Effect of a continuous glucose monitoring-guided personalized lifestyle coaching intervention on glycemic outcomes and variability in patients with type 2 diabetes mellitus: a randomized controlled trial
Effect of CGM on glycemic control in T2DM
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Abstract
Purpose
This study examined the effects of continuous glucose monitoring (CGM)-guided personalized lifestyle coaching on glycemic outcomes and glycemic variability in patients with type 2 diabetes mellitus (T2DM).


Methods
This three-arm randomized controlled trial was conducted in South Korea from June 2023 to November 2024. Participants were assigned to CGM alone (Intervention I, n=34), CGM-guided personalized lifestyle coaching (Intervention II, n=34), or standard diabetes education (control, n=34). The intervention lasted 3 months, with assessments at baseline and at 3, 6, and 12 months. Data were analyzed using generalized estimating equations.


Results
At 3 months, glycated hemoglobin (HbA1c) and fasting plasma glucose (FPG) levels were significantly lower in both intervention groups than in the control group. Compared with the control group, HbA1c was lower by 0.78 percentage points in Intervention I (p=.008) and by 1.12 percentage points in Intervention II (p<.001). At 3 months, FPG was lower than in the control group by 34.05 mg/dL in Intervention I (p=.001) and by 34.77 mg/dL in Intervention II (p<.001). At 6 months, TBR70 (time below range <70 mg/dL) was lower in Intervention I than in Intervention II (adjusted mean difference=–2.18, p=.010), whereas TAR180 (time above range >180 mg/dL) was lower in Intervention II than in the control group and Intervention I by 7.85 and 8.28 percentage points, respectively (both p=.004).


Conclusion
CGM-guided personalized lifestyle coaching improved glycemic control and reduced hyperglycemic exposure in patients with T2DM. Real-time glucose data may support individualized lifestyle counseling and sustained diabetes self-management. This study was registered with the Clinical Research Information Service (CRIS) of the Republic of Korea (KCT0008872) on 16 October 2023.
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Introduction
Recent data indicate that the global prevalence of diabetes has reached 14% among adults, with a substantial increase in healthcare costs, highlighting the growing burden of the disease [1,2]. Optimal glycemic control and reduced glucose variability are essential for preventing diabetes-related complications and mortality [3,4]. Adherence to healthy lifestyle behaviors, including diet and physical activity, plays a critical role in improving glycemic outcomes and reducing mortality risk among patients with diabetes [5,6]. However, despite these well-established benefits, a high proportion of patients with type 2 diabetes mellitus (T2DM) continue to exhibit poor glycemic control, with reported prevalence ranging from 45.2% to 93% [7]. This suggests that conventional approaches, such as standard diabetes education and general lifestyle recommendations, may be insufficient to achieve sustained glycemic control in real-world settings.
Adherence to healthy lifestyle habits, including diet and exercise, is key to glycemic control and prevention of diabetic complications [5]. Practicing healthy lifestyle habits, including physical activity, a healthy diet, maintaining normal weight, and abstinence from smoking and drinking, showed a 57% decrease in all-cause mortality among patients with diabetes, with an additional 21% decrease in all-cause mortality for each healthy lifestyle habit practiced [6]. Previous studies have suggested that personalized lifestyle interventions for patients with T2DM, including individualized exercise training, nutritional counseling, and regular feedback, may improve glycemic outcomes compared with usual care [8,9]. In the study by Goyal Mehra et al. [9], a personalized multi-interventional approach, focusing on customized nutrition, progressive fitness, and lifestyle modification, resulted in substantial reductions in glycated hemoglobin (HbA1c) (1.9%), fasting blood sugar (62.2 mg/dL), and body weight (2.8 kg) among T2DM patients. Recent evidence demonstrates that technology-driven intervention, such as digital twin, significantly reduce glucose variability [10].
Many studies have validated the benefits of continuous glucose monitoring (CGM)-guided lifestyle interventions that enable patients to track their blood glucose levels without repeated needle usage. Compared to traditional blood glucose self‐monitoring, CGM usage improves patients’ overall health status, with real-time blood glucose feedback influencing behavioral changes in diet and exercise [11]. These lead to positive changes, including reduced carbohydrate intake, increased physical activity, and improved self-efficacy, which are effective in promoting weight loss and reducing HbA1c levels.
Recent studies emphasize that the core of precision medicine is “data-based, customized education and counseling” [12]. Combining CGM usage with patient-targeted coaching results in effective glycemic control, improved lifestyle habits, weight loss, and quality of life improvement [13]. Zeevi et al. [14] analyzed blood glucose responses to 46,898 meals in 800 patients with diabetes and found variability in postprandial blood glucose levels even after similar meals, highlighting the need for personalized nutritional guidance.
Although previous studies have demonstrated the effectiveness of CGM, a meta-analysis of randomized controlled trials indicates that most studies have relatively short intervention durations, highlighting the need for longer-term investigations [11]. Long-term follow-up studies (≥1 year) examining CGM-guided behavioral interventions in patients with T2DM are still scarce. In addition, evidence integrating CGM data with personalized lifestyle interventions remains limited, particularly with respect to the added value of coaching beyond CGM use alone. While CGM has been shown to improve glycemic control by increasing patients’ awareness of glucose patterns, its effectiveness may be constrained when not accompanied by structured behavioral support. Recent studies have highlighted the potential benefits of combining CGM with personalized coaching; for example, Park et al. [15] demonstrated that real-time CGM integrated with individualized digital health coaching resulted in greater improvements in glycemic control and lifestyle behaviors compared with CGM alone. However, few studies have employed rigorous designs that allow direct comparison between standard care, CGM alone, and CGM combined with personalized coaching. Therefore, this three-arm randomized controlled trial aimed to evaluate the long-term effects of a CGM-guided personalized lifestyle coaching intervention on glycemic outcomes and variability in patients with T2DM.

Methods
1. Study design and setting
This prospective, single-center, parallel, three-arm randomized controlled trial (RCT) was conducted at a tertiary hospital in Jeonbuk Province, South Korea. Recruitment was conducted primarily at the tertiary hospital, with a small number of participants recruited through a primary care clinic; however, all participants were enrolled, provided informed consent, underwent baseline assessment, and completed all study procedures at the tertiary hospital.

2. Participant eligibility
Participants were eligible for inclusion if they were adults aged between 20 and 80 years, had been diagnosed with T2DM for at least 6 months, had a HbA1c level of ≥6.5%, owned a smartphone, had no prior experience using CGM, and were able to provide voluntary informed consent. Participants were excluded if they had a history of psychiatric illness, severe comorbidities requiring active treatment (e.g., diabetic kidney failure), recent surgery within the past year, a diagnosis of cancer within the past 5 years, a history of organ transplantation, receipt of diabetes-related education or counseling within the past 6 months, or recent changes in antidiabetic medication within the past 3 months.

3. Sample size calculation
This study’s minimum sample size was determined using the generalized estimating equation (GEE) model, suitable for repeated measures design utilizing CGM data. The estimation assumed a two-sided significance level of .05, power of .85, and exchangeable working correlation coefficient of .55. For sensitivity calculations, 92 participants were needed to detect a medium effect size (d=.50) [16]. To account for potential data loss and participant attrition during the study period, a conservative 10% dropout rate was applied [17]. Consequently, the total number of participants was set at 102, to ensure sufficient statistical power for the final analysis.

4. Participant recruitment
Participants were recruited from the Department of Endocrinology and Metabolism of Jeonbuk National University Hospital and a collaborating internal medicine clinic. Posters regarding the study, displayed in the outpatient clinics, as well as brief introduction by research staff during outpatients, provided information to potential participants.
As shown in Figure 1, of the 116 individuals assessed for eligibility, 102 randomized participants were included in the final analysis in accordance with the intention-to-treat principle (Figure 1). Participant recruitment occurred from June 12 to December 7, 2023, and follow-up concluded on November 11, 2024. The trial was completed as planned and was not stopped early.
[image: Fig. 1.]
Fig. 1. Flowchart of participant selection. CGM, continuous glucose monitoring; V, visit.


5. Randomization and blinding
Participants were randomly assigned in a 1:1:1 ratio to the control, Intervention I, or Intervention II after eligibility confirmation, written informed consent, and completion of baseline assessment. Simple randomization was used without blocking, stratification, or other restrictions. Before participant enrollment, an independent third party who was not involved in the study generated the random allocation sequence using a computer-based random-number generator with a prespecified seed. The principal investigator retained the allocation list, and designated research staff implemented group assignment sequentially according to the pre-generated allocation sequence. Because the principal investigator had access to the allocation list, allocation concealment was limited; however, the allocation sequence was generated in advance and applied sequentially according to the order of enrollment.
The nature of the interventions, including CGM use and personalized coaching, made blinding of participants or researchers to group assignments impossible, thus preventing double-blinding. Although complete blinding of outcome assessors and data-processing personnel was not feasible, outcome measurements were conducted using standardized procedures and objective measurement devices to minimize detection bias, as described in Section 7.

6. Intervention
The intervention arm was subdivided into Intervention I and Intervention II, and both groups received their respective interventions over a three-month period (Figure 2). Participants continued their usual diabetes care and medications during the trial, and no additional structured diabetes education other than the assigned intervention was provided by the research team.
[image: Fig. 2.]
Fig. 2. Intervention flow and data collection schedule across the three study groups at baseline, 3 months, 6 months, and 12 months. Participants were assigned to one of three groups: the Control group received basic diabetes education at baseline only; Intervention I received continuous glucose monitoring (CGM) administered 3 consecutive times during the first 3 months; and Intervention II received the CGM-guided personalized lifestyle coaching delivered concurrently with the CGM sessions. All three groups completed identical follow-up assessments at 3, 6, and 12 months.

1) Intervention I
Intervention I received three CGM (FreeStyle Libre, Abbott Diabetes Care) systems along with standardized, face-to-face basic diabetes education over the 3-month intervention period. The educational content was developed by the research team based on established clinical guidelines for CGM use and interpretation [18], including the standardized ambulatory glucose profile (AGP) framework and international consensus recommendations. Education was delivered by nurse researchers who had completed a CGM training workshop. Participants were instructed on the fundamental principles and proper use of the CGM system, as well as on interpreting AGP reports. Using AGP graphs, they were guided to understand glycemic patterns, adjust lifestyle behaviors, and interpret the clinical significance of the glucose management indicator (GMI) in relation to HbA1c, consistent with prior CGM-based behavioral intervention studies.

2) Intervention II
Participants allocated to Intervention II received three CGM (Libre) systems along with 12 sessions (three face-to-face and nine non–face-to-face) over the 3-month intervention period. The CGM-guided personalized lifestyle coaching program was structured as a multi-stage, iterative intervention that integrated repeated assessments, individualized feedback, and behavioral reinforcement. It was delivered collaboratively by a clinical nutritionist with 30 years of experience in diet counseling at a university-affiliated hospital and by nurse research team members. The nurse research team members supported CGM use, monitored participants’ self-management behaviors, reinforced individualized goals, and provided ongoing coaching. The intervention providers were selected based on clinical experience in diabetes education, CGM use, diet counseling, and self-management support.
Before each weekly in-person coaching session, the research team carefully reviewed and evaluated the AGP of the CGM, body composition test results, daily dietary records, daily step counts, and sleep duration and patterns. Based on these assessments, the research team developed individualized diabetes dietary guidelines, including dietary diagnoses, recipes, food purchasing and ingredient recommendations, exercise instructions, sleep guidance, and glucose-target setting. The dietary coaching provided to the Intervention II participants was highly individualized, with meals analyzed based on postprandial blood glucose responses to allow adjustments within each participant’s acceptable range. Basic meal guidelines were based on the glycemic index and glycemic load. A meal plan developed using a food exchange list for six food groups was provided, along with education on low-sugar cooking methods and recipes for participants and their spouses, who were advised to prepare and consume three home-cooked meals per day. Exercise recommendations were provided in detail: ≥30–60 minutes of walking, cycling, or aerobics 5 times per week, and at least 10 minutes of resistance exercise twice per week, a minimum of 6,000 steps per day. When pre-exercise blood glucose level was ≤100 mg/dL, participants were instructed to consume carbohydrate-containing foods (e.g., 180 mL milk) before exercising and to carry candy during physical activity. Participants were encouraged to begin sleeping before 23:00 and to obtain at least 6 hours of sleep per night. Non–face-to-face counseling was conducted via phone calls, text messages, character drawing cards, emoticons, and simple notification service media.
As detailed in Supplementary Table 1, the intervention consisted of three sequential stages, each comprising (1) comprehensive assessment of CGM-derived glucose patterns, dietary intake, physical activity, and sleep; (2) individualized diagnosis of lifestyle-related glycemic issues; and (3) tailored intervention strategies, including personalized dietary planning, exercise guidance, and lifestyle modification. A key feature of the program was the use of real-time CGM data to provide immediate, personalized feedback linking lifestyle behaviors with glycemic responses. This approach enabled participants to iteratively adjust their behaviors through stepwise goal setting and continuous monitoring. Intervention delivery was monitored using session records, CGM replacement schedules, and participant contact logs to ensure that the interventions were delivered as planned.

3) Control group
Participants in the control group received in-person, standardized, basic diabetes education on an individual basis for 30 minutes.


7. Outcome measures and collection
Data collection schedule at baseline, 3, 6, and 12 months across the three study groups (Figure 2).
1) Glycemic outcomes and variability
The primary outcome was the change in HbA1c levels. HbA1c levels were measured using a Standard Analyzer Afinion 2 Analyzer (Abbott Diagnostics). Fasting plasma glucose (FPG) was measured after an overnight fast using the StatStrip Glucose Hospital Meter (Nova Biomedical). All measurements were performed by trained research assistants, including a clinical nutritionist and senior nursing students, under the supervision of the principal investigator. Measurement procedures were standardized and documented based on device-specific manufacturer manuals. Prior to data collection, all personnel completed structured training, including one-on-one practice sessions and competency verification through repeated measurements. To ensure reliability, quality control procedures were implemented, including duplicate measurements for a subset of participants, and periodic cross-checking of results among research staff.
To obtain other glycemic outcomes and variability, all participants wore the CGM device (FreeStyle Libre, Abbott Diabetes Care) after receiving comprehensive instructions on its correct use. The participants were advised to limit strenuous physical activity, avoid sweating, monitor the insertion site for any irritation or allergic reactions, and promptly report any adverse effects to the investigator. At the end of the active period of the sensor, the investigator removed the device and examined the skin for any adverse conditions. Throughout the procedure, participants were encouraged to ask questions and practice using the device to enhance their knowledge and confidence. Harms were defined as any unintended events related to CGM use or intervention participation, including skin irritation, allergic reaction, discomfort, symptomatic hypoglycemia, or other participant-reported adverse effects. These were assessed at each contact and recorded by the research team.
After each 2-week CGM wear period, data were retrieved from https://www.libreview.com. CGM data completeness was assessed based on the percentage of valid sensor data, with ≥70% of expected readings over the 14-day monitoring period required for inclusion. The mean scan adherence rate was 91.8%, indicating high compliance and minimal data loss. To ensure data accuracy, CGM measurements were interpreted according to standardized guidelines. Participants were instructed to confirm symptomatic hypoglycemia using capillary blood glucose measurements when necessary, and data were reviewed for implausible values and sensor errors prior to analysis.
Glycemic outcomes included time in range (TIR; 70–180 mg/dL), time above range >180 mg/dL (TAR180), time above range >250 mg/dL (TAR250), time below range <70 mg/dL (TBR70), time below range <54 mg/dL (TBR54), mean CGM-derived glucose, GMI, CGM-detected hypoglycemic events, and coefficient of variation (CV), which was used as an indicator of glycemic variability [19].

2) General characteristics
To identify participants’ characteristics, data were collected on socioeconomic factors (sex, age, education, cohabitation, employment, type of work, household income, and type of health insurance), diabetes-related factors (duration of diabetes, history of diabetes-related hospitalization, and complications), and treatment and management factors (medication use, diabetes management practices, and frequency of self-monitoring of blood glucose).


8. Statistical analysis
Baseline homogeneity among the three groups was examined using the chi-square test for categorical variables and analysis of variance for continuous variables. To evaluate changes in outcome variables over time and differences between groups, GEE were applied. Missing repeated-measure outcome data were handled within the GEE framework using all available data; no additional imputation was performed. For each outcome, the appropriate distribution and link function (Gamma distribution or log link function) were selected based on skewness, kurtosis, and model-fit indices, including the quasi-likelihood under the independence model criterion (QIC) and the corrected QIC.
Estimated marginal means were computed for each group at 3, 6, and 12 months. Pairwise comparisons were conducted using the least significant difference method, with the control group and baseline serving as the reference categories. To examine the overall pattern of group differences over time, a group × time interaction term was included in the GEE model. For variables with over-dispersion, such as the CGM-detected hypoglycemic events, a negative binomial distribution was adopted. No subgroup or sensitivity analyses were prespecified or performed. All analyses were conducted using IBM SPSS Statistics for Windows ver. 21.0 (IBM Corp.). All randomized participants were included in the analysis according to their originally assigned groups, consistent with the intention-to-treat principle. No interim analyses or stopping guidelines were planned because this was a low-risk behavioral intervention trial with a fixed intervention period.

9. Ethical consideration and registry
The Institutional Review Board (IRB) of Jeonbuk National University Hospital approved this study on May 25, 2023 (IRB No. 2023-03-046-016). No important changes to the trial protocol, prespecified outcomes, or planned analyses were made after trial commencement. Informed consent was obtained from all participants. This study was retrospectively registered with the Clinical Research Information Service of Korea (CRIS; KCT0008872) on 16 October 2023. The study was reported in accordance with the Consolidated Standards of Reporting Trials (CONSORT) 2025 statement for parallel-group randomized trials [20]. Patients or members of the public were not involved in the design, conduct, reporting, or dissemination plans of this study.


Results
1. Participant characteristics
The overall sex distribution was 52.9% male and 47.1% female, and the mean age was 58.3 years (standard deviation [SD]=10.6 years). Of the participants, 46.1% had a high school diploma or below, while 53.9% had a college degree or higher; 80.4% of participants were living together with family. Regarding employment status, 71.6% of participants were employed; among the employed participants, the majority (91.8%) were engaged in regular work. Household income was <2,000,000 Korean won (KRW) for 21.6% of the participants, 2,000,000–3,999,999 KRW for 33.3%, and ≥4,000,000 KRW for 45.1%. The health insurance enrollment rate was 94.1%. Mean duration of diabetes was 14.6 years (SD=10.4 years), and only 3.0% of participants had experienced diabetes-related education within the last 6 months. Diabetes-related complications or comorbidities occurred in 34.3% of patients, and 38.2% had previously heard about CGM (Table 1). During the study period, no serious intervention-related adverse events were reported.
Table 1. Baseline characteristics of the intention-to-treat population
	Characteristic	Total (N=102)	Control (n=34)	Intervention I (n=34)	Intervention II (n=34)	χ2/F (p)
	Sex					2.13 (.346)
	 Male	54 (52.9)	15 (44.1)	18 (52.9)	21 (61.8)	
	 Female	48 (47.1)	19 (55.9)	16 (47.1)	13 (38.2)	
	Age (yr)	58.3±10.6	56.4±11.4	58.5±9.0	59.9±11.1	0.96 (.387)
	Education level					4.10 (.128)
	 High school or less	47 (46.1)	11 (32.4)	19 (55.9)	17 (50.0)	
	 College or more	55 (53.9)	23 (67.6)	15 (44.1)	17 (50.0)	
	Living situation					0.87 (.647)
	 With family	82 (80.4)	29 (85.3)	27 (79.4)	26 (76.5)	
	 Alone	20 (19.6)	5 (14.7)	7 (20.6)	8 (23.5)	
	Employment					2.41 (.300)
	 Yes	73 (71.6)	26 (76.5)	26 (76.5)	21 (61.8)	
	 No	29 (28.4)	8 (23.5)	8 (23.5)	13 (38.2)	
	Working type (among employed participants, n=73)					0.07 (.967)
	 Regular work	67 (91.8)	24 (92.3)	24 (92.3)	19 (90.5)	
	 Shift work	6 (8.2)	2 (7.7)	2 (7.7)	2 (9.5)	
	Household income (1,000 KRW)					1.44 (.838)
	 <2,000	22 (21.6)	7 (20.6)	9 (26.5)	6 (17.6)	
	 2,000–<4,000	34 (33.3)	10 (29.4)	12 (35.3)	12 (35.3)	
	 ≥4,000	46 (45.1)	17 (50.0)	13 (38.2)	16 (47.1)	
	Health insurance					3.19 (.203)
	 National health insurance	96 (94.1)	33 (97.1)	30 (88.2)	33 (97.1)	
	 Medical aid	6 (5.9)	1 (2.9)	4 (11.8)	1 (2.9)	
	Diabetes duration (yr)	14.6±10.4	14.0±10.2	13.1±9.9	16.7±11.1	1.13 (.327)
	Experience of hospital admission due to diabetes					3.97 (.138)
	 Ever	12 (11.8)	5 (14.7)	6 (17.6)	1 (2.9)	
	 Never	90 (88.2)	29 (85.3)	28 (82.4)	33 (97.1)	
	Experience of receiving diabetes education in the past 6 months					0.00 (>.999)
	 Ever	3 (3.0)	1 (2.9)	1 (3.0)	1 (3.0)	
	 Never	97 (97.0)	33 (97.1)	32 (97.0)	32 (97.0)	
	Diabetes complications/comorbidities					0.09 (.957)
	 Present	35 (34.3)	11 (32.4)	12 (35.3)	12 (35.3)	
	 Absent	67 (65.7)	23 (67.6)	22 (64.7)	22 (64.7)	
	Ever heard of CGM					0.25 (.883)
	 Ever	39 (38.2)	14 (41.2)	12 (35.3)	13 (38.2)	
	 Never	63 (61.8)	20 (58.8)	22 (64.7)	21 (61.8)	
	Glucose-lowering treatment					5.68 (.225)
	 Insulin only	1 (1.0)	1 (2.9)	0 (0.0)	0 (0.0)	
	 Oral hypoglycemic agent plus insulin	18 (17.6)	6 (17.7)	9 (26.5)	3 (8.8)	
	 Oral hypoglycemic agent only	83 (81.4)	27 (79.4)	25 (73.5)	31 (91.2)	
	Frequency of SMBG					0.10 (.999)
	 None	59 (57.8)	20 (58.8)	20 (58.8)	19 (55.9)	
	 Once a day	31 (30.4)	10 (29.4)	10 (29.4)	11 (32.3)	
	 Twice or more a day	12 (11.8)	4 (11.8)	4 (11.8)	4 (11.8)	
	Diabetes management (multiple responses)					
	 None	20 (19.6)	8 (23.5)	5 (14.7)	7 (20.6)	0.87 (.647)
	 Diet	40 (39.2)	12 (35.3)	16 (47.1)	12 (35.3)	1.32 (.518)
	 Exercise	71 (69.6)	23 (67.6)	26 (76.5)	22 (64.7)	1.21 (.547)
	 Health functional foods	21 (20.6)	7 (20.6)	8 (23.5)	6 (17.6)	0.36 (.835)
	 Folk remedies	14 (13.7)	3 (8.8)	7 (20.6)	4 (11.8)	2.15 (.341)
	Experience of hypoglycemia					0.15 (.929)
	 Ever	16 (15.7)	5 (14.7)	5 (14.7)	6 (17.6)	
	 Never	86 (84.3)	29 (85.3)	29 (85.3)	28 (82.4)	
	FPG	149.2±47.4	151.7±45.2	159.1±54.6	136.6±39.5	1.99 (.141)
	HbA1c	8.2±1.3	8.4±1.1	8.1±1.3	8.1±1.4	0.58 (.563)
	Time CGM active (%)	91.8±7.6	91.1±7.6	92.6±6.6	91.7±8.7	0.34 (.712)
	Mean CGM-derived glucose levels (mg/dL)	177.8±38.6	187.5±35	178.1±44.2	168.1±34.9	2.16 (.120)
	GMI (%)	7.6±0.9	7.8±0.8	7.6±1.1	7.3±0.8	2.18 (.118)
	TIR 70–180 mg/dL (%)	60.4±21.8	54.1±20.9	61.7±22.6	65.4±20.9	2.44 (.093)
	TBR <54 mg/dL (%)	0.03±0.17	0.03±0.18	0.60±0.24	0.1±0.2	0.22 (.802)
	TBR <70 mg/dL (%)	0.5±1.5	0.5±1.5	0.4±1.1	0.6±1.9	0.16 (.852)
	TAR >180 mg/dL (%)	24.7±10.7	28.3±10.7	23.3±10.4	22.7±10.4	2.84 (.063)
	TAR >250 mg/dL (%)	14.3±15.7	17.1±14.5	14.6±19	11.2±13.3	1.19 (.310)
	CV (%)	30.7±7.2	30.5±8.1	30.6±7.1	30.9±6.6	0.03 (.968)
	CGM-detected hypoglycemic events	3.1±20.5	7.5±35.6	0.8±2.1	1.3±2.9	1.03 (.362)


Values are presented as number (%) or mean±standard deviation. Percentages may not total 100.0 because of rounding to one decimal place. Percentages for diabetes management variables were calculated separately for each item because multiple responses were allowed. For receipt of diabetes education within the previous 6 months, data were missing for two participants; percentages were calculated from available cases (n=100). For diabetes management, multiple responses were allowed; percentages were calculated separately for each item using N=102 for the total sample and n=34 for each study group and therefore do not sum to 100.0%.CGM, continuous glucose monitoring; CV, coefficient of variation; FPG, fasting plasma glucose; GMI, glucose management indicator; HbA1c, glycated hemoglobin; KRW, Korean won; SMBG, self-monitoring of blood glucose; TAR, time above range; TBR, time below range; TIR, time in range.



2. Baseline characteristics and group homogeneity
The three groups were homogeneous at study commencement in terms of demographic, clinical, and lifestyle-habit-related characteristics (Table 1).

3. Differences of outcomes among groups
At 3 months, both Intervention I and Intervention II demonstrated significant improvements in glycemic outcomes compared with the control group. HbA1c decreased by 0.78% (standard error [SE]=0.29, p=.008) in the Intervention I and by 1.12% (SE=0.27, p<.001) in the Intervention II relative to controls, representing clinically meaningful improvements in glycemic control (Table 2). The GEE model further confirmed significant group × time interaction effects for HbA1c (Wald χ2=13.53, p=.035), with the greatest reduction observed at 3 months in the Intervention II (B=−0.11, SE=0.04, p=.003) (Table 3).
Table 2. Changes in glycemic outcomes and variability by group and time (by GEE)
	Indicator	Time	Control	Intervention I	Intervention II	Control vs. intervention I	Control vs. intervention II	Intervention I vs. intervention II
	Mean±SE	Mean±SE	Mean±SE	Adj. MD±SE	p	Adj. MD±SE	p	Adj. MD±SE	p
	HbA1c (%)	Baseline	8.39±0.10	8.14±0.11	8.06±0.12	-	-	-	-	-	-
		3 mo	8.12±0.24	7.35±0.17	7.01±0.14	0.78±0.29	.008	1.12±0.27	<0.001	0.34±0.22	.127
		6 mo	8.01±0.22	7.76±0.23	7.21±0.18	0.25±0.32	.432	0.80±0.29	.005	0.55±0.30	.064
		12 mo	7.86±0.20	7.76±0.20	7.70±0.34	0.11±0.28	.699	0.16±0.39	.683	0.05±0.39	.892
	FPG (mg/dL)	Baseline	151.74±3.83	159.06±4.63	136.58±3.40	-	-	-	-	-	-
		3 mo	162.53±7.96	128.48±6.01	127.76±5.31	34.05±9.97	.001	34.77±9.57	<0.001	−0.73±8.02	.928
		6 mo	149.47±5.55	153.62±8.50	133.79±9.58	−4.15±10.15	.682	15.67±11.07	.157	19.83±12.80	.121
		12 mo	146.39±6.19	155.07±6.83	151.16±8.46	−8.68±9.22	.347	−4.77±10.48	.649	3.91±10.87	.719
	Mean CGM glucose (mg/dL)	Baseline	187.55±3.01	178.13±3.86	168.15±2.96	-	-	-	-	-	-
		3 mo	-	163.63±5.38	147.69±4.32	-	-	-	-	15.94±6.90	.021
		6 mo	179.57±7.58	173.11±6.37	149.21±5.88	6.46±9.90	.514	30.36±9.60	.002	23.89±8.67	.006
		12 mo	174.48±6.18	169.37±7.23	162.62±9.03	5.11±9.51	.591	11.87±10.94	.278	6.75±11.56	.559
	GMI (%)	Baseline	7.80±0.07	7.57±0.09	7.33±0.07	-	-	-	-	-	-
		3 mo	-	7.22±0.13	6.84±0.10	-	-	-	-	0.38±0.16	.022
		6 mo	7.60±0.18	7.45±0.15	6.88±0.14	0.15±0.24	.520	0.73±0.23	.002	0.57±0.21	.006
		12 mo	7.48±0.15	7.37±0.17	7.19±0.22	0.11±0.23	.611	0.29±0.27	.272	0.18±0.28	.528
	TIR (%)	Baseline	54.06±1.80	61.72±1.98	65.44±1.77	-	-	-	-	-	-
		3 mo	-	68.30±3.50	79.21±3.13	-	-	-	-	−10.91±4.69	.020
		6 mo	59.61±4.00	62.25±4.06	76.32±3.65	−2.64±5.70	.643	−16.71±5.41	.002	−14.07±5.45	.010
		12 mo	59.93±3.68	64.78±4.12	73.08±4.18	−4.85±5.52	.380	−13.15±5.57	.018	−8.30±5.87	.157
	TBR70 (%)	Baseline	0.52±0.13	0.38±0.10	0.59±0.16	-	-	-	-	-	-
		3 mo	-	2.00±0.69	2.17±0.68	-	-	-	-	−0.17±0.97	.864
		6 mo	3.00±0.62	1.71±0.33	3.89±0.78	1.29±0.71	.069	−0.89±1.00	.372	−2.18±0.85	.010
		12 mo	5.00±1.60	2.50±0.68	1.38±0.17	2.50±1.74	.152	3.63±1.61	.025	1.13±0.71	.111
	TAR180 (%)	Baseline	28.27±0.92)	23.25±0.90	22.71±0.88	-	-	-	-	-	-
		3 mo	-	21.27±2.26	15.79±2.04	-	-	-	-	5.47±3.04	.072
		6 mo	25.11±1.77	25.54±2.07	17.26±2.05	−0.43±2.72	.875	7.85±2.71	.004	8.28±2.91	.004
		12 mo	25.70±1.93	23.22±2.00	19.24±2.22	2.48±2.78	.372	6.46±2.94	.028	3.98±2.99	.183
	TAR250 (%)	Baseline	17.12±1.25	14.36±1.66	11.24±1.13	-	-	-	-	-	-
		3 mo	-	10.82±2.10	8.19±1.64	-	-	-	-	2.63±2.66)	.323
		6 mo	16.40±3.34	12.69±2.60	9.41±2.82	3.71±4.24	.381	6.99±4.37	.110	3.28±3.83)	.392
		12 mo	14.58±2.35	13.22±3.35	13.19±3.95	1.37±4.09	.739	1.39±4.60	.762	0.03±5.18)	.996
	CV (%)	Baseline	30.46±0.69	30.58±0.62	30.90±0.56	-	-	-	-	-	-
		3 mo	-	30.38±1.25	27.57±1.25	-	-	-	-	2.81±1.76)	.111
		6 mo	30.98±1.30	30.30±1.09	29.28±1.37	0.68±1.69	.687	1.70±1.89	.368	1.02±1.75)	.561
		12 mo	31.52±1.55	30.23±1.23	28.81±1.43	1.29±1.97	.514	2.72±2.10	.197	1.43±1.88)	.449
	CGM-detected hypoglycemic events	Baseline	7.45±6.30	0.81±0.36	1.28±0.51	-	-	-	-	-	-
		3 mo	-	0.73±0.30	1.67±0.62	-	-	-	-	–0.93±0.69	.177
		6 mo	1.11±0.45	1.43±0.57	2.27±0.64	–0.31±0.73	.668	–1.15±0.79	.142	–0.84±0.86	.330
		12 mo	2.40±1.06	1.85±0.64	1.04±0.29	0.55±1.23	.657	1.36±1.09	.215	0.81±0.70	.280


Baseline values are unadjusted descriptive statistics; adjusted means at 3, 6, and 12 months were derived from generalized estimating equation models controlling for time, group, and group-by-time interaction effects. The control group and baseline were used as reference categories. The GEE model adjusted for repeated measures with robust SEs. Intervention Group I: CGM-alone; Intervention Group II: CGM-guided personalized coaching.Adj. MD, adjusted mean difference; CV, coefficient of variation; FPG, fasting plasma glucose; GEE, generalized estimating equation; GMI, glucose management indicator; Mean CGM glucose, continuous glucose monitoring-derived mean glucose (14-day average); SE, standard error; TAR180, time above range 180 (>180 mg/dL); TAR250, time above range 250 (>250 mg/dL); TBR70, time below range 70 (<70 mg/dL); TIR, time in range (70–180 mg/dL).


Table 3. Interaction effects of time and group on glycemic outcomes and variability
	Outcome	Time point (mo)	B	SE	p	Wald χ2	p
	HbA1c (%)					13.53	.035
	 Intervention I	3	–0.07	0.04	.052		
		6	0.00	0.04	.945		
		12	0.02	0.03	.599		
	 Intervention II	3	–0.11	0.04	.003		
		6	–0.07	0.04	.076		
		12	0.02	0.04	.633		
	FPG (mg/dL)					28.64	<.001
	 Intervention I	3	–0.28	0.09	.003		
		6	–0.02	0.10	.841		
		12	0.01	0.07	.884		
	Intervention II	3	–0.14	0.07	.069		
		6	–0.01	0.08	.944		
		12	0.14	0.07	.049		
	Mean CGM glucose (mg/dL)					11.55	.041
	 Intervention I	3	0.045	0.042	.285		
		6	0.015	0.043	.731		
		12	0.022	0.045	.628		
	 Intervention II	6	–0.076	0.046	.095		
		12	0.039	0.054	.473		
	GMI (%)					10.21	.069
	 Intervention I	3	0.02	0.02	.341		
		6	0.01	0.02	.705		
		12	0.01	0.03	.571		
	Intervention II	6	-0.04	0.03	.121		
		12	0.02	0.03	.478		
	TIR (%)					7.26	.202
	 Intervention I	3	–0.09	0.06	.113		
		6	–0.09	0.07	.231		
		12	–0.06	0.08	.481		
	 Intervention II	6	0.06	0.07	.435		
		12	0.01	0.08	.929		
	TBR70 (%)					30.54	<.001
	 Intervention I	3	0.25	0.55	.649		
		6	–0.21	0.50	.672		
		12	–0.34	0.49	.484		
	 Intervention II	6	0.28	0.53	.596		
		12	–1.27	0.53	.017		
	TAR180 (%)					9.94	.081
	 Intervention I	3	0.27	0.12	.019		
		6	0.21	0.10	.039		
		12	0.09	0.11	.379		
	 Intervention II	6	–0.16	0.12	.191		
		12	–0.07	0.13	.588		
	TAR250 (%)					2.39	.792
	 Intervention I	3	0.01	0.32	.977		
		6	–0.13	0.23	.557		
		12	0.02	0.26	.928		
	 Intervention II	6	–0.16	0.32	.604		
		12	0.29	0.31	.342		
	CV (%)					9.05	.113
	 Intervention I	3	0.11	0.05	.018		
		6	–0.03	0.04	.514		
		12	–0.05	0.04	.219		
	 Intervention II	6	–0.07	0.05	.170		
		12	–0.10	0.05	.037		
	CGM-detected hypoglycemic events					21.49	<.001
	 Intervention I	3	–0.37	0.54	.496		
		6	2.46	1.01	.014		
		12	1.96	1.01	.052		
	 Intervention II	6	2.47	1.01	.015		
		12	0.93	1.09	.396		


Regression coefficients represent changes from baseline within each group. The model included group-by-time interaction terms. The control group and baseline were used as reference categories. Intervention I: CGM-alone; Intervention II: CGM-guided personalized coaching. CGM-derived indices at 3 months are not reported for the control group, as CGM measurements were not conducted in this group at that time.CV, coefficient of variation; FPG, fasting plasma glucose; GMI, glucose management indicator; Mean CGM glucose, continuous glucose monitoring-derived mean glucose (14-day average); SE, standard error; TAR180, time above range 180 (>180 mg/dL); TAR250, time above range 250 (>250 mg/dL); TBR70, time below range 70 (<70 mg/dL); TIR, time in range (70–180 mg/dL).


Similarly, FPG declined markedly at 3 months in the Intervention I (adjusted mean difference [MD]=34.05 mg/dL, p=.001; B=−0.28, SE=0.09, p=.003). Mean CGM-derived glucose levels at 6 months were significantly lower in the Intervention II group compared with controls (adjusted MD=30.36 mg/dL, p=.002), consistent with a significant GEE interaction effect (Wald χ2=11.55, p=.041). The GMI also improved in the Intervention II (adjusted MD=0.73, p=.002 at 6 months), paralleling the reductions in mean CGM glucose. TIR significantly increased in the Intervention II at 6 months compared with controls (adjusted MD=−16.71, p=.002) and the Intervention I (adjusted MD=−14.07, p=.010), indicating clinically meaningful improvements in glycemic stability. At 6 months, TBR <70 mg/dL was significantly lower in the Intervention I than in the Intervention II (adjusted MD=−2.18, p=.010), and the Intervention II showed a further significant decrease at 12 months (B=−1.27, SE=0.53, p=.017; Wald χ2=30.54, p<.001). At 6 months, the proportion of TAR >180 mg/dL was lower in Intervention II than in the control group and Intervention I by 7.85 and 8.28 percentage points, respectively (both p=.004), supported by a marginally significant GEE interaction during the 3–6 month period (Wald χ2=9.94, p=.081).
The CV showed a downward trend across both intervention groups, with a statistically significant reduction at 12 months in the Intervention II (B=−0.10, SE=0.05, p=.037), reflecting improved within-day glucose stability. Similarly, CGM-detected hypoglycemic events showed a significant group × time inter action (Wald χ2=21.49, p<.001). Transient increases were observed at 6 months in Intervention I (B=2.46, SE=1.01, p=.014) and Intervention II (B=2.47, SE=1.01, p=.015), but these increases were no longer evident at 12 months.


Discussion
This study demonstrated that a CGM-guided personalized lifestyle coaching intervention produced significant improvements in both glycemic control and glucose variability in patients with T2DM. At 3 months, both HbA1c and FPG showed substantial reductions in the Intervention I and Intervention II groups compared with the control group. In terms of glycemic variability, Intervention II showed lower TAR >180 mg/dL at 6 months than both the control group and Intervention I, whereas TBR <70 mg/dL was lower in Intervention I than in Intervention II. Overall, these findings suggest that CGM-guided personalized lifestyle coaching was more effective in reducing hyperglycemic exposure, while CGM alone was associated with lower hypoglycemic exposure at 6 months.
In meta-analyses of CGM effects, relative reductions in HbA1c were 0.17% [21], 0.20% [22], 0.31% [23], and 0.32% [11]; compared with these findings, CGM alone in our study produced a larger effect. Prior studies integrating CGM with personalized nutritional or artificial intelligence (AI)-based lifestyle coaching have reported greater HbA1c reductions than CGM alone, ranging from 0.41% to 1.10% over 12 months [24-27]. In this study, the reduction in HbA1c exceeded those reported in previous investigations. This suggests that personalized lifestyle coaching using CGM data may provide greater therapeutic benefits than glucose monitoring alone [27]. However, the effects were not maintained in the longer term (up to 12 months), indicating the need for continued intervention and sustained internalization of self-care behaviors. This temporal pattern of initial improvement followed by attenuation at 12 months may reflect the diminishing intensity of behavioral reinforcement after the active intervention period. A systematic review has shown that lifestyle and behavioral interventions often demonstrate the greatest effects during the active intervention phase, with gradual decline once structured support is withdrawn [21]. In the absence of ongoing support, adherence to lifestyle modifications may decrease over time, leading to partial loss of intervention effects. These findings suggest that CGM use and periodic reinforcement coaching may be important to support longer-term glycemic control.
This study demonstrated a significant 16.71% increase in TIR in the Intervention II compared with the control group at 6 months, as well as a 7.85% reduction in TAR>180 mg/dL. A recent meta-analysis of 20 RCTs evaluating CGM-based nutritional interventions by Bannuru et al. [24] reported an 7.18% increase in TIR and a 7.32% decrease in TAR>180 mg/dL, indicating that the current study achieved greater improvements. Previous studies have shown that TIR is closely associated with the risk of cardiovascular complications; a 10% increase in TIR is linked to a 24% reduction in microvascular complications [28], whereas a TIR below 50% increases all-cause mortality by 83% and cardiovascular disease mortality by 85% [29]. The American Diabetes Association recommends achieving a TIR of ≥70%. Thus, achieving higher TIR in the Intervention II over the study period may contribute to the long-term prevention of both microvascular and macrovascular complications. At 6 months, the hypoglycemic risk (TBR70) was significantly lower in the Intervention I relative to Intervention II (adjusted MD=−2.18, p=.010).
The superior outcomes in glucose control and variability in the Intervention II likely reflect the synergistic effect of real-time CGM data combined with 12 sessions of personalized coaching delivered by an expert clinical nutritionist with 30 years of experience in diabetes patient education and counseling in a university-affiliated hospital. Zeevi et al. [14] emphasized the need for personalized nutritional guidance due to substantial individual variability in postprandial glucose responses to identical foods. Applying this principle, the nutritionist in this study analyzed each participant’s CGM data, step count, nutritional intake, and sleep duration and quality every 2 weeks, and provided specific, actionable guidance. This guidance included recommendations on meal order (e.g., vegetables–protein–fat–grains), glycemic index–based food choices, and exercise timing, duration, and intensity [30]. Zahedani et al. [13] further supported our approach of integrating personalized wearable data and behavioral patterns to improve metabolic health.
Real-time CGM data serves as a behavioral modification tool for food selection and physical activity, enabling patients to recognize their glucose patterns and adopt healthier habits [10]. In this study, participants in the Intervention II received counseling on interpreting their glucose patterns using AGP reports and applying specific behavioral adjustments—for example, increasing aerobic exercise by 30% when postprandial glucose exceeded 160 mg/dL. Such feedback loops enhance self-efficacy and promote sustainable lifestyle change. Ferreira et al. [23] found that CGM alone is insufficient without professional education and support, aligning with the current finding that although the Intervention I group showed improvement, its effect size was smaller than that of the Intervention II.
A recent scoping review of 31 RCTs reported that CGM-based biofeedback interventions promoting behavioral change typically include core components such as feedback and monitoring, shaping knowledge, social support, and instruction on behavioral performance [31]. The Intervention II incorporated these same elements: goal setting (achieving TIR ≥70%), behavioral monitoring (biweekly AGP review), feedback (via text, phone call, and Social Networking Service), problem solving (strategies for postprandial glucose spikes and hypoglycemic events), and social support (consistent encouragement and reinforcement). Importantly, the intervention’s beneficial effects were partially sustained at 12 months, mainly for CV, while HbA1c effects attenuated over time, underscoring the need for periodic nurse-led reinforcement. This indicates durable behavioral change rather than short-term glycemic improvement. Factors contributing to this long-term success likely include biweekly in-person counseling during sensor replacement, immediate glucose visualization via the app, professional consultation, stepwise goal setting, and personalized feedback tailored to individual participant characteristics [32].
Ji et al. [33] emphasized that “data-driven personalized education and counseling” form the core of precision medicine in diabetes management by integrating clinical, lifestyle, genetic, and biomarker information. The Intervention II incorporated multidimensional data including 15-minute interval CGM data, dietary logs, step counts, activity levels, sleep patterns, blood pressure, and body composition into individualized coaching. Such data integration reflects the principles of emerging digital twin platforms [34]. A digital twin is an AI-based precision medicine tool that virtually replicates a patient’s physiological and metabolic state to predict individualized glucose responses and recommend optimal lifestyle combinations [35]. Shamanna et al. [36] reported that the Twin Health platform, which integrates CGM with multimodal data, achieved an additional 1.4% reduction in HbA1c, a 26% increase in TIR, and a 34% reduction in cardiovascular risk over 1 year. The 12-month follow-up data from this study can serve as training data for machine learning models to predict individual glucose responses to diet, exercise, and sleep. The comparison between Interventions I and II offers a valuable benchmark for evaluating the added contribution of human expertise to AI algorithms.
Future studies should build on the current findings by further refining CGM-guided personalized lifestyle interventions. Longitudinal CGM data may be used to identify individual glucose response patterns and to optimize the timing, frequency, and content of lifestyle coaching. Future research should examine strategies to sustain long-term intervention effects, such as periodic reinforcement, adaptive feedback, and tailored follow-up programs. These approaches may enhance the durability and scalability of personalized diabetes self-management interventions.
The main strengths of this study include its three-arm randomized controlled design, which enabled systematic comparison of CGM alone versus CGM plus personalized coaching. Although data completeness and measurement accuracy were high, intermittent scanning CGM systems may still be subject to data gaps if scans are not performed within the required intervals. Although blinding of participants and providers was not feasible due to the nature of the intervention, this may have introduced performance bias. Differences in the intensity of contact and participant engagement between groups, especially the more frequent and personalized interactions in Intervention II, may have contributed to improved adherence and behavioral changes independent of the intervention content itself. To mitigate potential detection bias, outcome assessments were based on objective clinical measures, including HbA1c and FPG, obtained using standardized devices and protocols. Data collection and processing followed predefined protocols, and outcome data were handled consistently across groups to ensure comparability. Recruitment from a single region limits generalizability, and the inherent nature of CGM and coaching interventions makes blinding of providers infeasible, introducing potential performance bias. Future research should involve multicenter, nationwide RCTs to confirm these effects and conduct cost-effectiveness analyses to evaluate the economic feasibility of CGM-based personalized interventions [11]. In terms of generalizability, the findings of this study may be most applicable to middle-aged and older adults with T2DM who are capable of using smartphone-based CGM systems and engaging in structured lifestyle interventions. The intervention was delivered within a healthcare setting with access to experienced clinical professionals, which may limit its applicability to resource-constrained environments.

Conclusion
This study demonstrated that CGM-based personalized lifestyle coaching is an effective strategy for patients with T2DM, with its effects on glucose variability partially sustained at 12 months. Diabetes nurse specialists can strengthen patients’ self-management capacity and prevent complications by developing and delivering individualized education programs that utilize CGM data. Comprehensive approaches that integrate multiple lifestyle factors, including nutrition, exercise, sleep, and medication information, are essential, and real-time feedback combined with continuous professional support plays a pivotal role in sustaining behavioral change. This RCT provides evidence that CGM-based personalized coaching can achieve substantial improvements in diabetes management and suggests that enhancing glycemic stability contributes meaningfully to the prevention of long-term complications. The findings also provide a basis for advancing digital twin–based approaches in precision diabetes care.
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