population. Another strength of the study is that patients with both T1DM and T2DM were included in this study, unlike previous studies where the choice was selective. Finally, the study outlines an in-depth association between FOH and sleep quality and evaluates the diagnostic ability of FOH in terms of sleep quality. Moreover, it proposes a new hypothesis that the FOH may influence not the initiation and termination of the sleep cycle but its quality in an individual.




5 Conclusion

In conclusion, this study sheds light on the underexplored issue of FOH in the Pakistani population with diabetes, revealing its significant impact on both psychological well-being and sleep quality. The findings underscore the prevalence of FOH, with particular vulnerability among younger and older age groups, females, syringe users, and those with longer diabetes durations. Notably, FOH is closely linked with poor sleep quality, emphasizing the need for holistic diabetes management that addresses both glycemic control and psychological aspects. Healthcare practitioners should prioritize patient education and counseling, targeting the most common FOH concerns identified in this study. Furthermore, patients with disturbed sleep should be assessed for an elevated level of FOH as it could be a contributing factor to poor sleep quality. Future research should develop validated methods to better understand the intricate relationship between FOH and sleep disturbances.




6 Limitations

The cross-sectional design, missing confounding variables (e.g., history of hypoglycemic episodes, comorbidities e.g., obesity), and a higher proportion of female participants are some of the limitations of this study. Moreover, the data on glycemic control was generated from a single value of either BSR or BSF, which may not reflect the chronic condition of glycemic control. HbA1c could have been a better measure; however, we could not find enough data for this. Additionally, the PSQI tool assesses sleep quality over a relatively short period (past month) and may not capture long-term sleep patterns accurately. Furthermore, using HFS-II scores alone to classify patients into “elevated fear” or “non-elevated fear” groups may oversimplify FOH, which varies in intensity and impact among individuals. Similarly, future studies are also recommended to explore the relationship between fear of hypoglycemia and sleep quality in patients on non-hypoglycemic therapies.
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Background

Adults with type 1 diabetes (T1D) who fast during Ramadan remain a severely understudied population in terms of changes in glycemic control, making evidence-based recommendations for insulin adjustments difficult in this age-group. To fill this gap, we aimed to prospectively observe the changes in glycemic control of young adults with T1D who fast during Ramadan.





Methods

In this 3-year prospective study, we enrolled participants with T1D with flash glucose monitoring (FGM) data during the Ramadan periods of 2020-2022. CGM data for 4 weeks before, during, and after Ramadan were collected and analyzed. A sub-cohort of age-matched non-DM participants (N=49) who fasted during the Ramadan of 2022 were included for comparison.





Results

A total of 76 participants were enrolled, of whom only 39 (19 males and 20 females, mean age 28.1 ± 8.4 years) completed the three-year follow-up. The mean duration of diabetes among these participants was 11.5 ± 8.9 years. Ten (26%) patients were on insulin pump, and 22 (56%) patients received Ramadan-focused education at baseline. Pooled glycemic trends during Ramadan showed two main abnormal glucose spikes: after Iftar (between 16:00-18:00 and 18:00-20:00), with a difference of 15.5mg/dL, and after Suhoor (between 0:00-2:00h to 4:00-6:00), with a difference of 18.8mg/dL. These abnormal glycemic indices persisted a month after Ramadan. In parallel, these glucose spikes were also observed in non-DM participants, but remained within normal limits.





Conclusions

Ramadan fasting among adults with T1D in SA is associated with deterioration in glycemic control, with the highest glucose spikes observed after Iftar and Suhoor. These hyperglycemic episodes were most prominent during Ramadan and persisted for at least a month after. The present real-time evidence warrants the need to review insulin adjustments in this understudied group, focusing on high risk patients with T1D, including those with history of overindulgent behavior during Ramadan.





Keywords: Ramadan, intermittent fasting, type 1 diabetes, Saudi Arabia, flash glucose monitoring, continuous glucose monitoring




1 Introduction

Ramadan is a holy Islamic month during which Muslims observe fasting from dusk until dawn and abstain from food or drink (1). Suhoor, the pre-dawn meal, is the meal consumed before fasting begins, while Iftar is the meal that marks the moment to break the fast at sunset. While intermittent fasting has been shown to offer several benefits (2, 3), it differs from Ramadan fasting in terms of flexibility of fasting days, the latter being stricter as it has to be implemented for a month. Ramadan in Saudi Arabia (SA) is associated with extravagant changes in lifestyle and eating habits; people tend to consume larger portions, including higher consumption of traditional sweets and sweetened beverages which are culturally driven (4–6). Furthermore, sleeping patterns are reversed during Ramadan in SA, resulting in lower physical activity and higher levels of evening cortisol, leading to a paradoxical increase in insulin resistance (7, 8).

For patients with type 1 diabetes (T1D) who choose to fast during Ramadan, as they need to re-adjust insulin doses and timing to minimize the risk of abnormal glycemic changes (9). Moreover, because of the long duration of absolute fasting particularly during summer, additional risks should be considered in patients with T1D, including dehydration, hypoglycemia, and possibly an increased risk of diabetic ketoacidosis (10–12). Despite medical and religious exemptions, a considerable number of T1D patients insist on fasting (1, 13). An epidemiological study across several Muslim countries estimated that 42.8% of Muslims with T1D fast for ≥ 15 days and this was highest in SA at 71.6% (12). A recent survey that included T1D patients and conducted during the coronavirus pandemic found that 71.1% of respondents intended to fast (14). However, only 26.8% managed to fast for the full month, while 45% fasted for more than 21 days. Additionally, 60.7% of participants reported hypoglycemia episodes (14). Several guidelines recommended against fasting during Ramadan for high-risk T1D patients due to lack of available evidence (9, 10, 15). Nevertheless, some studies have shown that it can be safely accomplished in selected patients (16, 17).

Novel technologies seem to provide promising benefits for T1D patients fasting during Ramadan (9, 15). Real-time continuous glucose monitoring (RT-CGM) and flash glucose monitoring systems (FGM) provide comprehensive evaluation of glucose measurements and variability, enabling patients and healthcare professionals to make better-informed decisions (18–23). Additionally, insulin pumps may help individuals with T1D maintain better clinical outcomes (13, 24). Despite the high prevalence of fasting during Ramadan among patients with T1D, there remains a significant gap in the understanding of the impact of this type of fasting on glycemic control, notably among adults with T1D. To fill this gap, we examined the changes in glycemic control among adult patients with T1D who attempted to fast before, during, and after Ramadan and how these changes may have differed from the glycemic changes in non-T1D individuals.




2 Methods



2.1 Study design and participants

This is a real-world observational study that initially included 79 outpatients with T1D who had FGM data during 4 weeks pre-Ramadan, 4 weeks during Ramadan, and 4 weeks post-Ramadan during 2020, 2021 and 2022, at the diabetes clinics of King Saud University Medical City (KSUMC), Riyadh, Saudi Arabia. The inclusion criteria for the study were patients with T1D, aged ≥15 years, who intended to fast during one or more of the Ramadan periods of the three years of the study, and had available FGM data. We excluded patients with T2D, patients with T1D who didn’t attempt fasting during Ramadan or with no FGM data during Ramadan in any of the study periods. Moreover, 49 healthy individuals without diabetes were included in Ramadan 2022. The participants without diabetes were recruited from hospital staff and patients’ companions who consented to wear the sensor for Two weeks during Ramadan 2022 and share their data for the study. Demographic and clinical data such as age, gender, medications, comorbidities, duration of diabetes, HbA1c, and the status of receiving focused-Ramadan education were extracted from the electronic medical records for all participants with T1D. The total fasting hours per day during Ramadan can vary within a year and from year to year. However, the fasting hours during the three study years were around 14.5 hours per day starting at around 04:00 h and ending at around 18:30 h. By the end of the study, 39 participants (19 males and 20 females) remained and were included for analysis (see Figure 1). It is worthy to note that the sudden drop of participants in the last year (2022) was primarily due to the limited availability of sensors, and not necessarily due to dropouts. The study was approved by the institutional review board College of Medicine, King Saud University Riyadh, Saudi Arabia (Ref 21/0439/IRB).

[image: Flowchart depicting a study participant progression. Seventy-nine assessed; three declined. Before Ramadan: seventy-six, seventy-three, fifty-four; During: seventy-five, seventy-one, fifty-one; After: seventy-three, seventy, forty-six. Dropouts: three, three, twenty-four. Data missing: seven. Thirty-nine completed three years. Age- and BMI-matched controls: forty-nine. Years 2020, 2021, 2022 indicated.]
Figure 1 | Flowchart of participants.




2.2 Glycemic measures using flash glucose monitoring

All participants used the first generation Freestyle Libre 14-day System (Abbott Diabetes Care, Alameda, CA) which is a factory-calibrated flash glucose monitoring sensor with a mean absolute relative difference of 11.4% (25). In this study, we utilized CGM glycemic metrics with their widely accepted definitions including average sensor glucose, glucose management indicator (GMI), time in range (TIR) (i.e. glucose: 70–180 mg/dl), time above range level 1 (TAR-1) (i.e. glucose: 181–250 mg/dl), TAR level 2 (TAR-2) (i.e. glucose: >250 mg/dL), time below range level 1 (TBR-1) (i.e. glucose: 54–70 mg/dl), TBR level 2 (TBR-2) (i.e. glucose: <54 mg/dl), glycemic variability, as measured by the coefficient of variation (CV), sensor active time, and the number of daily scans, which were obtained from the Freestyle LibreView platform (26).




2.3 Assessment of glycemic outcomes

The following CGM metrics were evaluated in all the study participants at 4 weeks pre-, 4 weeks during, and 4 weeks post-Ramadan: Average sensor glucose, GMI, TIR, TAR-1, TAR-2, TBR-1, TBR-2, sensor active time, and the number of daily scans. Average sensor glucose throughout the day during each of the study periods, pre-, during, and post-Ramadan, were analyzed by looking at the patterns and trends of sensor average glucose changes during the day hours and postprandial hours. For controls (individuals without diabetes), similar CGM metrics were only reported during the month of Ramadan. For this group, sensor average glucose throughout the day during Ramadan of 2022 was analyzed by looking at the patterns and trends of sensor average glucose changes during the day hours and postprandial hours. Moreover, laboratory HbA1c within the normal range were required from this group at enrollment.




2.4 Statistical analysis

Analyses were conducted using SPSS software version 28.0 Descriptive statistics, such as mean ± SD for continuous variables and frequencies and percentages for categorical variables, were reported. Repeated measures analysis of variance (ANOVA) was used to compare differences over time. The estimated marginal means and estimated differences from the model were reported as the estimated mean with a 95% confidence interval (CI). All reported p-values are two-tailed, and p<0.05 was considered statistically significant.





3 Results



3.1 Baseline characteristics

The study included a total of 39 T1D participants out of 79 who started in 2020, with 20 (51%) of them being female. The mean age of the participants was 28.1 ± 8.4 years, and the mean duration of diabetes was 11.5 ± 8.9 years. Additionally, 10 (26%) participants were on insulin pump, and 22 (56%) had medical record documentation that they received Ramadan-focused education since 2020. Complete CGM data for all three years of the study was available for all participants. Table 1 presents the baseline characteristics and number of participants with T1D. Moreover, the study included 49 age-and BMI-matched participants (34 females or 69%). The participants had a mean age of 27.4 ± 8.0 years. The mean BMI was 24.0 ± 4.5 kg/m2, and the mean HbA1c was 5.2 ± 0.3%.

Table 1 | Characteristics of participants.


[image: Table comparing parameters between Type 1 Diabetes (T1D) patients and controls. T1D group: 39 participants (19 males, 20 females), average age 28.1 years, diabetes duration 11.5 years, BMI 25.3 kg/m², HbA1c 8.7%. Insulin delivery: 10 use pumps, 29 use injections. Control group: 49 participants (15 males, 34 females), average age 27.4 years, BMI 24.0 kg/m², HbA1c 5.2%. Data includes frequencies and means with standard deviation.]



3.2 Glycemic indices overtime in people with T1D

A comparison of glycemic metrics across the three years of the study period is shown in Table 2. Insulin doses received before and during Ramadan were highest in 2022 as compared to previous years (p-values 0.02 and 0.01, respectively). There were no significant differences observed over time in terms of Aspart use, daily and suggested insulin doses before and during Ramadan, ICR as well as pre- and post-BMI over time. In terms of glycemic indices, mean HbA1c was worst before Ramadan of 2020 (8.7 ± 1.9) for all participants, which was significantly higher than successive years (p=0.02). On the other hand, mean glucose variability was highest in 2022 as compared to previous years (p=0.01). The rest of the glycemic indices were comparable over time (Table 2).

Table 2 | Changes in glycemic indices overtime.


[image: A table comparing various health-related metrics across the years 2020, 2021, and 2022, with the number of participants shown and P-values indicating statistical significance for each metric. Metrics include education on Ramadan, insulin doses, BMI, HbA1c levels, glucose measurements, and daily scans. Key findings suggest changes in insulin doses and HbA1c levels over the years, with P-values highlighting significant differences, notably for insulin dose and HbA1c before Ramadan. Data is presented as mean and standard deviation. Significant values are marked with P-values less than 0.05.]
Figure 2 shows the mean glycemic pattern of T1D participants before, during and after Ramadan for each year while Figure 3 shows the pooled data for 3 successive Ramadan. In both figures, 2 abnormal glucose spikes have been consistently observed overtime and in pooled analysis, all of which occurred during the period of Ramadan. In the pooled data (Figure 3) before Ramadan, the two-hour time bucket with the lowest average glucose level was observed at 10:00-12:00 h (159.2 ± 26.2), whereas the highest average glucose level was observed at 22:00-24:00 h [176.1 ± 27.4] (not mentioned in table). During Ramadan, the lowest average glucose level was observed at 14:00-16:00 h (157.8 mg/dL ± 25.8). The highest average glucose levels were observed after Iftar at 20:00-22:00 h (185.5 ± 27.6), and after Suhoor at 4:00-6:00 h (191.1 ± 27.1). Glycemic trends during Ramadan showed that the highest glucose spike occurred after Iftar, between 16:00-18:00 h and 18:00-20:00 h, with a difference value of 15.5 mg/dL and after Suhoor (between 0:00-2:00h to 4:00-6:00), with a difference of 18.8mg/dL (not shown tables). Glycemic values before, during and after Ramadan for each successive year are presented in Supplementary Table S1.

[image: Three line graphs labeled A, B, and C, each representing glucose levels in milligrams per deciliter across different times of the day for the years 2020, 2021, and 2022, respectively. The graphs compare glucose levels before, during, and after fasting periods, highlighted by distinct lines: blue for "Before," red for "During," and green for "After." Each graph indicates changes in glucose levels around Suhoor and Iftar times. Numeric data and sample sizes differ, labeled as N equals seventy-six, seventy-three, and fifty-four for each respective year.]
Figure 2 | Average 24-hour glycemic pattern of T1D participants before, during and after Ramadan (2020-2022). (A) 2020. (B) 2021. (C) 2022.

[image: Stacked bar chart showing percentage distributions for categories TBR2, TBR1, TIR, TAR2, TAR1 from 2020 to 2022, and a three-year average. Each year is divided into "Before," "During," and "After" segments. Data highlights changes across time periods, with green (TIR) dominating, followed by yellow (TAR2) and orange (TAR1).]
Figure 3 | Time in ranges before, during and after Ramadan of the years 2020, 2021 and 2022.

With respect to other CGM indices, no significant differences were seen in TAR1, TAR2, TIR, TBR1 and TBR2 before, during and after Ramadan of the years 2020 and 2021. In 2022 however, TAR1 and TAR2 were observed to be significantly higher during Ramadan than before and after (p-values 0.008 and 0.007, respectively). In parallel, TIR and TBR1 were also significantly lower during the Ramadan as compared to before and after (p-values 0.001 and <0.001, respectively), with TBR2 during Ramadan also being significantly lower only during before Ramadan of 2022 (p=0.02) (Supplementary Table S2). Pooled time indices showed no significant differences. Time in ranges over time were presented as Figure 3.




3.3 Impact of Ramadan fasting on glycemic indices in individuals without diabetes during Ramadan

Figure 4 shows the glycemic indices of control participants during the Ramadan of 2022. The lowest average glucose level was observed at 16:00-18:00 h (85.8 ± 7.8). The highest average glucose level after Iftar was observed at 18:00-20:00 h (103.6 ± 10.7), and the glucose change between the lowest and highest average glucose was 17.8 mg/dL (16.1 to 19.5) (Supplementary Table S1).

[image: Line graph showing glucose levels over time, comparing individuals with Type 1 Diabetes (T1DM) during Ramadan (red), before (blue), and after (green), with controls (black). T1DM lines vary, peaking around iftar and suhoor, while controls remain steady. Data spans 2020-2022. Monitoring times are shown on the x-axis.  ]
Figure 4 | Pooled glycemic metrics of T1D participants before, during and after Ramadan versus Controls.





4 Discussion

In this real-world study, findings revealed a tendency for patients and/or their physicians to adopt an overprotective behavior to avoid hypoglycemia during Ramadan leading to an increase in time spent above the recommended glycemic range and a decrease in time spent within and below the target range. The pattern of glucose fluctuation (timing of the lowest and highest average glucose level) seen on FGM confirms the significant changes in lifestyle taking place during Ramadan in Saudi Arabia. The pattern of glucose levels during Ramadan, as observed in the present study, is consistent with previous studies (27–29). The average glucose levels slightly rise two hours before the Iftar meal, which could be attributed to the waning effect of the basal insulin dose and/or the increase in stress hormones due to prolonged fasting. Following the Iftar meal, there was a sharp increase in average glucose levels with a pronounced excursion that lasted for four hours, followed by a moderate decrease. The same pattern was observed after the Suhoor meal, with an increase in average glucose levels to the same extent and duration as the Iftar meal. During fasting, glucose levels gradually declined, reaching their lowest average at 14:00-16:00 h. This pattern was significantly different from that observed outside of Ramadan in several ways. First, the post-meal amplitude of glucose excursion during Ramadan was much higher. Second, there were higher fluctuations during Ramadan, and the difference between the lowest and highest average glucose was significantly greater. Third, contrary to the general assumption that TBR would be higher during Ramadan due to prolonged fasting (18), TBR was lower in this study in only the last year of the 3-year observation (2022). Consequently, GMI and TAR were all significantly higher during Ramadan than before and after of the same year.

The FGM data during Ramadan in healthy participants without T1D showed a similar pattern of glucose changes, albeit within normal, suggesting that the changes we are observing in patients with T1D is not only due to miscalculated/mismatched insulin requirement but also to the largely underestimated effect of cultural habits and diet taking place during Ramadan. As expected, not only the amplitude of postprandial hyperglycemia is greater in T1D patients, but also the duration of hyperglycemia which subjects patients with T1D to complications. The postprandial glucose excursion during Ramadan in healthy participants is similar to that reported in a previous study without Ramadan fasting (30). In patients with T1D, not only insulin management is important but also the effect of cultural diet on their glucose should be taken in consideration.

In the present study, the glucose trends during Ramadan exhibit the lowest average glucose levels between 14:00 to 16:00 h, which may be the time associated with a higher risk of hypoglycemia. Therefore, patients should be educated to frequently check their glucose levels during this time period, avoid strenuous physical activity, and respond immediately to any symptoms of hypoglycemia (27). It is highly important to bear in mind that patients living with T1D are prone to hypoglycemia unawareness. Previous research has found that patients with T1D spent an average of 1.39 hours per fasting day in hypoglycemia, with 8% of cases documented as severe yet asymptomatic (18).

The DAR-MENA T1D showed similar rates of confirmed and symptomatic hypoglycemia during Ramadan compared to before Ramadan (4). Other studies reported no increase in the time spent in hypoglycemia during Ramadan, but found no significant differences in terms of average glucose, GMI, or TAR (31–36). The present study found similar observations in the first 2 years of the study, with the final year showing significant differences in all time range indices. It is worthy to note that compared to years 2020 and 2021, most pandemic restrictions were lifted in Saudi Arabia from March 2022, a month before Ramadan, with all restrictions removed in June 2022. This complete removal of preventive measures that led to heightened social mobility, full opening of the fast food and dining industry, as well as outdoor recreational activities may have partially, but not fully explain, the differences observed in that year.

The present study results showed better glycemic control when compared to a previous study of glycemia during Ramadan in patients with T1D, which reported a TIR of 42%, TAR of 48%, and TBR of 10%. The study reached the same conclusion that there is a higher rate of hyperglycemia than hypoglycemia related to Ramadan fasting (27).

The unique addition of the current study is providing insight to what happens after Ramada. Although the values of the glycemic metrics improved during the month after Ramadan, they did not return to pre-Ramadan levels completely. Hence, fasting during Ramadan was associated with at least two months of disturbance in glycemic control, which highlights the need to reshape the conventional perception of Ramadan fasting as a risk factor for only hypoglycemia. More efforts and attention should made for the period after Ramadan not to prolong the duration spent in hyperglycemia.

The present study has some limitations. First, because this was a real-world study, we could not control or adjust dietary intake diversity among participants, which may have influenced our results. Second, we did not collect data on the timing and reasons for fast-breaking or hypoglycemic events, as well as insulin types used and day-to-day dose adjustments made. Finally, not all patients had complete data for the entire three-year period, but we reported estimated means and confidence intervals to illustrate the effect size of changes.

Despite these limitations, our study provides valuable insights into glucose profiles before, during, and after Ramadan fasting in adult patients with T1D using FGM. One of the strengths of this study is that it focused solely on patients with type 1 diabetes, young adults in particular, filling the needed data for an understudied population in T1D. Additionally, this study included patients’ data for three years, providing a more robust dataset.

The results of the current study have important clinical implications for patients with T1D and medical professionals alike since robust data for adults with T1D are scarce. Diabetes education and management strategies should be individualized and include diet and cultural habits for Ramadan, insulin dosing and timing tailored for Ramadan to help T1D patients safely fast, and counseling on after-Ramadan management.




5 Conclusions

This real-world observational study provided a unique and comprehensive look at the glycemic changes among young adults with T1D who attempted to fast before, during, and after Ramadan in SA, and revealed how Ramadan fasting can be associated with deterioration in glycemic control that starts during Ramadan and extends for at least one month afterwards. Attention should be directed to hyperglycemia during Ramadan and the month after Ramadan as well. A particular attention should be made to the underestimation of insulin requirements for Iftar and Suhoor meals and this may vary based on risk profile and history of overindulgent behavior during Ramadan.
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Objective

To assess the impact of individualized strategy and continuous glucose monitoring (CGM) on glycemic control and mental health(anxiety, depression, pregnancy-related anxiety and diabetes specific quality of life during pregnancy) in patients with diabetes in pregnancy (DIP).





Methods

In this study, 80 pregnant women diagnosed with type 2 diabetes mellitus (T2DM) complicated with pregnancy or gestational diabetes mellitus (GDM) were enrolled. Participants were randomly assigned to either CGM group or self-monitoring of blood glucose (SMBG) group. Blood glucose was regularly monitored for 14 days to guide and adjust hypoglycemic treatment (lifestyle or hypoglycemic agents) of the patients in time. Baseline characteristics were collected after enrollment. Self-rating anxiety scale (SAS), self-rating depression scale (SDS), pregnancy-related anxiety questionnaire (PAQ), diabetes specific quality of life scale (DSQL) were used to evaluate the anxiety, depression, pregnancy-related anxiety and quality of life. Glycemic parameters and scale scores were collected before and after individualized strategy.





Results

FBG and 2hPBG significantly decreased post-intervention in both groups (P<0.001). In the CGM group, the scores of SAS (39.59 ± 7.10 vs 37.15 ± 6.28), PAQ (24.15 ± 6.45 vs 22.59 ± 5.65) and DSQL (47.44 ± 9.01 vs 43.20 ± 9.00) after individualized strategy were significantly lower than those before individualized strategy (P<0.05). The SAS scale scores and PAQ scale scores were positively correlated with blood glucose levels (P<0.05).





Conclusion

The individualized strategy encompasses an insulin titration protocol guided by CGM, coupled with structured lifestyle modifications that address dietary patterns, physical activity and more, combined with short-term glucose monitoring can exert a positive effect on glycemic improvement in the short term and meet the requirements of glycemic control in pregnancy, which has important clinical significance. The combined use of individualized strategy and CGM improves glycemic control and may have protective effects on psychological well-being.





Clinical Trial Registration

https://www.chictr.org.cn, identifier ChiCTR2200060719.
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1 Introduction

Diabetes in pregnancy (DIP) is a condition characterized by abnormal glucose metabolism during pregnancy, which includes both pregestational diabetes mellitus (PGDM) and gestational diabetes mellitus (GDM). PGDM denotes that a pregnant woman was diagnosed with diabetes mellitus (DM) prior to pregnancy. GDM is defined as the first occurrence or detection of impaired glucose tolerance during pregnancy. The prevalence of DIP in the U.S. ranges from 6.0% to 9.0%, with GDM constituting 90.0% of cases (1). According to the diagnostic criteria of the International Diabetes and pregnancy Research Group (IADPSG), a study in China in 2013 showed that the incidence of GDM was 17.5% (2). Hyperglycemia in pregnancy can lead to a variety of adverse pregnancy outcomes, such as macrosomia, shoulder dystocia, stillbirth, neonatal respiratory distress syndrome, neonatal hypoglycemia, etc. (1, 3), and is associated with an increased risk of maternal and fetal long-term complications such as type 2 diabetes mellitus (T2DM) (4, 5).

Pregnant women are more likely to be affected psychologically due to changes in physical and social psychological state, with anxiety and depression being more common (6). The global prevalence of prenatal anxiety and depression varied from 6.0% to 57.0% and 8.5% to 44.4%, respectively (7–9). On the other hand, anxiety and depression can cause hypothalamus-pituitary-adrenal dysfunction and then cause abnormal glucose tolerance or insulin resistance (IR) through sympathetic nerve activation (10, 11). GDM is more prone to anxiety and depression (12, 13). Hyperglycemia during pregnancy contributes to anxiety and depression through multiple mechanisms, including lack of awareness of the disease, worry about the health problems of future generations, stress response and so on. Anxiety can affect the mother’s emotional balance and fetal development, and it can also lead to low birth weight, premature birth and other adverse pregnancy outcomes (14–16). Therefore, it is crucial to pay attention to the psychological status of patients with DIP. It is worth mentioning that PGDM and GDM are significantly different in terms of clinical manifestations, treatment measures and clinical prognosis. In addition, the characteristics of glucose metabolism are different at different gestational ages, so it is necessary to analyze the difference of mental health status between them.

Blood glucose monitoring plays an indispensable role in the blood glucose strategy of patients with DM. The most widely used blood glucose monitoring method in a clinic is self-monitoring of blood glucose (SMBG), based on capillary glucose testing. Whereas SMBG can only reflect the instantaneous capillary blood glucose level at that time but cannot recall the overall trend and fluctuation of blood glucose, and some patients cannot stand the pain of fingertip blood glucose monitoring and the economic burden related to blood glucose monitoring. Continuous glucose monitoring (CGM) is a new blood glucose monitoring method that has been used in clinics in recent years, which reflects the whole-day blood glucose level and blood glucose fluctuation by measuring the blood glucose concentration in tissue fluid. The daily glucose trend chart, glucose fluctuation trend and other related data can be obtained to encourage both doctors and patients to evaluate the blood glucose more thoroughly and assist in adjusting of the hypoglycemic treatment to achieve the targets of blood glucose control. CGM and SMBG were used in this study to better understand the blood glucose level of patients with DIP, provide reference for individualized strategy and evaluate the efficacy, anxiety, depression and quality of life of individualized strategy combined with blood glucose monitoring.




2 Materials and methods



2.1 Participants and study design

This study enrolled 80 pregnant women who met the diagnosis of DIP (including PGDM and GDM) in the outpatient clinic of the First Affiliated Hospital of Dalian Medical University from June 2022 to July 2022 (Figure 1). This study was approved by the ethics committee of the First Affiliated Hospital of Dalian Medical University. The inclusion criteria included: 1) 18–45 years old; 2) singleton pregnancy; 3) no previous history of mental illness; 4) voluntary use of CGM or SMBG, who have good understanding and communication skills. The exclusion criteria included: 1) anxiety or depression diagnosed before pregnancy; 2) recently experienced severe stress events, complicated with infection, heart failure, kidney insufficiency, or other serious complications; 3) poor compliance. The participants were randomly divided into the CGM group and the SMBG group. The pregnant women in the CGM group used FreeStyle Libre (Abbott Diabetes Care Ltd) to dynamically monitor their blood glucose for 14 consecutive days. By using the scanner, patients can obtain an immediate glucose value, nearly 8 hours of glucose data and a glucose change trend, and the system can automatically save an average of blood glucose every 15 minutes, recording a total of 96 blood glucose values per day, and finally obtaining a 14-day glucose trend chart. The pregnant women in the SMBG group, on the other hand, utilized a home blood glucose meter to track changes in peripheral blood glucose, and recorded fasting and 2-hour postprandial blood glucose for 14 days.

[image: Flowchart detailing a study with 80 patients with DIP divided into two groups: CGM group (40) and SMBG group (40). Baseline characteristics were collected. SAS, SDS, PAQ, DQSL scales were assessed before and after an individualized strategy combined with CGM/SMBG for 14 days. Comparison and correlation analysis were performed.]
Figure 1 | Flowchart of material and methods.

Fasting blood glucose (FBG) and 2 hours postprandial blood glucose (2hPBG) were recorded using CGM or SMBG. To minimize bias, all participants received standardized instructions from the same endocrinologist. Patients sent recorded blood glucose and daily exercise and diet information to the endocrinologist every 1 to 3 days through the WeChat app (application) during the study period. The endocrinologist then gives patients timely lifestyle advice, including diet, exercise instructions and insulin dose adjustments, based on blood glucose control targets during pregnancy. According to American Diabetes Association, blood glucose targets during pregnancy: FPG or pre-prandial blood glucose ≤ 5.3mmol/L, 1h post-prandial ≤ 7.8mmol/L, 2h post-prandial ≤ 6.7mmol/L.




2.2 Hypoglycemic treatment guidance

The dietary principle is the principle of low-glycemic load. Maintain weight gain within a reasonable range through a low-glycemic load diet to avoid hypoglycemia, hyperglycemia and diabetic ketosis. Individual nutrient intake includes: 1) protein: ensure adequate intake of high-quality protein, such as eggs, skim milk, fish and shrimp, beef, mutton, pork, tofu, skinless poultry, etc., which are conducive to the growth and development of the fetus. 2) fat: a high-fat diet is challenging to digest and increases the burden of insulin; limit the intake of high-fat and high-cholesterol foods. 3) carbohydrates: regular and quantitative, preferably buckwheat, oats, whole wheat, brown rice and other hypoglycemic effects; eat less stuffing, noodles, porridge, etc.; avoid desserts, sweets, drinks and excessive intake of fruits rich in monosaccharides. 4) inorganic salts and vitamins: vegetables, nuts, fruits and lean meat are recommended as sources of vitamins, calcium, magnesium and trace elements.

Reasonable diet combined with personalized exercise can effectively reduce blood glucose. Before instructing pregnant women to exercise, first exclude patients with contraindications for exercise during pregnancy, such as heart disease, threatened premature delivery, low progesterone, threatened abortion, fetal intrauterine growth restriction, placental abnormalities, cervical dysfunction, etc. The recommended way of exercise is aerobic exercise such as walking, exercise time in half an hour to one hour after meal, the duration of activity is about 20–30 minutes, to avoid hypoglycemia caused by excessive activity.

After lifestyle interventions, patients with DIP who still failed to achieve blood glucose control targets were treated with insulin based on lifestyle modification. The first choice for basic insulin is hypodermic injection of insulin detemir before bedtime. Insulin glargine or intermediate-acting insulin (Novolin N) should be used instead in the event of an allergic reaction. In addition, the preferred pre-prandial short-acting insulin is insulin aspart subcutaneously injected 5 minutes before meals, and insulin lispro should be used if allergic. During pregnancy, the insulin dose was modified based on blood glucose control targets.




2.3 Baseline characteristics

Baseline characteristics of DIP patients were collected, including age, gestational age, prepregnancy body mass index (BMI), pregnancy type (primipara or multipara), history of abortion, family history of diabetes, glycosylated hemoglobin (HbA1c), hypoglycemic regimen.




2.4 Assessment of glycemic control

FBG and 2hPBG were collected from patients with DIP before and after individualized strategy. CGM-measurements and glycemic variability parameters included time in range (TIR), time above range (TAR), time below range (TBR), average glucose (AG), estimated HbA1c, standard deviation of blood glucose (SDBG), mean amplitude of glucose excursions (MAGE) and coefficient of variation (CV) were also collected.




2.5 Assessment of anxiety, depression and quality of life

Anxiety, depression, pregnancy-related anxiety and diabetes specific quality of life scales were assessed in patients before and after individualized strategy respectively. In this study, patients’ anxiety, depression and quality of life were evaluated by applying self-rating anxiety scale (SAS) (17), self-rating depression scale (SDS) (18), pregnancy-related anxiety questionnaire (PAQ) (19), diabetes specific quality of life scale (DSQL) (20). These scales have been transformed into Chinese versions and are widely used in China with good reliability and validity (21–23). There are 20 items in SAS and SDS, respectively. SAS standard points ≥ 50 were anxiety and SDS standard points ≥ 53 were depression, according to Chinese norms. The PAQ scale, compiled by Chinese scholars, has a total of 13 items, including three aspects of pregnant women worried about fetal health, delivery process and self-care. The total score ≥ 24 was pregnancy-related anxiety, with a higher total score indicating a higher level of pregnancy-related anxiety. The DSQL scale evaluated the quality of life of patients with DIP from physical, psychological, social relations and treatment dimensions, a total of 27 items, with a lower total score indicating a higher level of quality of life.




2.6 Statistical analysis

Statistical analysis was performed using Statistical Package of Social Sciences (SPSS) 26. Data normality was evaluated before using parametric tests. Data with normal distribution were expressed by mean ± standard deviation ([image: A mathematical symbol representing the mean or average, denoted by a lowercase "x" with a horizontal line above it.] ± s), and data with non-normal distribution were expressed by medians, and count data were expressed by [n (%)]. T-test was used for continuous variables to compare the difference between the two groups, chi-square test and Fisher’s exact test were used for categorical variables to compare the difference between the two groups. Within-group differences were compared with paired t-test. Pearson correlation analysis was used to analyze the correlation between scale score and other data. All the tests were performed by two-sided test, with a P value<0.05 as the statistical difference evaluation standard.





3 Results

A total of 80 eligible women completed study, including 40 women in the CGM group and 40 women in the SMBG group. Among the 80 participants, 32 had PGDM (all with T2DM), while 48 had GDM.



3.1 Baseline characteristics



3.1.1 Comparison of baseline characteristics between the CGM group and the SMBG group

The mean age of DIP patients was 32.90 ± 4.13 years old, and there were 27 (33.75%) patients ≥ 35 years old. The mean pre-pregnancy BMI of the patients was 27.22 ± 4.80kg/m2, and there were 49 patients (61.3%) with pre-pregnancy BMI>25kg/m2. There were 51 patients (63.8%) with a family history of diabetes. There were no statistically significant differences between the CGM group and the SMBG group in age, gestational age, pre-pregnancy BMI, type of DIP, pregnancy type, proportion of abortion history, proportion of family history of diabetes, FBG, 2hPBG, hypoglycemic treatment and HbA1c (P>0.05) (Table 1). There was no difference in baseline between the two groups, indicating comparability of data between the two groups.

Table 1 | Comparison of baseline characteristics between the CGM group and the SMBG group.


[image: A table comparing two groups: CGM (continuous glucose monitoring, n=40) and SMBG (self-monitoring of blood glucose, n=40) across various parameters. Age, gestation age, and pre-pregnancy BMI are similar between groups, with p-values of 0.307, 0.490, and 0.854, respectively. 42.5% in CGM have pregestational diabetes versus 34.5% in SMBG while 57.5% in CGM have gestational diabetes versus 62.5% in SMBG. Primipara rates are 60% in CGM and 75% in SMBG. History of abortion and family history of diabetes are closely matched with respective p-values of 0.654 and 0.816. Fasting blood glucose, 2-hour postprandial blood glucose, and HbA1c levels are not significantly different. In CGM, 65% receive insulin treatment compared to 57.5% in SMBG.]



3.1.2 Comparison of baseline characteristics between PGDM patients and GDM patients

There were 32 patients (40.0%) with PGDM and 48 patients (60.0%) with GDM. There were no significant differences in age, pre-pregnancy BMI, pregnancy type and proportion of abortion history between PGDM patients and GDM patients (P>0.05). The gestational age of PGDM patients was smaller than that of GDM patients, while the proportion of family history of diabetes, FBG, 2hPBG, HbA1c and the proportion of insulin used were significantly higher than those of GDM patients, with statistical significance (P<0.05) (Table 2). This indicated that PGDM presents more significant blood glucose fluctuations and more severe hyperglycemia compared to GDM.

Table 2 | Comparison of baseline characteristics between PGDM and GDM patients.


[image: Comparison table of PGDM (n=32) and GDM (n=48) groups. Parameters include age, gestation age, prepregnancy BMI, pregnancy type, history of abortion, family history of diabetes, FBG, 2hPBG, HbA1c, and hypoglycemic treatment. Significant differences noted in gestation age, family diabetes history, FBG, 2hPBG, HbA1c, and hypoglycemic treatment. Data presented as mean ± SD or number (%). Significant P values are outlined.]




3.2 Glycemic parameters



3.2.1 Comparison of glycemic parameters before and after individualized strategy

FBG and 2hPBG of the two groups after individualized strategy by different blood glucose monitoring methods (CGM or SMBG) were significantly lower than those before individualized strategy (P<0.001) (Table 3), indicating that individualized strategy exerted a positive effect on glycemic improvement in the short term.

Table 3 | Comparison of FBG and 2hPBG before and after individualized strategy.


[image: Table comparing blood glucose levels in CGM and SMBG groups before and after intervention. In the CGM group, FBG reduced from 6.81±2.38 to 5.39±0.63 and 2hPBG from 9.89±3.11 to 6.87±0.96. In the SMBG group, FBG reduced from 6.74±1.49 to 5.71±1.04 and 2hPBG from 8.86±2.76 to 6.95±1.23. All changes are significant with P < 0.001.]



3.2.2 Glycemic variability parameters

Compared with GDM patients, glycemic variability parameters calculated by CGM included TAR, AG, estimated HbA1c, SDBG and MAGE of PGDM patients were significantly higher and TBR was significantly lower (P<0.05); there were no significant difference in TIR and CV between PGDM and GDM (P>0.05) (Table 4). PGDM exhibited higher blood glucose than GDM, with significant blood glucose fluctuation and more severe hyperglycemia.

Table 4 | Comparison of glycemic variability parameters between PGDM patients and GDM patients in the CGM group.


[image: Table comparing glycemic variability parameters between PGDM (n=17) and GDM (n=23). Parameters include TIR, TAR, TBR, AG, estimated HbA1c, SDBG, MAGE, and CV. Significant differences for TAR, TBR, AG, estimated HbA1c, SDBG, and MAGE are indicated with asterisks, with P values below 0.05. Data are presented as mean ± SD, with the mean interquartile range shown in parentheses.]




3.3 The score of SAS, SDS, PAQ and DSQL scales

Among patients with DIP, 7.5% had anxiety, 17.5% had depression, 5.0% had anxiety and depression, and 45.0% had pregnancy-related anxiety.



3.3.1 Comparison of scale scores between the CGM group and the SMBG group before and after individualized strategy

Before and after individualized strategy, there were no significant differences in SAS, SDS, PAQ and DSQL scores between the CGM group and the SMBG group (P>0.05) (Table 5).

Table 5 | Comparison of inter-group scale scores between the CGM group and the SMBG group before and after individualized strategy.


[image: Table comparing the mean ± SD of four scales (SAS, SDS, PAQ, DSQL) for CGM and SMBG groups before and after an intervention. P-values are provided for each comparison. CGM is continuous glucose monitoring; SMBG is self-monitoring of blood glucose. SAS is self-rating anxiety scale, SDS is self-rating depression scale, PAQ is pregnancy-related anxiety questionnaire, DSQL is diabetes-specific quality of life scale.]
In the CGM group, the scores of SAS, PAQ and DSQL after individualized strategy were significantly lower than those before individualized strategy (P<0.05) (Figure 2); the SDS score were lower than that before individualized strategy, but the difference was not statistically significant (P>0.05) (Table 6). In the SMBG group, the scores of PAQ after individualized strategy were significantly lower than that before individualized strategy (P<0.05); the scores of SAS, SDS and DSQL scales after individualized strategy had no statistical difference compared with those before individualized strategy (P>0.05) (Table 6), indicating that CGM is superior to SMBG in improving anxiety and quality of life.

[image: Bar graph comparing scores before and after an intervention across four categories: SAS, SDS, PAQ, and DSQL. Blue bars represent 'Before' scores and orange bars represent 'After' scores. Significant differences are indicated with asterisks. Each category shows a decrease in scores from before to after.]
Figure 2 | Comparison of scale scores of the CGM group before and after individualized strategy. *P value<0.05 was considered significant.

Table 6 | Comparison of within-group scale scores between the CGM group and the SMBG group before and after individualized strategy.


[image: Table comparing the CGM and SMBG groups (n=40 each) on four scales: SAS, SDS, PAQ, and DSQL, with mean and standard deviation values before and after intervention. CGM group showed significant improvements in SAS, PAQ, and DSQL, with P values of 0.003, 0.020, and less than 0.001, respectively. SMBG group only showed a significant improvement in PAQ with a P value of 0.022.]



3.3.2 Comparison of scale scores between PGDM patients and GDM patients before and after individualized strategy

In the CGM or SMBG group, there were no statistical differences in SAS, SDS, PAQ and DSQL scale scores between PGDM patients and GDM patients in before and after individualized strategy (P>0.05) (Table 7).

Table 7 | Comparison of inter-group scale scores between PGDM patients and GDM patients before and after individualized strategy.


[image: Comparison table showing mean values with standard deviation for CGM and SMBG groups, both before and after treatment, across scales SAS, SDS, PAQ, and DSQL. P values assess statistical significance. CGM (n=40) includes PGDM (n=17) and GDM (n=23), while SMBG (n=40) comprises PGDM (n=15) and GDM (n=25). Data show small differences in anxiety, depression, physical activity, and quality of life.]
In the CGM group, the scores of SAS, SDS, PAQ and DSQL in PGDM patients after individualized strategy were not significantly different from those before individualized strategy, while the scores of SAS and DSQL in GDM patients were significantly lower than those before individualized strategy (P<0.05) (Figure 3); the scores of SDS and PAQ were lower than those before individualized strategy, but there was no significant difference (P>0.05) (Table 8).

[image: Bar graph comparing scores for SAS, SDS, PAQ, and DSQL before and after an intervention. Blue bars represent before scores, and orange bars represent after scores. Significant decreases are noted in SAS and DSQL, marked by asterisks. Scores are measured on a scale from zero to sixty.]
Figure 3 | Comparison of scale scores of GDM patients before and after individualized strategy in the CGM group. *P value<0.05 was considered significant..

Table 8 | Comparison of within-group scale scores between PGDM patients and GDM patients before and after individualized strategy.


[image: Table comparing the CGM and SMBG groups across PGDM and GDM conditions using four scales: SAS, SDS, PAQ, and DSQL. Each group's mean and standard deviation are shown before and after, with P values indicating significance. Significant results are marked with an asterisk. Data is mean ± SD. CGM refers to continuous glucose monitoring; SMBG, self-monitoring of blood glucose; PGDM, pregestational diabetes mellitus; GDM, gestational diabetes mellitus.]
In the SMBG group, the scores of PAQ in patients with PGDM were significantly lower than those before individualized strategy (P<0.05), while the scores of SAS, SDS, PAQ and DSQL in GDM patients after individualized strategy were not significantly different from those before individualized strategy (P>0.05) (Table 8). In addition, the degree of blood glucose elevation and fluctuation in patients with GDM is less than that in PGDM.




3.3.3 Correlation analysis between SAS, SDS, PAQ, DSQL scale scores and other parameters before individualized strategy

The score of SAS scale was positively correlated with HbA1c, FBG in patients with DIP, and the score of PAQ scale was positively correlated with FBG, indicating that patients with higher blood glucose level tend to have higher anxiety scores. The scores of SDS and DSQL were not significantly correlated with gestational age, age, HbA1c, FBG, 2hPBG and prepregnancy BMI (Table 9).

Table 9 | Correlation analysis between scale scores and other parameters.


[image: Table displaying the correlation coefficients (r) and P values for various parameters across four scales: SAS, SDS, PAQ, and DSQL. The parameters include gestation age, age, HbA1c, fasting blood glucose (FBG), 2-hour postprandial blood glucose (2hPBG), and pre-pregnancy body mass index (BMI). Values important for significance are noted, with P values less than 0.05 considered significant. Descriptions of the scales and abbreviations are provided at the bottom.]





4 Discussion

Due to physiological factors such as hormone fluctuations, as well as increased sensitivity to family, social and other factors, pregnant women are prone to adverse emotions such as anxiety and depression. In this study, the probabilities of anxiety, depression, anxiety and depression in DIP patients were 7.5%, 17.5% and 5.0%, respectively, which was similar to the probabilities of anxiety, depression, anxiety and depression in early pregnancy found by Tang et al. (7.7%, 10.5%, 4.8%) (24). But Other studies have shown that about 12.0% of pregnant women experience depression and up to 22.0% experience anxiety in late pregnancy (25, 26). Studies reported that the prevalence of maternal depression and anxiety was as high as 27.0% and 24.0%, respectively (27, 28). We emphasize the importance of routine psychological assessment and intervention in the management of DIP.

In addition, Compared with normal GDM pregnant women, GDM pregnant women with anxiety and depression are more prone to adverse outcomes in terms of blood glucose, delivery mode and maternal and infant outcomes during pregnancy (13). A study showed a significant increase in anxiety and depression symptoms among pregnant women during the COVID-19 pandemic, which could have long-term effects on their offspring (59). According to statistics, the probability of depression in patients with DM was 3 times higher than that in healthy people, and the incidence of depression in patients with T1DM was as high as 12.0% (29). Patients with T2DM had a high incidence of anxiety and depression, and patients with adverse emotions had poor compliance, which was detrimental to disease management (60).

Studies have shown that anxiety and depression may be risk factors for GDM (30, 31), but there is no unified conclusion on the correlation between anxiety, depression and GDM at present. Anxiety and depression can lead to hormone imbalance in the body, which seriously affects pregnancy outcomes and blood glucose control of GDM. In addition to physiological factors, psychological factors such as anxiety and depression are also important causes of GDM (32, 33). Anxiety and depression can lead to chronic hypothalamic-pituitary-adrenal (HPA) axis hyperfunction, resulting in increased cortisol release and IR (34), increasing the risk of GDM in pregnant women. At the same time, GDM increases the susceptibility of pregnant women to anxiety and depression, and the likelihood of prenatal or postpartum depression is 2–4 times higher than that without GDM (35–38), which may be related to their awareness of poor blood glucose control and pregnancy complications and adverse pregnancy outcomes (39, 40). However, some studies suggest that anxiety and depression do not increase the probability of GDM in pregnant women (41–44), nor does GDM increase the risk of prenatal or postpartum depression (45, 46). With the implementation of the three-child policy, it is urgent to pay attention to the psychological status of pregnancy and avoid adverse pregnancy outcomes under the guidance of demand. In addition, pregnancy-related anxiety refers to a kind of anxiety and painful emotional experience caused by pregnancy to pregnant women (47). Feng et al. found that pregnancy-related anxiety accounted for 59.1% of GDM patients (48). In this study, the incidence of pregnancy-related anxiety in patients with DIP was 45%, which was higher than that of 31% of normal pregnant women at mid-pregnancy and 29% at late-pregnancy (49).

One study identified three sources of anxiety and depression in patients with GDM: the diagnosis of GDM and perceptions of high-risk pregnancies; glycemic control during dietary intervention; the fear of maternal and infant complications. The study identified the fear of pregnancy complications as the most significant source of stress for GDM. In addition, pregnant women who received insulin treatment were more stressed than those who received dietary intervention only (45). This is consistent with the recent study of Lee et al. (50), which exacerbates patients’ concerns about treatment because of the relationship between insulin and hypoglycemia events. Horsch et al. believed that anxiety was related to FBG (3), which was consistent with the findings of this study that anxiety was positively correlated with HbA1c, FBG, and pregnancy-related anxiety was positively correlated with FBG and 2hPBG. Through the analysis of the three aspects of worrying about fetal health, delivery process and self-care contained in the PAQ scale, it was found that the pregnancy-related anxiety of DIP patients mainly originated from worrying about the physical health of the fetus.

Clinical application of CGM can reduce the risk of hypoglycemia and hyperglycemia as well as blood glucose variability and improve the quality of life of patients (51). CGM contributed to a significant improvement in diabetes specific quality of life in T1DM adults (52). However, one study suggested that the use of well-standardized, structured SMBG could reduce depressive symptoms in a large number of moderately depressed or distressed T2DM patients with poor glycemic control (53). There is no study to observe the effects of individualized strategy through CGM on anxiety, depression and quality of life in DIP patients. This study found that scores on the SAS and PAQ scales were positively correlated with blood glucose parameters, suggesting that effective glycemic control may play a crucial role in mitigating psychological distress in DIP patients. Additionally, this study verified that an individualized strategy combined with CGM can improve anxiety, pregnancy-related anxiety, and diabetes-specific quality of life. The reasons considered are mainly that CGM is easy to monitor blood glucose in patients, which can quickly and painlessly obtain blood glucose value, predict the trend of glucose change, timely detect occult blood glucose abnormalities (hyperglycemia or hypoglycemia), adjust lifestyle and hypoglycemic treatment and optimize treatment effects. Therefore, CGM shows advantages over traditional SMBG in improving anxiety and quality of life. However, no significant improvement in depression was found for the following reasons: the results of this study did not find any correlation between SDS scale scores and blood glucose parameters; there were many factors considering the causes of depression in DIP; the duration of monitoring blood glucose by CGM was short (14 days), and the effect of improving patients’ depression was limited in a short time. In addition, we also found that individualized strategy with CGM played a more significant role in improving anxiety and quality of life in patients with GDM compared with patients with PGDM, probably because most patients with PGDM had taken lifestyle intervention combined with oral drugs or insulin before pregnancy and had a certain degree of understanding of the disease. In addition, the degree of blood glucose elevation and blood glucose fluctuation in GDM patients was less than that in PGDM, so that the results may be better after individualized strategy. Hence, they had a higher acceptance of the disease than patients with GDM and could accept hypoglycemic treatment psychologically, which can improve the anxiety and quality of life of patients to some extent. However, we did not find any improvement in pregnancy-related anxiety in GDM patients in the CGM group, and we hypothesized that this improvement might be supported by larger sample size. Besides, we also indicated improvement in pregnancy-related anxiety in PGDM patients in the SMBG group, as PAQ scores correlated with glycemic parameters. In summary, blood glucose levels are related to the mental health of pregnant women, and good control of blood glucose can improve mental status.

The potential mechanisms underlying the effect of CGM on mental health could be expanded through hypothetical pathways. The proposed dual-pathway model integrates “physiological feedback”, “psychosocial mediators” and bidirectional feedback loops. 1) Physiological Feedback a. Glycemic Stability and Stress Response: The hypothalamic-pituitary-adrenal axis is thought to play a vital role in glucose homeostasis and diabetes. Stress reduces glucose and total cholesterol (TC) levels in female rats under the same behavioral tests (54). While human studies exhibit lower TIR with higher serum cortisol (P< 0.001) in T2DM patients (55). b. Neurotransmitter Modulation: CGM-driven hypoglycemia prevention preserves tryptophan availability for serotonin synthesis. Compared with the TIR-H (TIR > 70%) group, the TIR-L (TIR< 50%) group exhibits lower serum levels of 5-hydroxy-L-tryptophan and more (56). c. Psychosocial Mediators: CGM can enhance precise monitoring of diabetes symptoms associated with dysglycemia, diabetes-related complications, and mental conditions within the realm of precision medicine (57). 2) Pychosocial Mediators a. Self-Efficacy and Cognitive Liberation: CGM empowers patients to predict glycemic trends, reducing “decision fatigue” from frequent self-monitoring and enhancing confidence in “daily activities”. b. Anxiety Mitigation: Animals that have previously experienced recurrent hypoglycemia exhibit an increase in norepinephrine levels in the amygdala during hypoglycemia, accompanied by increased anxiety (58). 3) Bidirectional Feedback Loops: Emerging models suggest a virtuous cycle, CGM-enhanced glycemic control → improved mood → better adherence → sustained glycemic benefits (Figure 4).

[image: Diagram showing "Bidirectional Feedback Loops" in the center with four surrounding circles labeled "CGM-enhanced glycemic control," "improved mood," "better adherence," and "sustained glycemic benefits," connected by arrows.]
Figure 4 | Bidirectional feedback loops.

The innovation of this study is that it is the first to explore the positive significance of individualized strategy combined with CGM on anxiety and diabetes specific quality of life in patients with DIP. The limitations of this study include: 1) This trial was a single-center study; 2) The sample size of this study was small, and the analysis of risk factors for anxiety and depression is limited; 3) The duration of the study was only 14 days to meet the clinical requirements of smoothly lowering blood glucose in the short term, and the improvement of blood glucose and partial psychological status was observed. However, if the individualized strategy combined with CGM was longer, its effect on the improvement of psychological status and quality of life might be more obvious, and its clinical significance on the physical and mental regulation of patients would be more significant.

Although this study has confirmed the short-term psychological benefits of CGM, several unresolved issues persist. Future research should focus on the following areas.

1) Extend the follow-up period to assess the persistence of psychological benefits. Future research should include long-term longitudinal studies (such as/e.g. 1–3 years postpartum) to determine whether the psychological protective effects of CGM are enduring and to explore whether they reduce the risk of postpartum depression; 2) Explore the Impact of CGM on Different Subgroups of DIG. It may impose a different psychological burden compared to GDM and PGDM (such as/e.g,T1DM or T2DM). Future studies should stratify the analysis of the differential impact of CGM on these subgroups and assess whether psychological support strategy need to be tailored accordingly; 3) Combine digital psychological intervention and optimize the clinical utility of CGM. Real-time data can be integrated with mobile health technology, such as developing an AI-based emotional warning system that provides immediate psychological counseling when abnormal blood glucose fluctuations are detected, or recommends relaxation training, thus forming a “blood glucose-psychological” dual management model; 4) Focus on the clinical significance of CGM beyond blood glucose control. Currently, the assessment of CGM primarily concentrates on metabolic indicators, including HbA1c, TIR, etc. Moving forward, a broader range of psychosocial indicators should be incorporated to comprehensively evaluate the clinical value of CGM.

In conclusion, the combination of individualized strategy and regular blood glucose monitoring (CGM or SMBG) enables DIP patients to achieve better blood glucose control in the short term and avoid the effects of hyperglycemia on the fetus and pregnant woman. As for the management of gestational diabetes, it is crucial to pay attention to the patient’s mental health along with the patient’s blood glucose level. CGM appears to be an effective tool for glycemic control and may contribute to improved mental health in DIP patients. A multidisciplinary approach, integrating endocrinology, obstetrics, and mental health support, is essential for optimizing DIP management. We call on researchers, clinicians, and policymakers to jointly advance the following actions. Incorporate mental health indicators into the clinical assessment system of CGM; Conduct multicenter, long-term follow-up studies to clarify the impact of CGM on postpartum mental states; Develop intelligent management tools that integrate CGM with psychological support to optimize the overall care model for DIP.




5 Conclusion

The individualized strategy combined with short-term glucose monitoring can positively impact glycemic improvement in the short term and meet the requirements of glycemic control in pregnancy, which has important clinical significance. The combined use of individualized strategy and CGM improves glycemic control and may have protective effects on psychological well-being.
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Less than once a week 23.88 (SD 18.55) 23 (65.7%) 12 (34.3%)
Once or twice a week 46.76 (SD 27.15) 12 (46.2%) 14 (53.8%)
Three or more times a week = 47.70 (SD 31.85) 6 (30.0%) 14 (70.0%)
Day Time Dysfunction 0 15.95 (SD 17.53) 96 (74.4%) 33 (25.6%) <0.001
1-2 23.05 (SD 20.13) 53 (61.6%) 33 (38.4%)
3-4 38.14 (SD 22.96) 33 (47.1%) 37 (52.9%)
5-6 43.80 (SD 32.25) 8 (32.0%) 17 (68.0%)

“The significance was measured between the categorical sleep components and HES-II total scores.
Bold values indicate statistical significance, measured as p < 0.05 that we have already mentioned within methodology & results.
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Predictor Odds Ratio 95% CI for EXP(B)

Lower Upper
Total HES Score 0.036 29387 < 0.001 1.037 1.023 1.050
Patients Taking -0.440 3212 0.073 0.644 0.398 1.042
Insulin Only

Constant -0.293 1.845 0.174 0.746 ‘
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Test Result
Variable

Std. Error

95% ClI
(Lower)

95% Cl
(Upper)

Sensitivity

1 - Specificity

Total HFS Score

HES-B Scores

HFS-W Scores

0.691

0.681

0.647

0.030

0.031

0.031

0.000

0.000

0.000

0.632

0.621

0.587

0.749

0.741

0.708

3.5000

3.5000

3.5000

0.888

0.838

0.654

0.779

0.611

0.466
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Variable

Frequency

(%)

Age (Years) <40 70 (22.6%)
41-60 190 (61.3%)
> 60 50 (16.1%)

Gender Male 107 (34.5%)
Female 203 (65.5%)

Education 75 (24.2%)

Primary (5 years)

Middle (8 years)

72 (23.2%)

Matric (10 years)

88 (28.4%)

Inter (12 years)

38 (12.3)

Graduate (14/16 years)

37 (11.9%)

Duration of Diabetes (Years) <5 124 (40.0%)
5-10 93 (30.0%)
> 10 93 (30.0%)
BSF (mg/dL) Mean 181.91 (SD
= 70.364)
BSR (mg/dL) Mean 268.20 (SD
=92.178)

Glycemic Control

Patients on Insulin

Patients on
nsulin Secretagogues

Poor Glycemic Control
(FPG > 130 mg/dL)

Good Glycemic Control
(FPG 80 - 130 mg/dL)

181 (58.4%)

60 (19.4%)

Data Unavailable

69 (22.3%)
155 (50.0%)

53 (17.1%)

Patients on Insulin and
nsulin Secretagogue

15 (4.8%)

Method of
nsulin Administration

Syringe 127 (41.0%)
Penfil 45 (14.5%)
Pump 1 (0.3%)

BSF, Blood Sugar Fasting; BSR, Blood Sugar Random; FPG, Fasting plasma glucose.
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Scale Items Mean (SD)

HFS-B Stayed at home more than I 1.55 (1.63)
liked (HFS-B9)

Made sure there were other 1.50 (1.54)
people around me (HFS-B11)

Made sure I had someone with 1.38 (1.50)
me when I went out (HFS-B5)

Limited my out-of-town travel 1.38 (1.50)

(HES-B6)

HFS-W Difficulty thinking clearly 1.18 (1.57)
(HFS-W12)
Feeling lightheaded or dizzy 0.83 (1.21)
(HES-W13)
No one to help during 0.77 (1.23)

hypoglycemia (HFS-W8)

Becoming upset and difficult 0.77 (1.29)
(HFS-W18)

SD, standard deviation; HFS-B, behavior subscale of hypoglycemia fear survey; HFS-W, worry
subscale of hypoglycemia fear survey; BG, blood glucose.
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Variable Subjects (N=38)

Gender
Male, N (%) 27 (71.05)
‘ Female, N (%) 11 (28.95)
‘ Diagnosis
Type 1, N (%) k 17 (44.74)
Type 2, N (%) 16 (42.11)
Reactive hypoglycemia, N (%) 2 (5.26)
LADA, N (%) 3(7.89)
Therapy
Insulin therapy, N (%) 28 (73.68)
Slzlri};pe(fl;;ce(;;c agents or non-pharmacologically 10 (26.32)
Age, mean * SD, years 53.32 £ 17.93
BMI, mean + SD, kg/m2 24.05 + 4.62
HbAlc, % 9.12:+:2.77
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FreeStyle Libre QT AIR uncalibrated QT AIR calibrated

Sample (n) Percentage (%) Sample (n) Percentage (%) Sample (n) Percentage (%)
A 739 78.70 746 . 891 94.89
B 188 20.02 184 . 46 4.90
c 11 117 8 . 2 0.21
D 1 0.11 1 . 0 0.00
E 0 » 0.00 0 . 0 0.00

A+B 927 98.72 930 . 937 99.79
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Parameters

Gestation age -0.212 0.059 0.006 0.961 -0.173 0.125 -0.106 0.350
Age 0.057 0.614 0.048 0.674 -0.083 0.464 -0.010 0.932
HbAlc 0.239 0.033 0.093 0413 0.187 0.097 0.178 0.115
FBG 026 oo 0.151 0.182 0231 0.039 0172 | 0127
2hPBG 0.146 0.197 0.074 0512 0.203 0.070 0.180 0.110
Prep:&'}""q 0,082 0.468 0035 0757 0.094 0.406 -0.020 0.861

SAS, self-rating anxiety scale; SDS, self-rating depression scale; PAQ, pregnancy-related anxiety questionnaire; DSQL, diabetes specific quality of life scale. HbA c, glycosylated hemoglobin; FBG,
fasting blood glucose; 2hPBG, 2 hours postprandial blood glucose; BMI, body mass index. P value<0.05 was considered significant.
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CGM group (n=40) SMBG group (n=40)

PGDM (n=17) GDM (n=23) PGDM (n=15) GDM (n=25)
Before After 2 Before After Before After Before After
SAS 0.176 36.78 0.008 41.87 0251 37.72 38.28 0685
82 & 7.11 .12 + 6. .70 + 7.2 40.27 + 7.
o8& 8ALL685 2970+7,26 +5.82* + 8.04 027575 +8.61 + 842
SDS 43.53 43.88 0747 43.39 0.063 45.87 0243 43.76 45.92 0.147
.96 + 8. .00 + 8.
‘ + 1248 +11.16 +10.46 4096 £ 876 £952 4400 £ 886 +864 +864
PAQ 0.158 0.069 2473 21.73 0028 23.84 22,64 0251
2441 £7.05 | 22.82 %550 2417 618 | 2265 + 5.87 a5 - 580¢ a0 L 580
DSQL 47.35 + 8.98 4429 0.144 48.00 + 9.09 42.74 <0.001 4733 46.47 0.715 44.32 43.84 0.674
+11.41 +6.96* +7.04 +10.47 =779 + 8.82

Data are presented as mean + SD.
CGM, continuous glucose monitoring; SMBG, self-monitoring of blood glucose; PGDM, pregestational diabetes mellitus; GDM, gestational diabetes mellitus; SAS, self-rating anxiety scale; SDS,
self-rating depression scale; PAQ, pregnancy-related anxiety questionnaire; DSQL, diabetes specific quality of life scale. * P value<0.05 was considered significant.
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Insulin lispro URLi p value
TIR-2hB (%)

Baseline 82.02 + 31.95 73.28 + 33.76 0.362

Endpoint 83.33 £ 29.22 85.05 + 2391 0.821

TIR-2hL (%)

Baseline 62.50 (20.83, 95.83) 66.67 (9.38, 100.00) 0.873

Endpoint 90.28 + 20.56 86.76 + 28.36 0.645
TIR-2hD (%)

Baseline 70.83 (20.83, 100.00) 66.67 (3.13, 100.00) 0.679

Endpoint 82.41 + 29.17 89.22 £ 25.89 0.392

TAR-2hB (%)
Baseline 0.00 (0.00, 33.33) 0.00 (0.00, 42.71) 0211

Endpoint 0.00 (0.00, 19.79) 0.00 (0.00, 14.58) 0.424

TAR-2hL (%)

Baseline 16.67 (0.00, 66.67) 33.33 (0.00, 90.63) 0438
Endpoint 0.00 (0.00, 0.00) 0.00 (0.00, 0.00) 0.793
TAR-2hD (%)
Baseline 29.17 (0.00, 79.17) 33.33 (0.00, 96.88) 0.808

Endpoint 0.00 (0.00, 39.58) 0.00 (0.00, 0.00) 0.206

TIR-4hB (%)
Baseline 78.95 + 2843 64.15 + 3577 0.148
Endpoint 79.51 + 28.50 83.27 +20.67 0.588

TIR-4hL (%)

Baseline 47.92 (18.75, 89.58) 50.00 (20.83, 90.63) 0.838

Endpoint 85.76 + 23.29 85.60 + 28.32 0.983
TIR-4hD (%)
Baseline 68.75 (14.58, 100.00) 4583 (8.33, 81.77) 0.524
Endpoint 83.10 + 2531 84.99 + 26.61 | 0. 806

TAR-4hB (%)

Baseline 8.33 (0.00, 37.50) 21.88 (0.00, 60.94) 0.150

Endpoint 0.00 (0.00, 43.75) 0.00 (0.00, 25.52) 0.856
TAR-4hL (%)
Baseline 39.58 (0.00, 81.25) 44.79 (9.38, 79.17) 0716

Endpoint 0.00 (0.00, 12.50) 0.00 (0.00, 0.00) 0.463

TAR-4hD (%)

Baseline 31.25 (0.00, 81.25) 46.88 (0.00, 91.67) 0977

Endpoint 0.00 (0.00, 24.48) 0.00 (0.00, 21.35) 0.338

TAR-2hB: time above range (> 10 mmol/L) from 0 to 120 minutes after the start of the
breakfast; TAR-2hD, TAR from 0 to 120 minutes after the start of the dinner; TAR-2hL, TAR
from 0 to 120 minutes after the start of the lunch; TAR-4hB, TAR from 0 to 240 minutes after
the start of the breakfast; TAR-4hD, TAR from 0 to 240 minutes after the start of the dinner;
TAR-4hL, TAR from 0 to 240 minutes after the start of the lunch; TIR-2hB, time in range (3.9
- 10 mmol/L) from 0 to 120 minutes after the start of the breakfast; TIR-2hD, TIR from 0 to
120 minutes after the start of the dinner; TIR-2hL, TIR from 0 to 120 minutes after the start of
the lunch; TIR-4hB, TIR from 0 to 240 minutes after the start of the breakfast; TIR-4hD, TIR
from 0 to 240 minutes after the start of the dinner; TIR-4hL, TIR from 0 to 240 minutes after
the start of the lunch.
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Vi V18 p value 1 p value 2
Insulin lispro 8.71 £ 1.00 7.78 £ 0.90 6.80 £ 0.75 -0.99 + 0.80 0.000 0.000
URLI 8.89 + 1.14 7.88 + 1.00 677 £0.73 110 +0.94 0.000 0.000
p value 0549 0723 0913 0.642

P value 1: V18 vs. V1; P value 2: V18 vs. V8.
A: the change of HbAlc from V8 to V18 (V18-V8).
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Time Insulin lispro URLi p value

A-15min 022+ 1.71 -0.12 +2.29 0532
AOmin 037 + 1.71 -0.16 + 2.15 0318
Al5min -0.05 + 227 -0.54 +2.55 0.463
A30min 022 + 3.00 -1.05 + 2.87 0.128
A60min 024 +2.58 137 £3.28 0.047
A120min 1.22 +2.90 -1.12 + 4.00 0.021
A180min 151 +2.70 -0.45 + 4.93 0.060
A240min 117 +3.20 0.04 + 3.92 0.246

A: V18-V8.
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Parameter Insulin lispro URLi p value

24 h MBG (mmol/L) 7.80 + 1.31 7.73 + 1.54 0.873
SD (mmol/L) 7 1.90 + 0.87 2.05 +0.92 0.582
CV (%) 2246 +6.71 2574+ 9.32 0.152

TIR (%) 84.42 + 15.86 80.89 + 17.34 0.465

TITR (%) 69.26 + 19.72 65.87 + 22.15 0.581
TAR (%) 0.00 (0.00, 0.18) 0.00 (0.00, 6.51) ' 0.196

TBR (%) 7.29 (0.00,19.88) 833 (0.00, 17.53) 0.969

CV, coefficient of variation (%); MBG, mean glucose concentration (mmol/L); SD, the
standard deviation of the MBG (mmol/L); TAR, time above range (> 10.0 mmol/L) (%);
TBR, time below range (< 3.9 mmol/L) (%); TIR, time in range (3.9 - 10 mmol/L) (%); TITR
(%): time in tight range (3.9 — 7.8 mmol/L) (%).
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Insulin lispro URLi p value

BPPGE (mmol/L)

Baseline 2,99 +2.31 3.95 +2.93 0.314

Endpoint 251+£1.73 159+ 1.57 0.046
peak time after breakfast(min)

Baseline 98.53 + 52.70 95.54 + 51.23 0.778

Endpoint 88.23 + 50.25 77.94 + 43.87 0.423
LPPGE (mmol/L)

Baseline 4.07 + 4.36 3.04 +2.42 0.750

Endpoint 227 +1.81 2.24 + 1.86 0.759
peak time after lunch(min)

Baseline 85.67 + 66.70 65.71 + 42.60 0.444

Endpoint 64.21 + 28.25 67.18 + 40.05 0.824
DPPGE (mmol/L)

Baseline 3.93 +4.30 2.91 + 231 0.731

Endpoint 1.99 + 1.56 2.60 + 1.88 0.262
peak time after dinner(min)

Baseline 87.67 + 77.04 77.50 + 48.81 0.888

Endpoint 73.16 + 55.13 77.21 + 50.78 0.689

BPPGE, postprandial glucose excursions of breakfast (mmol/L); DPPGE, postprandial glucose

excursions of dinner (mmol/L); LPPGE, postprandial glucose excursions of lunch (mmol/L).





OPS/images/fendo.2025.1470473/crossmark.jpg
©

2

i

|





OPS/images/fendo.2024.1364585/fendo-15-1364585-g001.jpg
The mean glucose concentrations (mmol/L) »

The mean glucose concentrations (mmol/L)

-®- URLIi Group
- Insulin Lispro Group

-
(=2]

-
N
{

:

H

o

2 4 6 8 10 12 14 16 18 20 22 24
Time(O'clock)

-®- URLIi Group
16 -3 Insulin Lispro Group

12

2 4 6 8 10 12 14 16 18 20 22 24
Time(O'clock)





OPS/images/fendo.2025.1470473/fendo-16-1470473-g001.jpg
80 patients with DIP were enrolled

SMBG group (n=40)

CGM group (n=40)

Baseline characteristics were collected
SAS, SDS, PAQ, DQSL scales were assessed before individualized
Individualized strategy combined with CGM/SMBG for 14days

SAS, SDS, PAQ, DQSL scales were assessed after individualized
Comparison and correlation analysis were performed






OPS/images/fendo.2024.1364585/fendo-15-1364585-g002.jpg
@ URL

Insulin lispro

o o o
™ N -~

(Aep/n)) dsop urmnsuy






OPS/images/fendo.2025.1470473/fendo-16-1470473-g002.jpg
Score

SAS

SDS

PAQ

DSQL

m Before
W After





OPS/images/fendo.2024.1364585/table1.jpg
Insulin

lispro

Gender (M/F) 12/9 20/17 0.820

Age (year) 62.00 64.70 0.490
+6.94 +9.49

Weight (kg) 65.45 69.00 0.180
+ 1040 +9.05

BMI (kg/m?) 24.47 25.52 0.144
+2.38 +2.69

ALT (U/L) 20.76 23.68 0419
+9.26 +14.80

AST (U/L) 19.62 20.73 0.633
+ 527 +9.82

Cr (mmol/L) 90.40 78.05 0.078
+30.83 +20.89

HbAlc (%) 8.71 £ 1.00 8.89 0.549

+1.14

FPG (mmol/L) 12.05 12.40 0.779
+ 443 +4.52

Insulin used at study entry (Basal-bolus 7/14 12/24 0.611

insulin/Pre-mix insulin)

Time of Pre-mix insulin 0.264
2 12 23
3 2 1

Time of Bolus insulin 0.253
2 0 2
3 7 10

Insulin dose at study entry (U/d) 42.19 39.47 0.522

+ 15.07 +15.76

OAMs used at baseline

SGLT-2 inhibitors (n) 0 0 /

Metformin (n) 2 8 0.224

ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI, body mass index; Cr,
creatinine; FPG, fasting plasma glucose; HbA1C, Hemoglobin Alc; OAM, oral anti-
diabetic medication.
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Device A

Lower normal daytime sleepiness 12 (41%) 10 (37%) 10 (35%) 12 (44%)
Higher normal daytime sleepiness 7 (24%) 9 (33%) 10 (35%) 9 (33%)
Mild excessive daytime sleepiness 4 (14%) 1 (4%) 4 (14%) 0 (0%)
Moderate excessive daytime sleepiness 2 (7%) 4 (15%) 1 (4%) 2 (7%)
Severe excessive daytime sleepiness 4 (14%) 3 (11%) 4 (14%) 4 (15%)

n, number of participants whose scores summed up to the respective sleepiness
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) DG6 02 43539 0.9227
Baseline

euglycemia FSL1 0.0 23;24 0.9929
Plasma glucose DG6 -6.2 -11.2; -1.2 0.0161
decline

(+/-exercise) FSL1 53 1.6;9.1 0.0057
15-min DG6 8.1 -16.3; 0.0 0.0505
hypoglycemia

(+/- exercise) FSL1 135 6.4; 20.5 0.0005
15 DG6 -84 12.4; 4.3 <0001
min hypoglycemia FSL1 05 365 2.6 0.7298
N DG6 28 7316 0.2078
euglycemia FSL1 18 -3.0; 6.6 0.4680

Hypoglycemia was defined as plasma glucose <3.0 mmol/L, representing level 2 hypoglycemia.
CI, confidence interval. AMARD%, mean absolute relative difference of Clamp-exercise —

Clamp-rest in percentages.
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Mean (SD)/N (%)

Total (N = 31) Sequence A-B (N = 14) Sequence B-A (N = 17)
Age, years 105 (2.3) 112 (22) 10.7 (2.5)
Gender
Female 15 (48%) 7 (50%) 8 (47%)
Male 16 (52%) 7 (50%) 9 (53%)
Ethnicity
Caucasian 30 (97%) 13 (93%) 17 (100%)
African 1 (3%) 1 (7%) 0 (0%)
Height, cm 143.7 (14.6) 145.6 (15.2) 142.1 (14.4)
Weight, kg 428 (132) 441 (157) 41.8 (112)
BMI, kg/m* 202 (3.1) 20.1 (3.9) 203 (2.5)
Z score BMI* 1.23 (0.6, 1.6) 12 (0.7, 1.5) 1.3 (0.6, 1.7)
HbAIc, % 7.5 (0.6) 7.6 (0.6) 7.3(0.5)
HbA1c, mmol/mol 58.1 (6.5) 59.9 (6.9) 56.6 (5.9)
Diabetes duration, years® 5.6 (3.0, 8.2) 573771 5.6(2.9, 9.8)
Pump use, years® 4.0 (2.2, 83) 39 (24, 69) 4.5(1.8,9.1)

*Median (QL, Q3).
Bold values indicate bascline characteristics.
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Mean (SD)/N (%)

N 30

Age, years 42.8 (6.0)
Gender

Female 24 (80%)
Male 6 (20%)
Ethnicity

Caucasian 29(97%)
African 1 (3%)
Height, cm 168.0 (9.7)
Weight, kg 774 (17.0)
BMI, kg/m* 275 (6.2)
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Mean (SD) or N (%)

Males 15 (100%)
Age (years) 29.4 (8.1)
Body mass index (kg/m2) 23.7 (2.0)
Duration of type 1 diabetes (years) 13.1 (6.3)
HbA1lc (mmol/mol) 51.0 (5.5)
HbAlc (%) 6.8 (0.5)
Fasting plasma glucose (mmol/L) 9.7 (2.1)
Heart rate (bpm) 64.8 (10.7)
Physical activity levels

Low activity 3 (20%)

Moderate activity 3 (20%)

High activity 9 (60%)

Categorical data are presented as N (%), and continuous variables are presented as mean (SD).
Further details on the participants have been reported before (15). bpm, beats per minute;
HbAlc, glycated hemoglobin Alc; mmHg, millimeter of mercury; SD, standard deviation.
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30)

Device A (N

Device B (N

28)

Lower normal daytime sleepiness 20 (67%) 17 (57%) 17 (61%)
Higher normal daytime sleepiness 7 (23%) 7 (23%) 7 (25%)
Mild excessive daytime sleepiness 1(3%) 2 (7%) 2 (7%)
Moderate excessive daytime sleepiness 2 (7%) 4 (13%) 2 (7%)
Severe excessive daytime sleepiness 0 (0%) 0 (0%) 0 (0%)

n, number of participants
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Model Parameters B(95%Cl) Standardized} P

1 GCV 1.062 1.208 0.000
SDBG -6.103 -0.765 0.000
2 GCV 1.472 1.675 0.000
SDBG -10.923 -1.369 0.000
MBG 1.714 0.421 0.015
3 GCV 1.479 1.626 0.000
SDBG -8.948 -1.095 0.000
MBG 1.762 0.430 0.016
LAGE -0.718 -0.282 0.015
4 7 GCV 1:231 1.401 7 0.000
SDBG -9.914 -1.242 0.000
TIR -0.209 -0.490 0.000
5 GCV 1.260 1.433 V 0.000
SDBG -8.676 -1.087 0.000
TAR 0.106 0.257 0.012

Model 1 was adjusted for age, sex, BMI, Insulin dosage, Insulin use duration, fasting C-peptide
and HbAlc.

Model 2 includes all variables in Model 1 plus MBG.

Model 3 includes all variables in Model 1 plus LAGE and MBG.

Model 4 includes all variables in Model 1 plus TIR.

Model 5 includes all variables in Model 1 plus TAR.

BMI, body mass index;; HbAlc, glycosylated hemoglobin Alc; TIR, Time in Range; TAR,
Time above Range ; TBR, Time below Range, MBG, Mean Blood Glucose; SDBG,standard
deviation of blood glucose; CV,coefficient of variation.
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ROCcurve( CV(%) ROC curve ( CV(%) ROCcurve( ) CV(%)

Sensitivity ol Youden's Cut- Sensitivity il Youden's Cut- Sensitivity i Youden's Cut-
- Specificity index off point - Specificity index off point - Specificity index off point
0.682 0.155 0527 40.16 0733 0353 0380 3748 0857 0.140 0717 39.60
0682 0.143 0539 4030 0733 0324 0410 3781 0857 0.120 0737 39.94
0.682 0131 0551 4044 0733 0294 0439 3826 0857 0.100 0757 40.29
0636 0119 0517 4068 0667 0265 0402 3903 0714 0.080 0634 4094
0636 0119 0517 4068 0.667 0265 0402 3903 0714 0.080 0634 4094
0.591 0119 0472 4095 0.600 0265 0335 3946 0714 0.060 0654 4240
0591 0.107 0484 4120 0.600 0235 0365 3995 0714 0040 0675 44.40

2 means the cut-off point of ROC curve. CV coefficient of variation,
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FGM group 1 (

Baseline

Male sex(%) 8, 38.1% 8, 40% 0.904
Age 34.810 + 15.964 25.050 + 19.484 0.087
BMI 20.817 + 3.625 18.836 +2.770 0.057
HbAlc 7.424 + 1.557 6.858 + 1.406 0.237
Fasting glucose (ng/mL) 8.414 £3.725 7.777 £ 2.520 0.541
Insulin daily dose 26.638 + 13.661 31.703 £ 12.757 0.228
Insulin use duration 1.788 + 1.654 1.370 + 1.053 0.339
Hypoglycemic episodes (time /month) 5381+ 6.852 13.950 + 14.873 0.027
CHFSII-B scores 25.778 + 14.767 38.895 + 21.610 0.039
CHFSII-W scores 14.500+ 10.314 12.842 +7.719 0.582
DQOL scores 106.611 + 22.264 105.053 + 24.309 0.840
DMTSQ scores 58.938 + 16.909 61.737 £ 12.701 0.580
TG 0.890 + 0.399 0.658 + 0.209 0.049
TC 4.564 + 0.639 4.528 + 0.688 0.878
HDL-c 1.507 + 0.424 1.597 + 0.454 0.557
LDL-c 2.338 £ 0.530 2.318 +£ 0.625 0.922
Diabetic duration 2510 + 1.789 2.135 £ 1.621 0.487
Follow-up

Implement times per year 2430 +0.507 22.100 £ 6.112 0.000
AFPG(ng/mL) 0.284 + 3.180 -1.263 + 2.840 0.144
ATG 0.186 + 0.512 -0.184 £ 1.022 0.202
ATC -0.125 + 0.810 -0.203 £ 0.883 0.803
AHDL-c 0.126 + 0.675 0.000 + 0.595 0.574
ALDL-c -0.251 £ 0.706 -0.178 £ 0.641 0.768
AHbA1c(%) -1.016 + 2.006 -0.141+ 0.743 0.090
A Insulin daily dose -5.948 + 11.671 -6.490 + 8.374 0.867
A Hypoglycemic episodes (time /month) -0.275 +10.081 6.150 + 13.072 0.090
A CHFSII-B scores 3.353 + 17.150 11.526 £18.063 0.174
A CHFSII-W scores -4.675 + 10.994 0.895 + 6.280 0.080
A DQOL scores -9.412 + 18.211 11.790 + 26.292 0.009
A DMTSQ scores 2200 + 7.903 0.947 + 12.117 0.732

BMI, body mass index; FPG, fasting plasma glucose; TC, total cholesterol; TG, total triglycerides; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol;
HbAI1c, glycosylated hemoglobin Alc; CHFSII-B/W, Chinese Version Hypoglycemia Fear Survey 1I- Behavior /W orry. DMTSQ, Diabetes Monitoring and Treatment Satisfaction Questionnaire;
DQOL, Diabetes Specific Quality of Life. A means the difference between baseline and follow-up.

a. Data were expressed as mean + standard deviation (SD) for continuous variables, and percentages (%) for categorical variables. AFPG = FPG baseline - FPG follow-up, and the others are the
same way.





OPS/images/fendo.2024.1464755/table6.jpg
FGM group 1 (n=21) FGM group 2 (n=20)

category baseline category baseline Follow-up
FPG(ng/mL) 8.576 + 3.842 8292£3.208 | 0717 FPG(ng/mL) 7448 £2306 | 8.711+2202 | 0.085
TG 0.855 = 0.380 0.804 £0.404 0586 TG 0.661£0204 09120949 0340
TG 4.561 £ 0.670 4686 £0.774 | 0574 TC 45540662 | 47580619 0372
HDL-c 1.523 + 0.403 1579 £0452 | 0.648 HDL-c 1632+ 0470 | 1718+ 0436 0494
LDL-c 2.354 + 0.565 2604 £0.717 | 0207 LDL-c 22760627 | 2453+0587 | 0285
HbALc(%) 7.500 + 1.557 8516 £2.162 | 0.041 HbALc(%) 6.635+0841 | 67770619 | 0445
Insulin daily dose 26.570 + 14013 | 32518 + 18.640 = 0.034 Insulin daily dose 31.703 + 12.757 38193 0.003
+12.873
Hypoglycemic episodes 5250 + 7.003 55258081 | 0904 Hypoglycemic episodes 13.950 + 14.873  7.800 + 10247 = 0.049
(time /month) (time /month)
CHFSII-B scores 26353+ 15012 | 23.000 +7.550 | 0.432 CHFSII-B scores 38.895 + 21.610 27.368 0.012
+ 11046
CHEFSII-W scores 14412 £ 10.625 | 19.059 +12.651 | 0.101 CHEFSII-W scores 128427719 | 11947 + 6014 | 0542
DQOL 109.235 118.647 0.049 DQOL 105.053 93.263 0.066
+19.873 +23.200 +24.309 +28.276
DMTSQ 55.333+9.147 | 53133 +9.403 | 0299 DMTSQ 61737 + 12701 | 60.263 £12.041 = 0.615

BMI, body mass index; FPG, fasting plasma glucose; TC, total cholesterol; TG, total triglycerides; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol;
HbALc, glycosylated hemoglobin Alc; CHFSII-B/W, Chinese Version Hypoglycemia Fear Survey II- Behavior /Worry. DMTSQ, Diabetes Monitoring and Treatment Satisfaction Questionnaire;
DQOL,Diabetes Specific Quality of Life.
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Bias (mmol/L) 0.8834 ‘ -0.01517 ‘ 0.006137
SD of bias 1.423 ‘ 1.741 ‘ 1.094
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AIR calibrated =P value* P value#

AIR uncalibrated

Capillary glucose range Sample FreeStyle Libre

<3.9mmol/L MAD(mmol/L) 136 0774 + 0.6322 0.9204 + 0.6841 07432 % 0.7311 0.0093 0.7069

4.0-10.0mmol/L 1601 <0.0001 <0.0001

MARD(S) 1797 + 15.84 2025 + 15.08 1167 + 1099

>10.0mmol/L. 170 g i L35 S bd 06128 <0.0001

MARD(%) : i : k b

>39mmalil, i 1798 + 15.83 2008 £ 15.1 1156 + 10.84 0002 <0000

MARD(%) fL R e

Overall 1907 <0.0001 <0.0001
1833 + 1631 2063 1592 12.39 + 1294

ARDIR) 3316 0.63 + 159 39+ 129

MAD, mean absolute difference. MARD, mean absolute relative difference. *comparison between QT AIR uncalibrated and FreeStyle Libre; #comparison between QT AIR calibrated and
FreeStyle Libre.
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FreeStyle Libre QT AIR uncalibrated QT AIR calibrated

Sample (n) Percentage (%) Sample (n) Percentage (%) Sample (n) Percentage (%)
A 1330 69.75 1293 ; 1671 87.62
B 559 29.31 596 2 224 1175
@ 18 094 18 X 12 0.63
b 0 0.00 0 X 0 0.00
‘ 0.00 0 X 0 0.00

]
o

A+B 1889 99.06 1889 . 1895 99.37
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participants

All device uers who electronically
affirmed the QT APP End User License
Agreement (EULA) were systematically
enrolled in the randomized sampling

framework.

Patients (N=138);
Paired glucose data (n=1907)

QT AR

Group 1: Capillary blood glucose VS FreeStyle Libre;
Group 2: Capillary blood glucose VS QT AIR uncalibrated;
Group 3: Capillary blood glucose VS QT AIR calibrated;

Inclusion Criteria

Eligible participants met the following
criteria:

(1) age 216 years with no gender restriction;
(2) clinical indication for intensive glycemic
surveillance and willingness to maintain
CGM device adherence for 27 consecutive
days.

In-Hospital
Patients

Patients (N=38);

Paired glucose data (n=939)

Exclusion Criteria:

(1)Required radiographic examinations (X-
ray, MR, or CT) or anticipated exposure to
high-intensity radiation/electromagnetic
fields during CGM application;
(2)Presented with severe circulatory
insufficiency ;

(3)Demonstrated documented
hypersensitivity reactions to CGM sensor
components;

(4)Experienced acute metabolic
complications including diabetic ketoacidosis
(DKA);

(5)Used pharmacotherapeutic agents with
known interference potential on CGM or
capillary blood glucose measurements.

Group 1: Capillary blood glucose VS FreeStyle Libre;
Group 2: Capillary blood glucose VS QT AIR uncalibrated;
Group 3: Capillary blood glucose VS QT AIR calibrated;
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Parameters

Hypoglycemia | o ciey 6 (27.27) 4.353 | 0.037
[n (%)]
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Total No DR

Characteristics

(n=5054) (n=4896)
Age, years 46.26(11.44) 46.00(11.38) 54.16(10.49) <0.001
I Female, n(%) 2620 (51.84) 2557 (52.23) 63 (39.87) 0.002
Educational level, n(%) <0.001
Tlliteracy/Primary School/Middle School 1472 (29.13) 1389 (28.37) 83 (52.53)
College/University 3582 (70.87) 3507 (71.63) 75 (47.47)
Income, n(%) 0.04
<5000 4096 (81.04) 3958 (80.84) 138 (87.34)
>5000 958 (18.96) 938 (19.16) 20 (12.66)
Current smoking, n(%) 889 (17.59) 843 (17.22) 46 (29.11) <0.001
Current drinking, n(%) 1096 (21.69) 1046 (21.36) 50 (31.65) 0.002
Hypertension, n(%) 1339 (26.49) 1249 (25.51) 90 (56.96) <0.001
Dyslipidemia, n(%) 2923 (57.84) 2795 (57.09) 128 (81.01) <0.001
BMI, kg/m* 24.57(3.46) 1 24.52(3.46) 25.93(3.40) <0.001
FBG, mmol/L 5.83(1.48) 5.72(1.20) 9.31(3.59) <0.001
SD, mmol/L 0.63(0.59) 0.59(0.48) 1.87(1.57) <0.001
CV, % 10.51(6.18) 10.21(5.59) 19.97(12.83) <0.001
VIM, % 0.76(0.32) 0.76(0.31) 0.79(0.40) 0.18
ARV, % 13.36(7.71) 13.06(7.13) 22.71(15.48) <0.001
M-FBG, mmol/L 5.66(1.09) 5.56(0.87) 8.50(2.57) <0.001
cumulative FBG load, % 5.76(9.73) 4.95(8.10) 30.74(18.70) <0.001

Data are presented as n (%) or means + SD.
DR, diabetic retinopathy; BMI, body mass index; FBG, fasting blood glucose; SD, standard deviation; CV, coefficient of variation; VIM, variation independent of the mean; ARV, average real
variability; M-FBG, mean fasting blood glucose level.
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Parameters Observation Control

group group

C peptide 3.20 (2.33,4.98) 2.91 (1.97,3.29) 0.159
(ng/mL)

LDL-C 2.83% 1.32 291 £0.99 0.805
(mmol/L)

TG (mmol/L) ' 1.92 (1.25,3.25) 1.94 (1.07,2.68) 0.718
ALT (U/L) 27.74 + 13.21 29.86 + 13.89 0.579
AST (U/L) 25.06 + 11.33 32.18 £11.92 0.034
GGT (U/L) 24.84 + 9.75 35.55 £ 11.99 0.001
Scr (umol/L) 61.71 + 13.49 58.77 £ 12.85 0.426
UREA (mmol/L) | 5.60 (3.80,7.30) 579 +1.28 0.752

Low density lipoprotein (LDL-C), triglyceride (TG), alanine aminotransferase (ALT),
aspartate aminotransferase (AST), y-glutamyl transpeptidase (GGT), serum creatinine (Scr),
urea nitrogen (UREA).
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Observation time = Observation

Parameters . Control groui

point (d) group grotip

0 896 + 191 10.08 + 2.96 1.691 0.097
FPG

14 7.25 £ 1.05*" 7.92 + 167 1.794 0079
(mmol/L)

28 599 + 0.74*" 7.98 + 164 5972 0.000°

0 13.10 +2.83 1312 + 444 0026 0980
2hPG i

14 10.05 + 197* 1046 + 2.32* 0699 0.488
(mmol/L)

28 7.69 + 1.30*" 1037 £ 211 5710 0.000"

0 879 + 1.82 9.31+2.10 0943 0350
eHbAIc (%) 14 6.65 +0.96*" 8.01 + 1.76* 3616 0.001°

28 6.02 + 0.60*" 8.49 + 196 6.616 0.000

*P< 0.05 compared with the 0d of own group.

P< 0.05 compared with the 14d of own group.

#P< 0.05 compared the observation group with the control group at the 0d, 14d, 28d.

Fasting blood glucose (EPG), 2-hour postprandial blood glucose (2hPG), estimated glycated hemoglobin (eHbALc).
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Parameters

Observation
time point (d)

Observation
group

TIR (%)

TAR (%)

TBR (%)

MG (mmol/L)

CV (%)

LAGE (mmol/L)

MAGE (mmol/L)

MODD (mmol/L)

1 76.60 (69.90,87.40) 76.85 (66.00,85.25) -0.036 0.971
14 91.80 (85.30,96.80) 0.000 77.35 (66.00,83.35)  0.249 -4.008 0.000
28 94.60 (88.70,99.00) 0.001% 66.95 (41.48,79.35)  0.020" 5335 0.000°
1 19.20 (10.30,25.30) 21.55 (10.75,23.45) -0.081 0.935
14 8.00 (2.10,12.90) 0.000 21.55 (1440,23.68)  0.400 -4.026 0.000°
28 4.10 (0.90,10.00) 0.003* 32.70 (20.50,58.38)  0.007" -5.335 0.000°
1 270 (0.40,4.90) 1.60 (0.25,4.08) -0.859 0.416
14 1.20 (0.20,1.80) 0.003* 1.45 (0.10,3.68) 0.917 -1.647 0.390
28 0.70 (0.10,1.80) 0.191 030 (0.00,1.43) 0.032" -0.826 0.409
1 735+ 1.68 771+ 1.74 -0.762 0.449
14 7.00 + 1.36 0.074 7.66 +1.52 0.593 -1.653 0.104
28 6.64 + 1.00 0.000% 879 + 1.79 0.013" -5.230 0.000°
1 24.72 (21.75,27.11) 22.39 (20.67,25.86) -0.993 0.321
14 23.24 (21.23,27.19) 0737 27.30 (22.99,2849)  1.000 0478 0.632
28 21.67 (19.16,24.78) 0.063 2441 (21413118) 0355 2175 0.030°
i1 7.1+ 153 697 + 171 0308 0.760
14 6.78 £ 1.07 0265 7.08 £ 1.66 0.113 -0.798 0.429
28 6.00 + 151 0.000% 8.60 +2.11 0.245 -5.230 0.000°
1 413 + 1.02 399 110 0.449 0.655
14 436 + 118 0276 4.00 + 111 0.476 -3.691 0.152
28 3.63 £ 1.02 0.001* 493 +1.65 0.035" -3.533 0.001°
1 1.56 (1.28,2.11) 1.66 = 0.66 0.045 0.964
14 1.42 (1.27,1.55) 0.134 1.67 £ 0.65 0.198 5411 0.299
28 1.17 (0.97,1.49) 0.007* 212 +0.65 0.112 -5.814 0.000°

*P< 0.05 compared with the 0d of own group.
P< 0.05 compared with the 14d of own group.
#P< 0.05 compared the observation group with the control group at the 0d, 14d, 28d.
Time in range (TIR), time above range (TARY), time below range (TBR), mean blood glucose (MG), coefficient of variation (CV), large amplitude of glycemic excursions (LAGE), mean amplitude
of glycemic excursions (MAGE), mean of daily differences (MODD).
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Observation Observation = Control

Parameters

time point (d)  group group

14 5(16.12) 18 (81.82)
TIR < 80%

28 4 (12.90) 17 (77.27)
80%< TIR 14 10 (32.26) 3 (13.64)
=90 28 7 (22.58) 4 (18.19)

14 16 (51.62) 1 (4.54)
TIR > 90%

28 20 (64.52) 1 (4.54)

Time in range (TIR).
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Observation Control
Parameters
group group
Gender (n)
Male 16 10
0.659
Female 15 12
Age (years) 45.77 + 11.36 49.59 + 12.09 0.246
Course of
A 1.50 (0.50,12.00) 1.00 (0.50,4.00) 0.439
disease (months)
BMI (kg/m?) 27.00 +2.34 27.40 + 2.49 0.549
Education (0~12years/>13years)
0~12 12 13
0.143
>13 19 9
Physical activity intensity (n)
Low 14 12
Moderate 12 7 0.822
High 4 3
Smoking (n)
Yes 7 2
0197
No 24 20
Drinking (n)
Yes 9 6
0.889
No 22 14
Family history of diabetes Genetic history (n)
Yes 8 8
0.409
No 23 14

Body mass index (BMI).
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Freestyle Libre g ipro2 group (n

Male sex(%) 54,47.8% 25,44.6% 29,50.9% 0.509
Age (years) 357+ 163 319 +174 394 + 144 0.014
BMI (kg/mz) 20.920 + 2.984 20.322 £ 3403 21.497 + 2.406 0.037
SBP (mmHg) 113.443 + 11.877 110.357 + 10.949 116474 + 12.064 0.006
DBP (mmHg) 70.204 £ 9.163 68.161 + 8.043 72.211 £ 9.805 0.018
FPG (mmol/l) 8.515 + 3.604 7.986 + 2.989 I 8.998 + 4.051 0.144
PPG (mmol/l) 10.919 + 4915 9.839 +4.724 11.976 + 4.920 0.040
Fasting C-peptide (ng/ml) 0.483 + 0.591 0.503 + 0.664 0.465 + 0.520 0.744
TG (mmol/l) 0.788 + 0.578 0.750 + 0.319 0.822 +0.740 0.537
TC (mmol/l) 4.685 + 0.833 4.624 £0.714 4.740 £ 0.932 0.491
HDL-C (mmol/l) 1.607 + 0.443 1.593 + 0.439 1.621 £ 0.450 0.750
LDL-C (mmol/l) 2.500 + 0.684 2.389 + 0.608 2.600 + 0.738 0.125
Duration of diabetes (years) 3.136 + 3.032 2.555 + 2,052 3.707 + 3.686 0.043
HbAIC (%) 7.581 + 1.664 7.255 + 1433 7.907 + 1.821 0.039
Hypoglycemia times 7.531£12.055 10.214 £ 15279 4.895 + 6.863 0.018
(per month)

Insulin use dosage (units) 31.589 + 14.244 29.535 + 13.972 33.608 + 14.342 0.129
Insulin use duration (years) 2.251 + 2.609 1.953 +2.016 2.544 +3.073 0.230
TIR (3.9-10 mmol/L) 63.434 + 22,501 63.714 + 20.006 63.158 + 24.887 0.896
TAR (>10 mmol/L) 29.858 + 23.293 27.446 + 22.096 32228 +24.374 0.277
TBR (<3.9 mmol/L) 6.717 £ 9.787 8.839 £10.173 4.632 + 8.900 0.022
MBG(mmol/L) 8.664 + 2.357 8.320 + 2447 9.001 +2.237 0.125
SDBG(mmol/L) 2.949 + 1.227 3.072 + 1.358 2.843 + 1.103 0.342
GCV(%) 34.054 £ 11.142 36.376 £ 9.165 32.059 £ 12.330 0.046
LAGE 10.435 + 3.973 10.574 + 3.826 10.292 + 4.157 0.730
CHFSII-B score 25.941 £ 15.588 31.951 £ 19.034 20.341 + 8.433 <0.001
CHFSII-W score 14.200 + 9.157 15.439 + 9.897 13.046 + 8.358 0.231
DQOL score 99.386 + 25.058 102.902 + 23.422 95.952 + 26.385 0.208
DMTSQ score 60.718 + 18.402 60.135 + 14.956 61244 +21.213 0.792

CGM, Continuous glucose monitoring; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; FPG, fasting plasma glucose; PPG, postprandial plasma glucose; TC,
total cholesterol; TG, total triglycerides; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; HbAlc, glycosylated hemoglobin Alg TIR, Time in Range;
TAR, Time above Range; TBR, Time below Range, MBG, Mean Blood Glucose; SDBGstandard deviation of blood glucose; GCV, glucose coefficient of variation; LAGE, largest amplitude of
glycemic excursions; CHESII-B/W,Chinese Version Hypoglycemia Fear Survey II- Behavior /Worry; DMTSQ, Diabetes Monitoring and Treatment Satisfaction Questionnaire; DQOL,Diabetes
Specific Quality of Life.

a Data were expressed as mean + standard deviation (SD) for continuous variables, and percentages (%) for categorical variables.
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Variables ¢ P

TIR (3.9-10 mmol/L) -0.124 0.191
TAR (>10 mmol/L) -0.234 0.012
MBG(mmol/L) | -0.450 0.000
SDBG(mmol/L) 0.234 0.016
CV(%) 0.668 0.000
LAGE 0.098 0.342
HbAlc -0.320 0.001
FPG | -0.142 0.140
PPG -0.157 0.140
Fasting C-peptide -0.255 0.007
Diabetic duration 0.033 0.731
age | -0.141 0.136
BMI -0.078 0.415
Insulin daily dose 0.052 0.585
SBP 0.058 0.540
| DBP 0.035 0.712
TC -0.102 0.316
TG -0.130 0.199
HDL -0.058 0.565
LDL -0.081 0.425
Sex 0.178 0.060
CHFSII-B 0.247 0.023
CHFSII-W 0.149 0.172
DQOL 0.052 0.643
DMTSQ 0.141 0.217

BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; FPG, fasting
plasma glucose; PPG, postprandial plasma glucose; TC, total cholesterol; TG, total triglycerides;
HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; HbAlc,
glycosylated hemoglobin Alc; TIR, Time in Range; TAR, Time above Range ; TBR, Time below
Range, MBG, Mean Blood Glucose; SDBG;standard deviation of blood glucose; CV,coefficient of
variation; LAGElargest amplitude of glycemic excursions; CHFSII-B/W,Chinese Version
Hypoglycemia Fear Survey II- Behavior /Worry;DMTSQ, Diabetes Monitoring and Treatment
Satisfaction Questionnaire; DQOL, Diabetes Specific Quality of Life.
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Screened (n=113)

n=56 n=57
Freestyle Libre group ipro2 group

Excluded (n=38)

Loss of follow-up (n=16)

Unwilling to continue wearing (n=18)
Allergy (n=2)

Follow-up
n=75

n=41 n=35
Freestyle Libre group ipro2 group

Grouping according to the frequency of use

<5 times per year =5 times per year

Freestyle Libre group1 Freestyle Libre group2
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Adjusted OR

OR (95%Cl)

(95%Cl)
FBG 1.73(1.63, 1.85) 1.62(1.52, 1.73)
SD 3.17(2.74, 3.66) 2.74(2.38, 3.16)
V, per 1

i e 1.93(1.75, 2.11) 1.78(1.62, 1.95)
SD Increase
VIM, per 1

per 1.11(0.95, 1.29) 1.11(0.95, 1.29)
SD Increase
ARV, per 1

per 1.84(1.66, 2.03) 1.72(1.56, 1.91)
SD Increase
M-FBG 235(2.15, 2.57) 2.15(1.96, 2.36)

cumulative FBG
load, per 1 2.78(2.52, 3.07) 2.57(2.31, 2.85)
SD Increase

FBG, fasting blood glucose; DR, diabetic retinopathy; OR, odds ratio; CI, confidence interval;
SD, standard deviation; CV, coefficient of variation; VIM, variation independent of the mean;
ARV, average real variability; M-FBG, mean fasting blood glucose level.

Adjusted for age, sex, educational level, income, current smoking, current drinking,
hypertension, dyslipidemia, body mass index.
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Models

Classical risk factors + FBG

Classical risk factors +SD

Classical risk factors +CV/

Classical risk factors +VIM

Classical risk factors +ARV/

Classical risk factors +M-FBG

Classical risk factors +cumulative FBG load
Classical risk factors + FBG + SD

Classical risk factors + FBG + CV

Classical risk factors + FBG + cumulative
FBG load

Classical risk factors + SD + cumulative
FBG load

Classical risk factors + CV + cumulative
FBG load

Classical risk factors + ARV + cumulative
FBG load

Classical risk factors + FBG + SD + cumulative

FBG load

Classical risk factors + FBG + CV + cumulative

FBG load

Classical risk factors + FBG + VIM +
cumulative FBG load

Classical risk factors + FBG + ARV +
cumulative FBG load

Classical risk factors: age, sex, BMI, educational level, income, current smoking, current drinking, hypertension, dyslipidemia.

C (95%Cl)

0.8963(0.8721, 0.9205)
0.8717(0.8446, 0.8988)
0.8494(0.8206, 0.8782)
0.7721(0.7410, 0.8032)
0.8249(0.7939, 0.8558)
0.9105(0.8867, 0.9342)
0.9135(0.8890, 0.9380)
0.8993(0.8754, 0.9231)

0.8958(0.8714, 0.9201)

0.9139(0.8894, 0.9383)

0.9136(0.8889, 0.9383)

0.9140(0.8895, 0.9385)

0.9148(0.8907, 0.9389)

0.9145(0.8899, 0.9390)

0.9149(0.8906, 0.9391)

0.9150(0.8909, 0.9391)

0.9153(0.8914, 0.9393)

ges in
Reference
-0.0246(-0.0403, -0.0089)
-0.0469(-0.0667, -0.0272)
-0.1242(-0.1504, -0.0980)
-0.0714(-0.0940, -0.0489)
0.0142(0.0043, 0.0240)
0.0172(0.0042, 0.0302)
0.0030(-0.0022, 0.0082)

-0.0005(-0.0012, 0.0002)

0.0176(0.0049, 0.0302)

0.0173(0.0039, 0.0307)

0.0177(0.0046, 0.0308)

0.0185(0.0056, 0.0315)

0.0182(0.0052, 0.0311)

0.0186(0.0059, 0.0312)

0.0187(0.0062, 0.0312)

0.0190(0.0065, 0.0316)

C(95%Cl)

0.002

<0.001

<0.001

<0.001

0.005

0.009

0.26

0.13

0.007

0.01

0.008

0.005

0.006

0.004

0.003

0.003

DR, diabetic retinopathy; FBG, fasting blood glucoses AUC, area under the curve; CI, confidence interval; SD, standard deviation; CV, coefficient of variation; VIM, variation independent of the
mean; ARV, average real variability; M-FBG, mean fasting blood glucose level.
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Models DI (95% ClI) NRI(Categorical) (95
Classical risk factors + FBG Reference Reference
Classical risk factors +SD -0.0372(-0.0651, -0.0093) 0.009 -0.0751(-0.1465, -0.0037) 0.04
Classical risk factors +CV ~0.0861(-0.1173, -0.0549) <0.001 -0.1615(-0.2292, -0.0938) <0.001
Classical risk factors +VIM ~0.1618(-0.2016, -0.1221) <0.001 -0.2442(-0.3120, -0.1763) <0.001
Classical risk factors +ARV -0.1030(-0.1413, -0.0647) <0.001 -0.1788(-0.2530, -0.1047) <0.001
Classical risk factors +M-FBG 0.0501(0.0215, 0.0787) <0.001 0.1190(0.0418, 0.1963) 0.003
Classical risk factors +cumulative FBG load 0.0603(0.0312, 0.0894) <0.001 0.1162(0.0295, 0.2028) 0.009
Classical risk factors + FBG + SD -0.0003(-0.0053, 0.0048) 092 0.0000(-0.0248, 0.0248) 1.00
Classical risk factors + FBG + CV 0.0005(0.0000, 0.0010) 0.05 0.0000(0.0000, 0.0000) 1.00
Classical risk factors + FBG + cumulative FBG load 0.0614(0.0347, 0.0881) <0001 0.1288(0.0482, 0.2095) 0.002
Classical risk factors + SD + cumulative FBG load 0.0614(0.0299, 0.0928) <0.001 0.1411(0.0502, 0.2320) 0.002
Classical risk factors + CV + cumulative FBG load 0.0623(0.0315, 0.0931) <0.001 0.1407(0.0515, 0.2299) 0.002
Classical risk factors + ARV + cumulative
0.0618(0.0321, 0.0915) <0.001 0.1280(0.0383, 0.2177) 0.005
FBG load
Classical risk factors + FBG + SD + cumulative
0.0645(0.0368, 0.0922) <0.001 0.1543(0.0674, 0.2413) <0.001

FBG load

lassical risk f FBG + CV ulati
Classical risk factors + FBG + CV + cumulative 0.0652(0.0376, 0.0928) <0.001 0.1664(0.0800, 0.2527) <0.001
FBG load
Classical risk factors + FBG + VIM ulati

AR r RO ERR ST e 0.0643(0.0370, 0.0916) <0.001 0.1415(0.0576, 0.2254) <0.001
FBG load
Classical risk factors + FBG + ARV lati

assical risic factors o B4 v ARY + cumufative 0.0630(0.0358, 0.0901) <0001 0.1278(0.0434, 0.2122) <0.001

FBG load

Classical risk factors: age, sex, BMI, educational level, income, current smoking, current drinking, hypertension, dyslipidemia.

DR, diabetic retinopathy; FBG, fasting blood glucose; IDI, integrated discrimination improvement; CI, confidence interval; NRI, net reclassification improvement indexes; SD, standard deviation;

CV, coefficient of variatios

; VIM, variation independent of the mean; ARV, average real variability; M-FBG, mean fasting blood glucose level.
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CGM group (n=40) SMBG group (n=40)

After P value Before After
SAS 39.75 £ 7.11 37.35 £ 6.22* 0.003 39.28 £ 8.54 39.03 £ 7.90 0.802
SDS 4345 £ 11.21 4220 £9.82 0.157 44.55 £ 8.92 45.20 £ 8.66 0.558
PAQ 2428 + 648 22.73 £ 5.65* 0.020 24.18 £5.75 22.30 £ 5.74% 0.022
DSQL 47.73 £ 893 4340 +9.02* <0.001 4545 £7.57 44.83 £ 943 0.575

Data are presented as mean + SD.
CGM, continuous glucose monitoring; SMBG, self-monitoring of blood glucose; SAS, self-rating anxiety scale; SDS, self-rating depression scale; PAQ, pregnancy-related anxiety questionnaire;

DSQL, diabetes specific quality of life scale. *P value<0.05 was considered significant.
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After

CGM SMBG
group (n=40) group (n=4
SAS 39.75 £ 7.11 3928 + 854 0.788 3735+ 622 39.03 £ 7.90 0.29
DS 4345+ 1121 4455 +8.92 0.629 4220+ 982 4520 + 8.66 0.151
PAQ 24.28 + 6.48 24.18 £ 5.75 0.942 2273 £ 5.65 2230 + 5.74 0.739
DSQL 47.73 £ 893 45.45 + 7.57 0.223 43.40 £ 9.02 44.83 £ 943 0.492

Data are presented as mean + SD.
CGM, continuous glucose monitoring; SMBG, self-monitoring of blood glucose; SAS, self-rating anxiety scale; SDS, self-rating depression scale; PAQ, pregnancy-related anxiety questionnaire;
DSQL, diabetes specific quality of life scale..
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Glycemic

variability parameters HERL (=i,
TIR (%) 87.00 (69.00, 92.00) 89.00 (71.00, 93.00) 0.741
TAR (%) 7.00 (4.00, 29.00) 1.00 (0, 9.00)* 0.013
TBR (%) 1.00 (0, 4.00) 9.00 (3.00, 27.00)* 0.006
AG (mmol/L) 6.71 + 143 5.37 £ 0.76* 0.001
estimated HbA1c (%) 5.85 + 0.92 501 049* 0.002
SDBG (mmol/L) 1.61 + 020 121 £ 029 0.003
MAGE (mmol/L) 3.02+0.15 2.44 £ 0.67* 0.003
CV (%) 24.90 +3.43 2278 + 3.14 0.158

Data are presented as mean + SD, mean (interquartile range).
PGDM, pregestational diabetes mellitus; GDM, gestational diabetes mellitus; TIR, time in range; TAR, time above range; TBR, time below range; AG, average glucose; HbAlc, glycosylated
hemoglobin; SDBG, standard deviation of blood glucose; MAGE, mean amplitude of glucose excursions; CV, coefficient of variation. *P value<0.05 was considered significant.
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CGM group (n=40) SMBG group (n=40)

Blood Glucose

after after
FBG (mmol/L) 6.81 +£2.38 5.39 £ 0.63* <0.001 6.74 = 1.49 571 + 1.04* <0.001
2hPBG (mmol/L) 9.89 + 3.11 6.87 + 0.96* <0.001 8.86 £2.76 695 + 1.23* <0.001

Data are presented as mean + SD.
CGM, continuous glucose monitoring; SMBG, self-monitoring of blood glucose; FBG, fasting blood glucose; 2hPBG, 2 hours postprandial blood glucose; *P value<0.05 was considered significant.
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Parameters

Age (years) 32.28 + 3.95 3331 +4.24 0.227
Gestation age (weeks) 18.50 + 7.73 23.67 + 8.20* 0.006
Prepregnancy BMI (kg/mz) 28.11 + 4.55 26.62 + 4.92 0.175
Pregnancy type [n (%)] 0.436
Primipara 20 (62.50%) 34 (70.83%)
Multipara 12 (37.50%) 14 (29.17%)
History of abortion
o 6] 16 (50%) 22 (45.83%) 0715
Family history of diabetes 27 (84.375%) 24 (50%)* 0,002
[n (%)]
FBG (mmol/L) 792+ 2:31 6.01 £:1.23* <0.001
2hPBG (mmol/L) 10.82 + 3.35 8.42 + 2.26* <0.001
HbAILc (%) 7.40  1.89 5.75 + 0.76* <0.001
sy
Insulin 31 (96.875%) 18 (37.5%)
Lifestyle 1 (3.125%) 30 (62.5%)

Data are presented as mean + SD or number (%).
PGDM, pregestational diabetes mellitus; GDM, gestational diabetes mellitus; BMI, body mass
index; FBG, fasting blood glucose; 2hPBG, 2 hours postprandial blood glucose; HbAlc,
glycosylated hemoglobin. *P value<0.05 was considered significant.
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CGM SMBG P

FEELTEEE group (n=40) group (n=40) value
Age (years) 3338 + 3.8 32.43 + 436 0.307
Gestation age (weeks) 22.25 + 847 20.95 + 8.31 0.490
Z:gef’;fnamy EMI 27.12 £ 451 2732+ 513 0.854
Type [n (%)] 0648

PGDM 17 (42.50%) 15 (34.50%)

GDM 23 (57.50%) 25 (62.50%)
Pregnancy type 0.152
[n (%)]

Primipara 24 (60.0%) 30 (75.0%)

Multipara 1 (40.0%) 1 (25.0%)
E}ls(tozr)’]' of abortion 20 (50.0%) 18 (45.0%) 0.654
E:EX?E:‘EZ)T 25 (62.5%) 26 (65.0%) 0.816
FBG (mmol/L) 681 £ 238 6.74 £ 149 0.867
2hPBG (mmol/L) 9.89 + 3.11 8.86 £ 2.76 0.121
HbALc (%) 6.55 + 1.80 627 126 0.431
ok 0.491

Insulin 26 (65.0%) 23 (57.5%)

Lifestyle 14 (35.0%) 17 (42.5%)

Data are presented as mean + SD or number (%).

CGM, continuous glucose monitoring; SMBG, self-monitoring of blood glucose; BMI, body
mass index; PGDM, pregestational diabetes mellitus; GDM, gestational diabetes mellitus;
FBG, fasting blood glucose; 2hPBG, 2 hours postprandial blood glucose; HbAlc,
glycosylated hemoglobin.
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Parameters

Presence of the composite
adverse outcome

No (n = 36)

Yes (n =

Clinical Characteristics on Admission

Age (years) 72 (62, 82) 75 (65,80)
Male gender 21 (58.30) 15 (55.56)
Heart rate (bpm) 80 (71,72) 84 (80,99)
Respiratory rate (bpm) V 18 (18,20) V 20 (18,21)

SBP (mmHg) 130 (118,142) 133 (120,147)
DBP (mmHg) 76 (68,80) 77 (70,81)
Fatigue 18 (50) 13 (48)
Dyspnea 20 (56) 14 (52)
Comorbidities on Admission

Hypertension 24 (67) 19 (70)
Coronary heart disease 20 (56) 12 (70)
Chronic renal diseases 8 (22) 7 5(19)

Laboratory Examination on Admission

Leukocyte count (10°/L)

7.37 (5.68,10.05)

7.54 (5.84,10.19)

Neutrophil count (10°/L)

5.63 (3.54,8.51)

6.60 (4.60,8.05)

Lymphocyte count (10°/L)

1.27 (0.73,1.54)

0.84 (0.57,1.30)

C-reactive protein (mg/L)
Procalcitonin level (ng/mL)
ALT (U/L)

AST (U/L)

41.72 (7.51,95.99)
0.12 (0.07,0.32)
18 (10,25)

20 (15,28)

67.29 (20.84,127.00)
0.28 (0.14,0.94)
16 (13,30)

26 (16,33)

Creatinine (Lmol/L)

68.50 (53.25,103)

91 (55,144)

eGFR (mL/min/1.73 m?)

86.69 (57.76,100.65)

55.40 (36.83,98.58)

CK (U/L)
CK-MB (ng/mL)

LDH (U/L)

44.00 (25.50,67)
1.50 (0.78,2.10)*

242(194.25,286)*

65.00 (26.5,121.25)
2.20 (1.30,4.20)*

280(234,342.75)*

Triglycerides (mmol/L)

1.35 (0.96,1.64)

1.43 (0.94,1.9)

LDL cholesterol (mmol/L)

2.25 (1.67,3.28)

1.95 (1.55,2.51)

HDL cholesterol (mmol/L)
D-dimer (ug/mL)

FPG (mg/dL)

HbA,: (%)

1.08 (0.83,1.33)*
0.97 (0.56,1.81)
7.53 (6.54,16.15)

7.6 (6.8,9.33)

0.94 (0.72,1.09)*
1.76 (0.96,2.85)
13.07 (9.43,16.46)

8.15 (6.78,10.13)

Sensor glucose (mg/dL)

Coefficient of variation (%)

177.84
(153.70,217.95)*

32.95 (28.95,37.15)

222.84
(183.33,283.49)*

34.35 (27.23,37.93)

Treatment

Antibiotic therapy ‘ 35 (97) 25 (93)
Glucocorticoids 24 (67) 23 (85)
Anticoagulant Therapy 14 (39)* 19 (70)*
Non-insulin 25 (69)* 12 (44)*
Hypoglycemic Agents

insulin Hypoglycemic Agents 21 (58) ‘ 21 (78)

Data were presented as n (%) or median (IQR). *P < 0.05
ALT, alanine aminotransferase; AST, aspartate aminotransferase; eGFR, estimated glomerular
filtration rate; CK, creatine kinase; CK-MB, creatine kinase-myocardial isoenzyme.
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86 patients met inclusion criteria*

—

63 patients enrolled in the study

36 patients achieved composite

adverse outcomes

Complete glucose data were not
available in 23 patients

27 patients achieved favorable

outcomes
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Odds ratio ( 95% Cl ); P-value

TIR6 0.963 (0.936 - 0.991 ); P=0.010

TIRS 0.958 (0.931 - 0.986 ); P=0.004

TIR4

0.957 (0.930 - 0.984 ); P=0.002

TIR3

0.960 ( 0.935 - 0.985 ); P=0.002

TIR2

0.968 (0.947 - 0.990 ); P=0.005

TIR1 0.977 (0.957 - 0.996 ); P=0.021

0.92 0.94 0.96 0.98 1
Odds Ratio (95%CI )
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Subject Data

Total

30

Gender (N, %)

Male 12 (40.00%)

Female 18 (60.00%)
Age (years) 56.00 (51.25 - 61.00)
BMI (kg/m?) 2455 + 2.78
HbAlc (%) 7.81 + 1.52

SBP (mmHg)

123.60 + 13.97

DBP (mmHg)

75.07 £ 9.74

TG (mmol/L)
Creatinine (Lmol/L)

Duration of diabetes (years)

1.41 (0.89 - 2.09)
6431 + 12.42

9.00 (6.25 - 12.00)

BMI, body mass index; HbA ¢, glycosylated Hemoglobin; SBP, systolic blood pressure; DBP,

diastolic blood pressure; TG, triglyceride.
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Group FGM (%) Glunovo® (%)
Total 10.42 8.89

Venous blood glucose

(mmol/L)
<3.90% 13.12 25.16
[3.90, 10.00) 11.53 7.93
>10.00 8.64 10.29

ROC (mmol/L/min)

<-0.11 10.73 10.09
[-0.11, -0.06) 9.81 7.44
[-0.06, 0) 10.12 7.93
[0, 0.06) 10.19 9.41
[0.06, 0.11) 1125 12.70
>0.11 2130 17.11

Period of data collection

Initial stage 10.59 8.83
Intermediate stage 7:51 9.03
Final stage 13.03 8.90

*There were only six paired matched glucose values for glucose readings 3.90 mmol/L. MARD,
mean absolute relative difference; FGM, flash glucose monitoring; ROC, rate of change in
venous blood glucose.
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Category

EGM 61.58 79.63 88.31 96.22 99.23
(95% CI) (61.56, 61.60) (79.61, 79.65) (883, 88.32) (96.21, 96.23) (99.22, 99.23)
Glunovo® 63.34 81.31 90.50 97.29 99.36
(95% CI) (63.32, 63.36) (81.29, 81.32) (90.49, 90.51) (97.29, 97.30) (99.35, 99.36)

EGM, flash glucose monitoring.
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CGM group (n=40) SMBG group (n=40)

Before After Before After
PGDM GDM 12 PGDM GDM GDM (2 PGDM GDM
(n=17) (n=23) value (n=17) 23) (n=25) value 15) (n=25)
SAS 39.70 38.12 36.78 4187 37.72 4027 38.28
PEAETAL +7.26 0356 +6.85 +5.82 9310 +8.04 +8.61 0129 +7.05 +8.42 04400
SDs 4339 43.88 40.96 4587 13.76 44.00 4592
435521248 + 1046 0970 + 1116 +8.76 0359 +£9.52 +8.64 b7z +8.86 +8.64 0304
PAQ S0 50 2417 5516 2282 22,65 5% 2473 23.84 B 21.73 22.64 5
: ’ +6.18 : +5.50 +587 : +645 +540 ’ +5.80 +5.80 ’
DSOL | i won 48.00 p— 4429 42.74 p— 4733 4432 — 46.47 43.84 L
- : +9.09 - +1141 +6.96 & +7.04 +7.79 : +1047 +8.82 -

Data are presented as mean + SD.

CGM, continuous glucose monitoring; SMBG, self-monitoring of blood glucose; PGDM, pregestational diabetes mellitus; GDM, gestational diabetes mellitus; SAS, self-rating anxiety scale; SDS,
self-rating depression scale; PAQ, pregnancy-related anxiety questionnaire; DSQL, diabetes specific quality of life scale.
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Odds ratios (95%

confidence interval)

Sensor glucose levels (mg/dL)

TIR
TIR1(70-180) 0.975 (0.948-1.002)
TIR2(80-190) 0.963 (0.932-0.995)
TIR3(90-200) 0.951 (0.916-0.988)
TIR4(100-210) 0.950 (0.914-0.987)
TIR5(110-220) 0.960 (0.926-0.995)
TIR6(120-230) 0.967 (0.934-1.001)

Data are adjusted for age, sex, CK-MB, symptoms on admission, LDH, Use of OHA
and anticoagulant.
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Odds ratios (95% confi-

dence interval)

Clinical Characteristics on Admission

Age (years) 1.015(0.973,1.058) 0.489
Male gender 1.120(0.409,3.068) V‘ 0.826
Heart rate (bpm) 1.014(0.850,1.045) 0.345
Respiratory rate (bpm) 0.998(0.944,1.033) 0.584
SBP(mmHg) 1.009(0.988,1.031) ‘ 0.410
DBP(mmHg) 1.005(0.969,1.041) 0.803
Fatigue 0.929(0.342,2.520) 0.929
Dyspnea 0.862(0.317,2.344) ‘ 0.770
Gastrointestinal symptoms 2.125(0.33,13.704) 0.428
Comorbidities on Admission

Hypertension 1.187(0.404,3.490) 0.755
Coronary heart disease 0.640(0.234,1.747) ‘ 0.640
Chronic renal diseases 0.795(0.228,2.774) 0.720
Laboratory Examination on Admission

Leukocyte count (10°/L) 1.073(0.958,1.203) ‘ 0.224
Neutrophil count (10°/L) 1.107(0.973,1.260) 0.123
Lymphocyte count (10°/L) 0.617(0.257,1.480) 0.279
C-reactive protein (mg/L) 1.006(0.998,1.015) ‘ 0.122
Procalcitonin level 0.950(0.831,1.085) 0.447
(ng/mL)

ALT (U/L) 1.004(0.962,1.049) 0.844
AST (U/L) 1.038(0.985,1.095) ‘ 0.160
Creatinine (Lmol/L) 0.999(0.996,1.003) 0.801
eGFR (mL/min/1.73 m?) 0.991(0.976,1.006) 0.244
CK (U/L) 1.004(0.998,1.010) 0.175
CK-MB (ng/ml) 1.543(1.070,2.224) 0.020
LDH(U/L) 1.009(1.001,1.017) 0021
Triglycerides (mmol/L) 1.299(0.775,2.180) 0.321
LDL cholesterol (mmol/L) 0.593(0.322,1.094) 0.094
HDL cholesterol 0.184(0.032,1.040) ‘ 0.055
(mmol/L)

D-dimer (jig/mL) 1.129(0.966,1.319) 0.128
FPG (mg/dL) 1.000(0.965,1.037) 0.986
HbA,. (%) 1.129(0.900,1.578) 0221 ‘
Sensor glucose (mg/dL) 1.010(1.001,1.019) 0.031 ‘
Coefficient of 1.007(0.945,1.073) 0.831 ‘
variation (%)

Antibiotic therapy 0.357(0.031,4.158) 0.411 ‘
Glucocorticoids 0.348(0.098,1.236) 0.103
Anticoagulant Therapy 3.732(1.288,10.812) 0.015
Non-insulin 0.352(0.125,0.995) 0.049
Hypoglycemic Agents

Insulin 2.500(0.813,7.689) 0.110

Hypoglycemic Agents






