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Background: There was limited evidence to evaluate the association between lifestyle habits and continuous glucose monitoring
(CGM) metrics. Thus, we aimed to depict the behavioral and metabolic determinants of CGM metrics in insulin-treated patients
with type 2 diabetes mellitus (T2DM).

Methods: This is a prospective observational study. We analyzed data from 122 insulin-treated patients with T2DM. Participants
wore Dexcom G6 and Fitbit, and diet information was identified for 10 days. Multivariate-adjusted logistic regression analysis was
performed for the simultaneous achievement of CGM-based targets, defined by the percentage of time in terms of hyper, hypo-
glycemia and glycemic variability (GV). Intake of macronutrients and fiber, step counts, sleep, postprandial C-peptide-to-glucose
ratio (PCGR), information about glucose lowering medications and metabolic factors were added to the analyses. Additionally,
we evaluated the impact of the distribution of energy and macronutrient during a day, and snack consumption on CGM metrics.
Results: Logistic regression analysis revealed that female, participants with high PCGR, low glycosylated hemoglobin (HbA1c)
and daytime step count had a higher probability of achieving all targets based on CGM (odds ratios [95% confidence intervals]
which were 0.24 [0.09 to 0.65], 1.34 [1.03 to 1.25], 0.95 [0.9 to 0.99], and 1.15 [1.03 to 1.29], respectively). And participants who
ate snacks showed a shorter period of hyperglycemia and less GV compared to those without.

Conclusion: We confirmed that residual insulin secretion, daytime step count, HbAlc, and women were the most relevant deter-
minants of adequate glycemic control in insulin-treated patients with T2DM. In addition, individuals with snack consumption
were exposed to lower times of hyperglycemia and GV.
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INTRODUCTION ferent glycemic variability (GV), which is affected by lifestyle

changes such as diet and exercise [1-3]. Reducing GV, as well
Individuals with diabetes and similar glycosylated hemoglobin  as chronic hyperglycemia represented by HbAlc, has been an
(HbA1c) values may have different glycemic profiles, with dif-  important target in various intervention trials [4].
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Clinical and lifestyle determinants of CGM metrics

Currently, continuous glucose monitoring (CGM) has been
recommended as an indicator of glycemic control and for deci-
sion making in treatment regimens [5] and as a tool to assess
GV [6,7]. Standardized CGM metrics were defined as the per-
centage time in range (TIR) of 70 to 180 mg/dL (TIR™'¥), time
above range (TAR) >180 mg/dL (TAR*"*), TAR >250 mg/dL
(TAR*®"), time below range (TBR) <70 mg/dL (TBR*"), TBR
<54 mg/dL (TBR**), standard deviation (SD) and coeflicient
of variation (CV) representing hyperglycemia, hypoglycemia,
and GV [5]. In this regard, the recommendations of experts on
diabetes support the usefulness of CGM for patients with type
2 diabetes mellitus (T2DM) on insulin injections, as well as
type 1 diabetes mellitus [5].

Although understanding the relationship between lifestyle
habits and glucose fluctuation in an outpatient setting, which
would offer real-world clinical data, could contribute to the
optimal management of T2DM, to date, studies evaluating the
association between detailed lifestyle habits and CGM metrics
in patients with T2DM are scarce. Most previous studies con-
ducted in T2DM did not include lifestyle factors [8,9], estimat-
ed lifestyle habits by self-reported questionnaire [2], and were
conducted in a controlled environment [10]. Although there
were two recent studies that focused on the influence of behav-
ioral factors, the study subjects were nondiabetic individuals
[11,12].

Thus, this study aimed to characterize the major determi-
nants of standardized CGM metrics by implementing detailed
measures of clinical, behavioral, and nutritional factors in in-
sulin-treated patients with T2DM.
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METHODS

Study participants and protocol

We analyzed the data set of an ongoing prospective observa-
tional study. We recruited Korean patients with T2DM taking
both insulin and noninsulin glucose lowering medications
(GLMs) between February 2021 and September 2022 at the
outpatient clinic of the Korea University Ansan Hospital (An-
san). The inclusion criteria were as follows: (1) age between 19
and 80 years; (2) fasting C-peptide more than 0.4 ng/mL. Indi-
viduals were excluded under any of the following criteria: (1)
those who had been hospitalized for hyperglycemic hyperos-
molar syndrome, diabetic ketoacidosis, or cardiovascular dis-
ease (CVD) in the past 3 months; (2) patients with stage 4 or 5
chronic renal disease; (3) patients with hepatic dysfunction or
symptomatic heart failure; (4) those who are currently receiv-
ing anticancer therapies or medicines that may affect blood
glucose other than GLMs; (5) patients with uncontrolled hy-
pertension (systolic blood pressure [BP] =180 mm Hg or dia-
stolic BP =100 mm Hg); or (6) pregnant or lactating women.

As shown in Fig. 1, all participants visited Korea University
Ansan Hospital and were equipped with real-time CGM and
wearable activity trackers during the 10-day study period. In
addition, participants underwent a mixed meal test.

The present study was approved by the Institutional Review
Board (IRB) of Korea University Ansan Hospital (IRB Nos.
2019AS0158 and 2021AS0099) and was conducted in accor-
dance with the Helsinki Declaration of 1975. All participants
provided written informed consent to use their data prior to

Initiation Revisit for End of
Consents of study other exams study
A A T A
Ambulatory monitoring _
(continuous glucose monitoring, activity tracker) -
1
Dietary records >
Blood and urine test
(include mixed meal test)
Visit 0 Visit 1 Visit 2 Visit 3
(Day 0) (Day 10)

Fig. 1. Study design.
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participation. The study protocol was registered with the Clini-
cal Research Information Service (CRiS) of the Ministry of
Health and Welfare of the Republic of Korea (CRiS numbers:
KCT0004320 and KCT0006171).

CGM metrics

Dexcom G6 (Dexcom Inc., San Diego, CA, USA), real-time
CGM, was used for 10 days. To collect information about the
lifestyle habits of the participants as is, only basic instruction
was provided for the mobile application of Dexcom G6. All
participants were advised to maintain their current insulin
dose and health behaviors, without any education on diabetes
management. The investigators obtained each participant’s
CGM data via the Dexcom CLARITY for Clinics website
(https://clarity.dexcom.eu/professional/).

Following the experts’ recommendations, the CGM-derived
glycemic targets were defined, which were TIR™*"* >70%,
TAR™'® <25%, TAR™*" <5%, TBR** mg/dL <4%, TBR**
<1%, and %CV <36 [5]. We regarded the concurrent achieve-
ment of the above-mentioned targets as adequate glycemic
control. Additionally, we calculated the SD.

Wearable activity tracker
We used the Fitbit Inspire 2 (from here on, termed simply Fit-
bit, Fitbit Inc., San Francisco, CA, USA) to collect information
on step count, energy consumption, heart rate, and sleep time.
As it contained a battery capable of lasting 10 days, the partici-
pants were instructed to wear Fitbit Inspire 2 all day, even
while sleeping, without charging throughout the study period.
Therefore, the caloric consumption measured by Fitbit includ-
ed the basal metabolic rate during sleep, and movement
around the house was also incorporated into the step count.

The data were transmitted to a Fitbit server using Bluetooth.
We stratified the step counts into daytime and bedtime, as de-
scribed below [13].

(1) Daytime: the period from sunrise to sunset.

(2) Bedtime: the period of 8 hours before sunrise of the next

day.

Dietary records

Dietary data were investigated using the picture and dietary
record method. Participants were instructed to maintain their
eating habits and take pictures of the food twice (vertical and
lateral photographs) before and after eating, and to describe
the type and amount of food consumed, mealtime, results of
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self-monitoring of blood glucose, insulin unit, and GLMs in
the diet diary. Each participant was educated on how to record
the diet diary by a research dietitian, and examples of a diet di-
ary and tableware (Slim Diet Tableware, Jinseoung C&T Co.
Ltd., Sejong, Korea) were provided to accurately estimate the
amount of a bowl of rice. The participants sent photos and diet
diaries on a daily basis. At the end of the study, the research di-
etitian analyzed the dietary diary using the database of the
Ministry of Food and Drug Safety’s integrated data collection
of nutritional ingredients for eating out (2012 to 2017) [14]
and the CAN-Pro 5.0 (Web version, The Korean Nutrition
Society, Seoul, Korea). The calories and amounts of carbohy-
drates, proteins, lipids, and fibers in the main meals (breakfast,
lunch, and dinner) and snack intake were calculated. Because
diet information is often missing and underreported, we aver-
aged the calories and nutrients for breakfast, lunch, dinner,
and snacks during the study period. They were then summed
to obtain the daily calorie and nutrient intake.

For an elaborate analysis of dietary records, the research di-
etitian scored the diet diary according to the following: the
presence of dietary pictures of more than 70% of total meals (1
point), the accuracy of the quantity of intake (1 point) and the
timing of intake (1 point). After calculating points of all three
categories (0 to 3 points), we chose the participants with 2 or 3
points (n=91). Among the 91 participants who adhered with
excellent fidelity to the food diary, we calculated the propor-
tion of main meals and snacks with respect to total daily ener-
gy, carbohydrate, fat and protein intake. Snack consumption
was defined as an average energy intake of >200 kcal, in addi-
tion to main meals during the 10-day-of study period [15]. The
consumption of snacks at bedtime was defined as those eaten
during bedtime and categorized as light (200 to 399 kcal) and
heavy (=400 kcal). Because there were few participants who
consumed a snack at bedtime of more than >500 kcal, we ad-
opted the cutoff of 400 kcal instead of 500 kcal [16].

Mixed meal test and laboratory measurements

After venous blood sampling with an overnight fast of at least 8
hours, they were asked to eat a mixed meal prepared by the in-
vestigators. A mixed meal is a precooked Korean food contain-
ing a carbohydrate content of 70 g (Michel food Inc., Seoul,
Korea). Postprandial 1-hour and 2-hour blood samplings were
performed. The participants were instructed to eat all the food,
and after eating, the research dietitian estimated the remaining
amount.

Diabetes Metab ] 2023;47:826-836  https://e-dmj.org
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Fasting plasma glucose, total cholesterol, triglycerides, high-
density lipoprotein cholesterol, blood urea nitrogen, serum
creatinine, and the urinary albumin-to-creatinine ratio (tACR)
were measured using an automated chemical analyzer (COBAS
8000 modular analyzer series, Roche, Basel, Switzerland). Low-
density lipoprotein cholesterol levels were calculated using
Friedewald’s formula. The estimated glomerular filtration rate
(eGFR) was calculated using the Chronic Kidney Disease Epi-
demiology Collaboration formula [17]. Dyslipidemia was de-
fined as a total cholesterol level of >240 mg/dL or at least on
the prescription of antihyperlipidemic agents under the Inter-
national Classification of Diseases 10th Revision (ICD-10)
code E78. HbAlc and hemoglobin concentrations were deter-
mined using high-performance liquid chromatography (Tosoh
HLC-723 G11 analyzer, Tosoh, Tokyo, Japan) and flow cytom-
etry (Sysmex XN-9000 analyzer, Sysmex, Kobe, Japan). Serum
C-peptide levels were estimated using an automated radioim-
munoassay analyzer (Gamma Pro, KaiEn, Seoul, Korea).

Insulin secretory capacity was calculated using fasting and
postprandial glucose and C-peptide levels. The fasting C-pep-
tide-to-glucose ratio (FCGR) and 1-hour and 2-hour postpran-
dial C-peptide-to-glucose ratios (PCGR1 and PCGR2, respec-
tively) were calculated as the fasting or postprandial C-peptide
level (ng/mL), and fasting or postprandial glucose level (mg/
dL)x 100 [18].

Other covariates

The patients reported their clinical information, including the
duration of diabetes and the prescribed medications. The body
mass index (BMI) was calculated as their weight in kilograms
divided by the square of their height in meters. Trained nurses
measured BP in a sitting position using a standardized sphyg-
momanometer after 5 minutes of rest. Hypertension was de-
fined as a systolic BP >140 mm Hg, diastolic BP >90 mm Hg,
or at least one prescription of antihypertensive medications per
year under ICD-10 codes I10-115. The smoking status and al-
cohol consumption were classified as never, former, or current.
Regular exercise was defined as an exercise for >30 minutes at
least three times a week during the previous month. A history
of stroke and ischemic heart disease was self-reported.

Statistical analysis

To evaluate the association between CGM metrics and clinical,
behavioral, and nutritional factors, Spearman correlation anal-
ysis was performed. To identify independent factors for the si-
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multaneous achievement of six CGM-based targets, a multi-
variate logistic regression analysis was performed with covari-
ates including age, sex, BMI, HbAc level, duration of diabetes,
PCGR2, eGFR, uACR, sleep duration, and daytime step
counts. With adjustment for the above-mentioned covariates,
we investigated the impact of use of sulfonylurea or megli-
tinide, inhibitor of dipeptidyl peptidase 4 (DPP-4 inhibitor), or
inhibitors of sodium glucose cotransporter 2 (SGLT-2 inhibi-
tors), total daily dose of insulin, two or three times injection of
prandial insulin per day, the amount of calories, carbohydrate,
fat, protein and fiber per day on adequate glycemic control
separately in the regression model.

Furthermore, we performed a subgroup analysis according
to the median of HbAlc, eGFR, uACR, the number of times of
prandial insulin injection and the use of the DPP-4 inhibitor.
The participants with eGFR <60 mL/min/1.73 m* were only
18 patients. Therefore, we divided the participants according to
an eGFR of 90 mL/min/1.73 m* instead of 60 mL/min/1.73 m’.
Furthermore, due to the small number of participants, we min-
imized the covariates.

As a sensitivity analysis in 91 participants with excellent fi-
delity of diet dairy, we explored the impact of the distribution
of energy and nutrient intake among each meal and snack, and
frequency of eating on CGM metrics using Spearman correla-
tion analysis. Subsequently, we obtained the risk adjusted dif-
ference in the CGM metrics according to snack consumption
using the analysis of covariance. Age, sex, BMI, eGFR, HbAlc,
duration of diabetes, PCGR2, urine ACR >30 mg/g, daytime
step counts, and daily sleep duration were used as covariates.

Finally, we compared the baseline characteristics according
to snack consumption using a Student ¢-test and chi-square
test. Data are presented as mean+SD, median (interquartile
range), or the number of participants (percentage). Skewed
variables were log-transformed for analysis. Statistical analyses
were performed using Statistical Analysis System (SAS) ver-
sion 9.1 for Windows (SAS Institute Inc., Cary, NC, USA). P
values <0.05 were considered to be statistically significant.

Data availability
Data sharing is not applicable to this article as no datasets were
generated or analyzed during the current study.

RESULTS

A total of 138 patients participated in this study. After exclud-
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Table 1. Baseline characteristics

Table 1. Continued

Characteristic All participants (n=122) Characteristic All participants (n=122)
Age, yr 53.4+12 Thiazolidinedione 3(25)
Male sex 65 (53.3) a-Glucosidase inhibitor 2(1.6)
BMI, kg/m’ 27.1+4.5 Fitbit
Systolic BP, mm Hg 131.3£16.0 Sleep duration per night, min 402.9+£62.5
Glycosylated hemoglobin, % 81+1.2 Energy consumption, keal/day 2,283.9+561.9
Fasting/PP2 glucose, mg/dL 118.2+36.2/174.5+59.7 Daily step count 10,011.5+10,275.0
FCGR/PCGR2 0.9+0.8/1.6+1.2 Daytime 7,324.613,947.6
Triglyceride, mg/dL 121.6+61.1 Bedtime 1,020.7+1,107.7
HDL-C, mg/dL 49.0+£13.3 Information from the dietary record
LDL-C, mg/dL 68.8+29.9 Calorie intake, kcal/day 2,061.2+465.4
eGFR, mL/min/1.73 m* 90.1+24.3 Carbohydrate intake, g/1,000 kcal/day 131.6£18.3
Urine ACR, mg/g 312.1£720.3 Fat intake, g/1,000 kcal/day 30.9+6.5
Urine ACR 230 mg/g 56 (45.9) Protein intake, g/1,000 kcal/day 42.8+54
Current drinker 61(50) Fiber intake, g/1,000 keal/day 14.8+4.3
Current smoker 38 (31.2) CGM metrics
Regular exercise 55(45.1) Time of active CGM, % 94,0481
Duration of diabetes, yr 16£10.2 TIR™%0me/d1, 9% 62.8420.7
Hypertension 82(67.2) S70%: 52 (42.6)
Dyslipidemia 101 (82.8) TAR>0msdl. o 11.1+12.8
Stroke 6(4.9) <50%° 57 (46.7)
Ischemic heart disease 15(12.3) TAR>0msL o 35.8421.0
Anti-diabetic drug
<25%* 47 (38.5)
Basal insulin N
TBR7Ome/dL o5 1.3+3.7
Glargine 35(28.7)
ud ( ) <4%* 111
Degludec 87(71.3
& TBR<meet, g 0209
Total daily dose, U 29.1+16
<1%* 114
Prandial insulin
SD, mg/dL 51.6+14.2
Aspart 75 (61.5)
B CV, % 30.7£6.0
Glulisine 4(3.3)
<36" 103 (84.4
Total daily dose, U 12.6+15.3 (844
Times of injection, /day Values are presented as mean +standard deviation or number of sub-
jects (%).
0 43(353) BMI, body mass index; BP, blood pressure; PP2, 2-hour postprandial;
1 20 (16.4) FCGR, fasting C-peptide-to-glucose ratio; PCGR2, 2-hour postpran-
2 35(28.7) dial C-peptide-to-glucose ratio; HDL-C, high-density lipoprotein cho-
lesterol; LDL-C, low-density lipoprotein cholesterol; eGFR, estimated
3 23(18.9) glomerular filtration rate; ACR, albumin-to-creatinine ratio; DPP-4,
Metformin 116 (95.1) dipeptidyl peptidase 4; SGLT-2, sodium glucose cotransporter 2; GLP-
Sulfonylurea or meglitinide 23(18.9) 1, glucagon like peptide-1; CGM, continuous glucose monitoring; TIR,
DPP4 inhib; time in range; TAR, time above range; TBR, time below range; SD,
-4 inhibitor 57 (46.7) standard deviation; CV, coefficient of variation.
SGLT-2 inhibitors 31(25.4) “Number and % of those that meet the specified proportions of TAR,
GLP-1 receptor agonist 5(4.1) TIR, TBR, and CV.
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Table 2. Association between clinical, behavioral, and nutritional factors and continuous glucose monitoring metrics in Spear-
man correlation analysis

Variable TIR*'® TAR>" TBR*" SD (0%
Age, yr -0.11 0.15 -0.01 0.20° 0.15
BMI, kg/m’ -0.241 0.20° -0.27" 0.09 -0.08
Glycosylated hemoglobin, %* -0.538 0.56¢ -0.26 0.58¢ 0.31°
Duration of diabetes, yr -0.22¢ 0.26' -0.01 0.33¢ 0.23°
PCGR2" 0.22¢ -0.29" -0.24' -0.43¢% -0.458
eGFR, mL/min/1.73 m? 0.22¢ -0.318 -0.05 -0.418 -0.36%
Urine ACR, mg/g -0.35% 0.428 -0.19° 0.428 0.21°
Daily sleep duration, min® 0.02 -0.05 -0.04 -0.07 -0.02
Energy consumption, kcal/day -0.09 0.05 -0.16 0.01 -0.02
Daytime step counts” 0.05 -0.03 -0.14 -0.04 -0.07
Calorie intake, kcal/dayd -0.15 0.10 -0.10 0.07 -0.05
Carbohydrate intake, g/1,000 kcal/day -0.09 0.14 0.02 0.16 0.11
Fat intake, g/1,000 kcal/day 0.16 -0.18 0.08 -0.16 -0.05
Protein intake, g/1,000 kcal/day 0.10 -0.16 0.11 -0.13 -0.05
Fiber intake, g/1,000 kcal/day 0.05 -0.01 0.22¢ 0.09 0.19¢
Total daily dose of insulin -0.27° 0.29" 0.03 0.37¢ 0.318

For analyses, TAR**, TBR*”’, PCGR2, and urine ACR levels, and the daytime step count were log-transformed before the analyses to maintain
the normality of the residuals.

TIR, time in range; TAR, time above range; TBR, time below range; SD, standard deviation; CV; coefficient of variation; BMI, body mass index;
PCGR2, 2-hour postprandial C-peptide-to-glucose ratio; eGFR, estimated glomerular filtration rate; ACR, albumin-to-creatinine ratio.

“Per 0.1 of glycosylated hemoglobin, "Per 0.1 of LnPCGR2 and Ln (daytime step counts/100), ‘Per 10 minutes of daily sleep duration, ‘Per 100

keal of daily calorie intake, °P<0.05, P<0.01,4P<0.001.

ing 16 participants whose activation rate of CGM was <50%,
whose Fitbit data were not available, or with a lack of a diet di-
ary, 122 participants were finally included in this analysis. The
mean age was 53.4+12 years, and the proportion of the sexes
was similar (Table 1). The mean duration of diabetes and mean
HbA1lc level measured at the end of CGM were 16+10.2 years
and 8.1% *1.2%, respectively. Nearly 64% of participants (79 of
122) used both basal and prandial insulin as a premix or multi-
ple daily injections. Degludec and aspart were the most com-
mon types of basal insulin and prandial insulin used, respec-
tively. The most widely used oral GLMs were metformin, DPP-
4 inhibitors, and SGLT-2 inhibitors. Information from Fitbit,
diet diary, and CGM is also shown in Table 1. The mean CGM
time was 232+33.1 hours (9.7 +1.4 days).

Table 2 shows the results of the Spearman correlation analy-
sis between five CGM metrics and various clinical, behavioral,
and nutritional factors. Although there are some differences,
BMI, HbAlc, duration of diabetes, uACR, and total daily insu-

R70*180

lin dose showed a negative association with TI and a

https://e-dmj.org  Diabetes Metab J 2023;47:826-836

positive association with TAR***, TBR*", SD, and CV in gen-
eral. On the contrary, PCGR2 and eGFR exhibited an opposite
direction of significance. Furthermore, fiber intake was posi-
tively related to TBR*”* and CV.

In the multivariate-adjusted logistic regression analysis for
the simultaneous achievement of the targets based on CGM
(Table 3), women and participants with low HbAlc and high
PCGR2 and daytime step count had a higher probability of
good glycemic control estimated from CGM. However, total
calorie intake, macronutrients, and fiber did not have any as-
sociation with CGM-based glycemic targets. When we con-
ducted the subgroup analyses according to HbAlc, eGFR,
uACR, frequency of prandial insulin and DPP-4 inhibitors,
(Supplementary Table 1), significant interaction was found in
DPP-4 inhibitors and uACR with BMI and age, respectively.

In the sensitivity analysis conducted in 91 participants (Sup-
plementary Table 2), the meal composition among energy and
macronutrient intake is similar at about 26:32:33 with respect
to breakfast, lunch, and dinner. In the analysis of the correla-
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Table 3. Clinical, behavioral, and nutritional factors associated
with the simultaneous achievement of continuous glucose
monitoring-based targets® in multivariate logistic regression
analysis

Variable Odds ratio (95% CI)

Clinical and behavioral factors
Age, yr
Male sex
BMI, kg/m?’
Glycosylated hemoglobin, %"
Duration of diabetes, yr
PCGR2¢
eGFR, mL/min/1.73 m’
Urine ACR 230 mg/g
Daily sleep duration, min*
Daytime step counts®

Medications and nutritional factors
Sulfonylurea or meglitinide
DPP-4 inhibitor
SGLT-2 inhibitors
Total daily dose of insulin
2 or 3 times of prandial insulin per day
Calorie intake, kcal/day*
Carbohydrate intake, g/1,000 kcal/day
Fat intake, g/1,000 kcal/day
Protein intake, g/1,000 kcal/day
Fiber intake, g/1,000 kcal/day

f

0.98 (0.92-1.04)
0.24 (0.09-0.65)
0.93 (0.82-1.05)
0.95 (0.90-0.99)
0.99 (0.92-1.06)
1.34 (1.03-1.25)
1.01 (0.98-1.04)
0.32(0.10-1.02)
0.99 (0.92-1.08)
1.15 (1.03-1.29)
g
0.58 (0.15-2.29)
0.95 (0.33-2.74)
1.19 (0.40-3.53)
0.99 (0.96-1.02)
1,37 (0.49-3.82)
1.03 (0.91-1.17)
0.99 (0.96-1.01)
1.02 (0.94-1.11)
0.92 (0.83-1.02)
0.91 (0.79-1.06)

CI, confidence interval; BMI, body mass index; PCGR2, 2-hour post-
prandial C-peptide-to-glucose ratio; eGFR, estimated glomerular fil-
tration rate; ACR, albumin-to-creatinine ratio; DPP-4, dipeptidyl pep-
tidase 4; SGLT-2, sodium glucose cotransporter 2.

*Time in range”"* >70%, time above range (TAR)”'® <25%, TAR**
<5%, time below range (TBR)*"® <4%, TBR*** <1%, and coefficient
of variation <36%, "Per 0.1 of glycosylated hemoglobin (HbA1c), ‘Per
0.1 of LnPCGR2 and Ln (daytime step counts/100), “Per 10 minutes
of daily sleep duration, “Per 100 kcal of daily calorie intake, ‘Each vari-
able was adjusted for the other variables in the table, 8Age, sex, BMI,
eGFR, HbAlc, duration of diabetes, PCGR2, urine ACR =30 mg/g,
daily sleep duration, and daytime step counts were adjusted for each
logistic regression analysis.

tion between nutritional factors and CGM metrics, only the
proportion of snacks among energy intake was negatively cor-
related with CV. Similarly, the snack composition among daily
protein intake showed a positive association with TIR”'® and
a negative association with TAR** and SD.

832

Table 4. Comparison of metrics from continuous glucose
monitoring according to snack intake in 91 participants

Variable No Yes Pvalue* Pvalue®

Snack consumption 60 31
TIR™™, % 62.8+2.3 73+3.3 0.018 0.019
TAR>>, % 72(54-95) 3.9(2.6-59) 0.022  0.046

TBR", % 0.2 (0.0-0.8) 0.1(0.0-0.6) 0.470  0.382

SD, mg/dL 53.6+x1.7  44.6%25 0.006  0.007

CV, % 32.1+0.8 29+1.1 0.028 0.086
Light bedtime snack 69 22

TIR™'™, % 66.0+2.1 67.2%+3.8 0.792 0.866

TAR>", % 6.2(4.8-80) 4.8(30-7.6) 0323  0.515

TBR", % 0.4 (0.0-1.2) 0.0(0.0-0.2) 0.002 0.006
SD, mg/dL 51.7£1.6  46.6+2.8 0.119 0.305
CV, % 31.7£0.7  28.7%1.2 0.037 0.172

Values are presented as least squares mean +standard error or median
(interquartile range) after adjustment for age and sex. For analyses,
TAR”*", TBR*” were log-transformed before the analyses to main-
tain the normality of the residuals.

TIR, time in range; TAR, time above range; TBR, time below range;
SD, standard deviation; CV, coefficient of variation.

*P values represent the comparison of two groups using analysis of co-
variance with adjustment for age and sex, "P values represent the com-
parison of two groups using analysis of covariance with adjustment
for age, sex, body mass index, estimated glomerular filtration rate, gly-
cosylated hemoglobin, duration of diabetes, 2-hour postprandial C-
peptide-to-glucose ratio, urine albumin-to-creatinine ratio >30 mg/g,
daytime step counts, and daily sleep duration.

When we compared the CGM metrics according to snack
consumption after adjustment for several covariates (Table 4),
the group eating snacks showed higher TIR”"'®, and lower
TAR**" and GV, and those consuming light snacks at night
had lower TBR”° compared to those without snack consump-
tion. As shown in Supplementary Table 3, the snack consump-
tion group was younger, included more men, had higher eGFR,
burned more energy, although they ate more calories and fat,
and consumed less fiber.

DISCUSSION

In this prospective observational study, we confirmed that fac-
tors such as residual insulin secretion capacity, daytime step
count, female sex, and HbA1c were related to the high proba-
bility of simultaneous achievement of CGM-derived glycemic
targets. In the nutritional aspect, snack intake was related to a
lower exposure to hyperglycemia and GV, and light snack in-
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take during bedtime was associated with a lower probability of
hypoglycemia.

The limitation of HbAlc as a risk predictor is that it does not
reflect the detailed events of hypoglycemia, hyperglycemia, or
GV [19]. In contrast, the CGM metrics provide information
not only for GV but also for the time spent in the target range,
hypoglycemia, and hyperglycemia per day [6]. In the present
study, HbAlc was correlated with TBR*” and CV with a low
degree (standardized 3=-0.26 and 0.31, respectively) and show-
ed slight significance in the logistic regression analysis for the
achievement of CGM-derived glycemic targets.

Among behavioral components, we showed valid signifi-
cance in step counts, especially during the daytime. Contrary
to previous research demonstrating the clinical implications of
step count on the risk of death, that measured step counts only
during waking hours [20], participants in the present study
wore Fitbit for 24 hours throughout the 10-day period, allow-
ing us to understand the time-specific significance of step
count. With reasonable reported accuracy [20], Fitbit, which is
a consumer-grade accelerometer, has been suggested as an al-
ternative to research-grade accelerometers because it is easy to
use and relatively low cost [20]. Therefore, we chose Fitbit to
consider generalizability.

We confirmed that PCGR was negatively associated with a
high probability of adequate glycemic control and low GV, in
agreement with previous research showing that enough residu-
al insulin secretion was associated with low GV [21,22]. In-
stead of C-peptide levels, we adopted PCGR to estimate the
B-cell function. The ratio of C-peptide to glucose has been con-
sidered a biomarker that reflects the absolute amount of endog-
enous insulin secretion in response to glucose levels [18,23].
And postprandial state (PCGR), in particular, is a more reliable
marker that better reflects maximum [-cell function than fast-
ing or unstimulated value, FCGR [18,23].

We did not find any implications for macronutrient compo-
sition or fiber intake for adequate glycemic control. Several
diet interventions have shown that a low carbohydrate (<50 or
<90 g/day) and a high fat diet (90 g/day) [24,25] or a high en-
ergy breakfast [26,27] is effective in reducing GV or postpran-
dial hyperglycemia. However, our observational study design
is inappropriate to draw conclusions on the usefulness of nu-
tritional composition, due to the absence of energy restriction.
Furthermore, in the present study, the macronutrient compo-
sition across the energy intake was 51.9%+7%, 28.3%+5.5%,
and 17.4%+2.2%, which resembled those of the research in-
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vestigating the high carbohydrate diet (53% carbohydrate,
<30% lipid, and 17% protein) [25].

Although a previous study suggested an association between
high fiber intake and a decreased risk of T2DM and CVD [28],
we could not reveal any association between fiber intake and GV
in the logistic regression analysis. This may be attributed to the
relatively high fiber intake in the present study (the mean+SD
of total dietary fiber intake was 29.8 £8.6 g/day, comparable to
the upper 20% of fiber intake [30.1£6.6 g/day] in the previous
study) [28]. A rather positive correlation between fiber intake
and TBR*” or CV could be induced by the eating behavior of
more fiber with a small amount of energy source in individuals
with many episodes of hypoglycemia.

In detailed analysis on the nutritional aspects, we revealed
the importance of snack consumption. A small number of
studies have investigated the influence of snacks on glucose
levels [10,29]. Timmer et al. [29] have shown that postprandial
hyperglycemia after snacking was exacerbated more in the
morning than in the evening among healthy adults. In a ran-
domized trial in Canada, the consumption of low carbohy-
drate protein-rich bedtime snacks reduced fasting glucose
compared to a high carbohydrate protein-matched snacks
[10]. This could be explained by the fact that protein-rich
snacks might enhance hepatic insulin sensitivity, resulting in
suppressing hepatic glucose production [30]. Our findings
were somewhat in line with previous evidence [10,29]. As
shown in Supplementary Table 3, it was interesting to note that
participants eating snacks tended to consume high calories
and less fiber. The favorable characteristics of the participants
with snack consumption could be speculated by high energy
consumption and the high proportion of fat as an energy
source. On the other aspect, those with snack consumption
were younger and had better renal function than those with-
out, which are important determinants of CGM metrics. How-
ever, we still demonstrated the significant association between
snack consumption and CGM metrics even after age, sex, and
eGFR. Therefore, we suggest that eating adequate snack can be
helpful for glycemic control, and especially light night snack is
important for reducing hypoglycemia.

Although the impact of GLMs on GV has been assessed in
previous studies [8,9,22,31], the present study failed to demon-
strate the influence of GLMs on study outcome. The only sig-
nificant finding was a positive correlation between the total
daily dose of insulin and hyperglycemia or GV (Table 2). An
explanation for the discrepant findings might be the differenc-
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es in participants’ characteristics. As the reimbursement could
cover up to two classes of GLMs for insulin-treated patients
with T2DM in South Korea, the majority of participants in the
present study were taking metformin and DPP-4 inhibitors or
SGLT-2 inhibitors, which are already proven GLMs that de-
crease GV [32]. Therefore, it may be difficult to demonstrate
the implications of each class of GLMs in the present study.

To the best of our knowledge, this is the first attempt to inte-
grate real-life information and CGM data from insulin-treated
patients with T2DM. The participants were more homoge-
neous than those in prior studies performed on patients with
various severities of T2DM.

However, this study had several limitations. First, the CGM
metric data were derived from a mean period of 9.8 days,
which might be insufficient to obtain an overall representative
profile [5]. Second, as we employed a real-time CGM system
in an outpatient setting, the participants could alter their life-
style habits in response to the results of the CGM readings.
However, since all participants had no prior experience with
CGM, it seems difficult to skillfully control the insulin dose
based on the CGM value after just one session of brief educa-
tion [33]. A recall bias regarding meal information is also pos-
sible. Third, owing to the small sample size and cross-sectional
design, it is unclear whether this association is causal. Finally,
because all the participants were Koreans, it is difficult to gen-
eralize these findings to other ethnicities.

In conclusion, from the analysis of prospective observational
studies with the environment reflecting the real-world, we
found that residual insulin secretion, daytime step count,
HbAlc, and women were the most relevant determinants of
adequate glycemic control estimated from CGM in patients
with T2DM receiving insulin injections. In addition, individu-
als with snack consumption were exposed to a shorter time of
hyperglycemia and GV, and light snacks at night were associat-
ed with a low rate of hypoglycemia and low GV.
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