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Aim

We explored the effectiveness of continuous glucose monitoring for 1 year on glycated A1c reduction in adults with type 1 diabetes mellitus.





Methods

We included type 1 diabetes mellitus adults who were either new continuous glucose monitoring users (N = 155) or non-users who were under standard care (N = 384). Glycated A1c was measured at baseline and 3, 6, 9, and 12 months. Individuals with (N = 155) or without continuous glucose monitoring use (N = 310) were matched 1:2 by propensity score. We used the linear mixed models to identify the quantitative reduction in repeated measures of glycated A1c.





Results

The change in glycated A1c from baseline to 12 months was −0.5% ± 1.0% for the continuous glucose monitoring user group (N = 155, P < 0.001) and −0.01% ± 1.0% for the non-user group (N = 310, P = 0.816), with a significant difference between the two groups (P = 0.003). Changes in glycated A1c were significant at 3, 6, 9, and 12 months compared with those at baseline in patients using continuous glucose monitoring (P < 0.001), and the changes differed significantly between the groups (P < 0.001). A linear mixed model showed an adjusted treatment group difference in mean reduction in glycated A1c of −0.11% (95% confidence interval, −0.16 to −0.06) each three months. In the continuous glucose monitoring user group, those who achieved more than 70% of time in range significantly increased from 3 months (37.4%) to 12 months (48.2%) (P < 0.001).





Conclusion

In this longitudinal study of type 1 diabetes mellitus adults, the use of continuous glucose monitoring for 1 year showed a significant reduction in glycated A1c in real-world practice.
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Introduction

Hemoglobin A1c (HbA1c) has been the gold standard marker for assessing glycemic status and predicting diabetes complications, but it provides limited information that cannot reflect glycemic variability and the presence of severe hypoglycemia or hyperglycemia (1, 2). Continuous glucose monitoring (CGM) demonstrates a continuous measurement of glucose levels over time and detects glucose variations with CGM metrics (3). The main CGM metrics including time in range (TIR), time below range (TBR), and time above range (TAR) inform more personalized glycemic profiles compared with HbA1c (4). Studies have demonstrated that the use of CGM improved glycemic control in patients with type 1 diabetes mellitus (T1DM) using daily insulin injection (5–8). In various diabetes guidelines, the use of CGM is suggested as a standard treatment for the management of T1DM (9, 10). In addition, the use of CGM in T1DM is continuously expanding due to recent improvements in the accuracy and period of use of the sensor and the expansion of the national reimbursement policy (11). However, to the best of our knowledge, longitudinal studies determining the effectiveness of CGM on glycemic control in adults with T1DM under routine clinical care are limited. In the current study, we therefore evaluated the association between CGM use for 1 year and glycemic control among patients with T1DM in a longitudinal real-world setting. In addition, we investigated longitudinal changes of CGM-derived metrics in T1DM patients who used CGM for 1 year.





Materials and methods




Study population and study design

This propensity-matched, single-center, 1-year longitudinal study was conducted at Samsung Medical Center (SMC) in the Republic of Korea. In the CGM user cohort, patients with diabetes mellitus (DM) who visited the outpatient clinic of the Endocrinology Department of SMC between January 2019 and April 2022 and consented to the study requirements to initiate CGM use were prospectively enrolled (N = 595, Figure 1). The use of CGM was recommended by the physicians and included those who consented to its use. Among them, those who applied CGM for at least 70% of the study period (N = 329) and those who continued to visit the outpatient clinic for more than 1 year (N = 171) were included. Also, patients with type 2 diabetes mellitus (T2DM) who had ICD-10 (International Classification of Diseases 10th Revision) code of E11–14 (N = 15) and missing data for covariates (N = 1) were excluded. Finally, a total of 155 people were analyzed as CGM users. They continued to use CGM for 1 year, and HbA1c levels were measured at baseline and 3, 6, 9, and 12 months. CGM data were collected during regular clinical visits each three months for the 12-month study period.




Figure 1 | Flowchart. CGM, continuous glucose monitoring; GAD, glutamic acid decarboxylase; HbA1c, hemoglobin A1c; ICD, International Classification of Diseases, T1DM, type 1 diabetes mellitus; T2DM, type 2 diabetes mellitus.



To compare the efficacy of CGM use on glycemic control between CGM users and non-users, data from CGM non-users were also collected retrospectively from the Clinical Data Warehouse (CDW) of SMC electronic medical records (EMR) between January 2018 and May 2022. Among CGM non-users, those who visited the outpatient clinic of the Endocrinology Department and Pediatrics of SMC and those who were 18 years of age or older and who had an E10 ICD code and did not use CGM (N = 1,337) were included. Among them, we included T1DM patients who were at least on insulin prescription for T1DM on the same day as E10 ICD code diagnosis; tested positive for GAD II antibody, anti-insulin autoantibody, or C-peptide criteria (fasting C-peptide <0.6 ng/ml or post-stimulated C-peptide <1.8 ng/ml); and had more than a year of outpatient visits with their HbA1c measured at baseline and 12 months (N = 594).

We excluded people who had a CGM prescription in the follow-up duration of 1 year (N = 188) and missing variables for covariates (N = 22). Finally, we analyzed 155 T1DM CGM users and 384 T1DM CGM non-users, respectively (Figure 1).





Clinical and laboratory measurements

The index dates of the CGM user and non-user groups are the date of first use of CGM and the date when insulin and E10 diagnosis were first prescribed on the same day in the study period, respectively. We collected demographic information of the patients, including age, sex, duration of diabetes, total daily dose of insulin use, anthropology measurements of body weight and height, and laboratory values such as HbA1c, estimated glomerular filtration rate (eGFR), alanine aminotransferase (ALT), aspartate aminotransferase (AST), total cholesterol, high-density lipoprotein (HDL) cholesterol, low-density lipoprotein (LDL) cholesterol, and triglyceride (TG) at baseline. Body mass index (BMI) was calculated as body weight (kg) divided by height (m) squared. Blood samples were collected after an overnight fast. HbA1c level as the main outcome of this study was determined by high-performance liquid chromatography on an HLC-723G8 automated glycohemoglobin analyzer (TOSOH, Yokkaichi, Japan). We classified patients with type 1 diabetes by insulin regimen, such as multiple daily injection with rapid-acting analogs and long-acting analogs, mixpen analogs, and continuous subcutaneous insulin infusion.





CGM parameters

The CGM systems used were real-time Dexcom G5 and G6 (Dexcom, San Diego, CA, USA), Guardian Connect with Enlite Sensor (Medtronic, Northridge, CA, USA), and first-generation FreeStyle Libre System (Abbott Diabetes Care, Witney, UK). We assessed the percentage of time CGM was active during the study period and defined CGM users as those who applied CGM for more than 70% of the study period. The CGM metrics were calculated with percent time in range (TIR) of 70–180 mg/dl, level 2 hyperglycemia of time above range (TAR) >250 mg/dl, level 1 + 2 hyperglycemia of TAR >180 mg/dl, level 1 + 2 hypoglycemia of time below range (TBR) <70 mg/dl, and level 2 hypoglycemia of TBR <54 mg/dl (11). Also, the glucose management indicator (GMI), mean glucose, and glycemic variability such as the coefficient of variation (CV) were assessed (12). The CGM metrics were calculated from the previous 90 days at the 3- and 12-month time points, respectively. In the subgroup analyses of CGM metrics, data from 139 patients were analyzed, excluding individuals who switched type of CGM or changed accounts (N = 2) or did not have CGM data for two continuous weeks at 3 and 12 months, respectively (N = 14).





Statistical analysis

Propensity score (PS) matching used to adjust for measured confounding factors was conducted at a 1:2 ratio by using a nearest-neighbor algorithm, and age, sex, and baseline HbA1c were included as covariates. The comparability of covariates between CGM users and non-users was evaluated by standardized mean difference (SMD). An SMD value below 0.1 means the covariates are balanced between groups (13). We calculated the mean and standard deviation of the changes in the HbA1c value of each subsequent observation from the baseline value, and we used a paired t-test to determine if the changes were statistically significant. The significance of the difference in the changes in HbA1c levels between the CGM users and non-users was also examined using a two-sample t-test.

We used repeated-measures analysis in a linear mixed model (LMM) for longitudinal data, which allows the inclusion of all available data and deals with the missing data. The model showed random intercepts and random slopes with adjustment for confounding factors to identify the quantitative reduction in HbA1c between CGM users and non-users (14). To account for possible baseline confounding factors, we fitted three models with varying degrees of adjustment. Model 1 was a crude model. Model 2 was adjusted for age, sex, baseline HbA1c, and BMI. According to a previous study identifying the significant association between HbA1c and lipid levels, model 3 further was adjusted for the continuous value of eGFR, total cholesterol, HDL cholesterol, LDL cholesterol, TG, duration of diabetes, total daily dose of insulin use, and insulin regimen (15). Multiple linear regression analysis was conducted to identify the predictive marker for a better reduction in HbA1c from baseline to 12 months in baseline variables among individuals with CGM use (N = 155). In the sensitivity analysis, we retrospectively included all CGM users with T1DM during the same study period. We collected all variables mentioned above, as well as follow-up HbA1c values at baseline and 3, 6, 9, and 12 months. We also fitted the adjusted LMM to explore the association between the use of CGM and HbA1c. In the analysis for metrics of CGM, continuous variables were presented as mean ± SD or numbers (%), and categorical variables were expressed as ratios of percentages. Continuous variables were compared using paired t-test and χ2 test between 3 and 12 months. Comparisons of CGM metrics measured from 3 to 12 months were calculated using the linear mixed-effect analysis for continuous variables and the Cochran–Armitage trend test for categorical variables. P-values <0.05 were considered statistically significant, and analyses were performed using SPSS software ver. 27.0 (IBM, Armonk, NY, USA) and R Studio version 1.4.1103 software.






Results




Baseline characteristics of the study population

The baseline characteristics of the study population are presented in Table 1. Before PS matching, 155 and 384 patients were classified as CGM users and non-users, respectively. After 1:2 PS matching, 155 CGM users and 310 CGM non-users were finally analyzed. The SMD of matching variables including age, sex, and baseline HbA1c was below 0.1 and comparable between the two groups. The mean age of the study population was 43.4 ± 15.7 years, and 46% were men. The mean duration of diabetes and the total daily dose of insulin of the participants were 12.8 ± 9.3 years and 43.6 ± 24.2 units, respectively. The mean baseline BMI was 23 ± 3.5 kg/m2, and the mean baseline HbA1c level was 7.5% ± 1.2% in both groups.


Table 1 | Baseline characteristics of the study participants after propensity score matching (n = 465).







Changes in HbA1c

Changes in HbA1c from baseline to each follow-up in CGM users and non-users are described in Figure 2 and Table 2. The changes in HbA1c from baseline to 12 months were −0.5% ± 1.0% for the CGM user group (P < 0.001) and −0.01% ± 1.0% for the CGM non-user group (P = 0.816) with significant difference between the two groups (P = 0.003). The levels of HbA1c were significantly decreased at 3 months compared with baseline by −0.4% ± 0.8% in the CGM user group (P < 0.001) with significant between-group differences (P < 0.001). In all follow-up study periods, CGM users showed significant improvement in HbA1c levels from baseline and the changes differed significantly between the two groups.




Figure 2 | Changes in HbA1c from baseline to 12 months. *P-value for the mean difference between CGM non-users and users (*P < 0.05, **P < 0.01, ***P < 0.001).




Table 2 | Changes in HbA1c at each follow-up.







The average difference in decreasing HbA1c each three months in patients with and without CGM at baseline

The LMM showed that the overall average values in decreasing HbA1c each three months in patients with and without CGM were −0.01% [95% confidence interval (95% CI), −0.04 to 0.02; P = 0.61] and −0.12% (95% CI, −0.16 to −0.08; P < 0.001), respectively (Table 3). The treatment group difference in mean reduction in HbA1c each three months was −0.11% (95% CI, −0.16 to −0.06; P < 0.001) after adjustment for age, sex, baseline HbA1c, BMI, eGFR, total cholesterol, HDL cholesterol, LDL cholesterol, TG, and insulin regimen (model 3).


Table 3 | Results of the linear mixed model of the effect of CGM on HbA1c change.







Sensitivity analysis

In the sensitivity analysis, the overall average values each three months of reduction in HbA1c in patients with and without CGM were −0.02% (95% CI, −0.05 to 0.004) and −0.12% (95% CI, −0.14 to −0.09), respectively (Supplementary Table 1). The adjusted treatment group difference in mean reduction in HbA1c each three months in model 3 was −0.09% (95% CI, −0.13 to −0.05).





Analysis of baseline characteristics associated with better HbA1c reduction by CGM use

To identify the predictive marker of CGM use on HbA1c reduction from baseline to 12 months, multiple linear regression was conducted in individuals with CGM use (Supplementary Table 2). After adjustment for age, sex, BMI, eGFR, total cholesterol, HDL, LDL, TG, duration of diabetes, total daily dose of insulin, and insulin regimen, higher baseline HbA1c was a predictive marker for a better HbA1c reduction glycemic control following CGM use [β (95% CI) = −0.433 (−0.545, −0.321), P < 0.001].





Analysis of CGM-derived metrics

In the analysis of CGM-derived metrics, CGM users (N = 139) having ambulatory glucose profile (AGP) data at 3 and 12 months were included. Table 4 shows the difference in CGM-derived metrics at 3 and 12 months and the proportions of participants who achieved the CGM metrics goals (TIR > 70%, TBR < 70 mg/dl < 4%, TBR < 54 mg/dl < 1%, TAR > 180 mg/dl < 25%, TAR > 250 mg/dl < 5%, CV ≤ 36%, GMI ≤ 7%) in accordance with the international consensus recommendations.


Table 4 | Changes of CGM-derived metrics in the CGM user group at baseline and the endpoint.



The variables of TIR, TAR >180 mg/dl, TAR >250 mg/dl, and CV at 12 months showed significant improvements compared with the first 3 months (P = 0.002, P = 0.021, P = 0.032, and P = 0.014, respectively). The proportions of individuals with TIR >70% at 3 and 12 months were 37.4% and 48.2%, respectively (P < 0.001). The proportions of individuals who achieved target goals of TBR <54 mg/dl, TAR >180 mg/dl, TAR >250 mg/dl, CV, and GMI values at 12 months were significantly increased compared with the first 3 months (P < 0.001).






Discussion

In this real-world propensity-matched cohort comparison study with T1DM patients under routine clinical practice, CGM use over 1 year showed a significant reduction in HbA1c level of 0.5% from baseline compared with PS-matched CGM non-users with a significant difference between the two groups (P = 0.003). In addition, a longitudinal LMM showed that the main effect of CGM on HbA1c change was significant in CGM users compared with non-users after adjusting for multivariable confounders. Furthermore, in the analysis of CGM-derived metrics in the CGM user group, we demonstrated a significant improvement in TIR (P = 0.002) in the last 3 at 12 months compared with the first 3 months, and the proportion of those who achieved target goals of TIR >70%, TBR <54 mg/dl <1%, TAR >180 mg/dl <25%, TAR >250 mg/dl <5%, CV ≤36%, and GMI ≤7% was higher over the last 3 and 12 months than the first 3 months (all P < 0.001).

These results are in line with previous studies (5, 16–18). A previous randomized clinical trial (RCT) from the United States reported that the use of CGM (N = 105) compared with usual care (N = 53) resulted in a greater decrease in HbA1c levels over the course of 24 weeks in T1DM patients who required multiple daily insulin injections (5). The adjusted treatment group difference in mean change in HbA1c level from baseline was −0.6% (95% CI, −0.8% to −0.3%; P < 0.001). Also, one meta-analysis of RCTs comparing CGM to self-monitoring of blood glucose (SMBG) in patients with T1DM reported a significantly lower HbA1c at the endpoint with a duration of at least 12 weeks (−0.2%, 95% CI, −0.3% to −0.1%) (17). Recently, one retrospective study reported a statistical decrease in HbA1c using real-time CGM compared with non-initiators (19). This trial of real-time CGM initiators (N = 3,806) vs. non-initiators (N = 37,947) who received care in Northern California (2014–2019) for insulin-treated diabetes reported a decrease in mean HbA1c from 8.2% to 7.8% in the CGM group and 8.3% to 8.2% in the control group over 12 months (difference-in-differences estimate, −0.4%; 95% CI, −0.5% to −0.3%; P < 0.001). Also, hypoglycemia rates increased among non-initiators from 1.9% to 2.3% while falling in CGM initiators from 5.1% to 3.0% (difference-in-differences estimate, −2.7%; 95% CI, −4.4% to −1.1%; P = 0.001). In our study, we prospectively enrolled Asians, particularly Korean T1DM patients who were CGM users, and used strict inclusion criteria of T1DM using not only diagnostic codes but also C-peptide levels, autoantibodies, and consistent insulin use. We further conducted a LMM analysis to show that the effect of CGM use on HbA1c change was independently significant in CGM users compared with non-users after adjusting for multivariable confounders.

In terms of response to treatment, HbA1c changes were evaluated, and a greater reduction in HbA1c in patients with higher HbA1c at baseline has been revealed in a previous meta-analysis (20). The weighted R2 value assessing the association between baseline HbA1c and absolute change in HbA1c was 0.485 (P < 0.001). As the American Diabetes Association recommends a general goal for glycemic control of HbA1c <7% for T1DM patients, it is especially notable that the HbA1c level at baseline was 7.5% in our study, which is closer to the target level. Moreover, we also found that among CGM users, the proportions of individuals with TIR >70% at 3 and 12 months were 37.4% (52 of 139) and 48.2% (67 of 139), respectively (P < 0.001). The correlation between TIR and chronic complications in T1DM was suggested by several studies including the Diabetes Control and Complications Trial (DCCT), as well as between TIR and HbA1c (21–23). One study using the DCCT dataset evaluated the association of TIR from the seven-point glycemic profiles with the development of DM complications (24). For every 10% lowering of TIR, the hazard rate of development of retinopathy progression was increased by 64% (95% CI, 51% to 78%), and the rate of microalbuminuria development was increased by 40% (95% CI, 25% to 56%). Yapanis and colleagues analyzed 34 publications, mostly cross-sectional studies, including a total of 20,852 participants, and presented the association between CGM-derived measures and diabetes-related complications (25). Higher TIR was related to a low risk of retinopathy, albuminuria, and abnormal carotid intima–media thickness. Also, glycemic variability such as standard deviation of blood glucose levels (SD) and mean amplitude of glycemic excursions (MAGE) was associated with peripheral neuropathy. Our study found that the CV at 12 months (34.9% ± 6.1%) showed a significant decrease compared with that at the first 3 months (35.8% ± 5.9%) (P = 0.014). These data also support that glycemic variability is lowered when using a personal CGM in a longitudinal real-world setting (26, 27). In this line, using a personal CGM is associated with a better HbA1c level and CGM-derived metrics of glycemic variability, and further longitudinal studies are required to confirm its relationship with diabetes-related complications in patients with T1DM.

In previous randomized trials of adults with T1DM, CGM use reduced the number of hypoglycemic events (28–30). The SILVER study supported the beneficial long-term effects of CGM on HbA1c and hypoglycemia in people with T1DM. In this RCT, 107 patients with T1DM continued to use CGM over 1 year, and the HbA1c showed a decrease of 0.4% (95% CI, 0.2% to 0.5%). The time spent in hypoglycemia (<54 and <72 mg/dl) decreased from 2.1% to 0.6% (P < 0.001) and from 5.4% to 2.9% (P < 0.001), respectively (31). Because lowering HbA1c may be associated with an increased risk of hypoglycemia in T1DM, it is important to lower the average blood glucose levels while minimizing hypoglycemia. This was demonstrated in our real-world study by improvements in HbA1c, TIR, and TBR when using CGM over 1 year. Although not all CGM-derived metrics improved statistically, after the use of CGM for 1 year, there was a significant increase in those who reached target goals of the CGM core metrics such as TIR, TBR, TAR, CV, and GMI according to the 2019 consensus statement (32).

The strength of this study is its prospective analysis of CGM use in an observational study in a real-world setting to determine if CGM use promotes the reduction of HbA1c level in T1DM patients. Also, with follow-up of CGM users, we continuously collected CGM-derived metrics data over 1 year in a clinical setting. Also, a LMM was used to consider missing data and examine the trend after adjustment for multivariable confounders. Furthermore, sensitivity analysis was performed to identify the robustness of our findings for the longitudinal effectiveness of CGM use on lowering HbA1c in comparison with those prospectively enrolled. This analysis included all T1DM patients who used CGM based on a retrospective review of EMR. We also further investigated a predictive marker of CGM use on HbA1c reduction from baseline to 12 months in patients with CGM use and found that patients with higher baseline HbA1c had a greater HbA1c reduction after 12 months of CGM use.

However, there are some limitations to this study. First, this was based on Korean individuals at a single center, which may limit the ability to generalize our results to other settings. Second, CGM users may be a group of motivated individuals and that may cause a selection bias, and applying CGM itself may have affected the behavioral change of the patients and lifestyle modification.

Also, CGM users were enrolled prospectively and may have influenced the results, whereas the non-CGM users were reviewed retrospectively. Third, the different types of CGM may have different results in the CGM metrics. Further long-term follow-up trials on the use of CGM in patients with T1DM and analyses of real-world data are needed.





Conclusions

In conclusion, our longitudinal study of real-world data from T1DM patients over 12 months demonstrated significant improvements in HbA1c among CGM users compared with non-users.
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Supplementary Figure 1 | Flow chart of sensitivity analysis. CGM, continuous glucose monitoring; GAD,  glutamic acid decarboxylase; HbA1c, glycated hemoglobin; ICD, International Classification of Diseases; T1DM, Type 1 diabetes mellitus; T2DM, Type 2 diabetes mellitus.
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low-density lipoprotein; TG, triglyceride.
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Data are expressed as mean + standard deviation (SD) or n (%).
ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI, body mass index; CGM, continuous glucose monitoring; eGFR, estimated glomerular filtration rate; HDL, high-density
lipoprotein; LDL, low-density lipoprotein; SD, standard deviation; TG, triglyceride.





