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ABSTRACT

Aims/Introduction: High fluctuations in blood glucose are associated with various
complications. The correlation between glycated hemoglobin (HbA1c) level and fluctua-
tions in blood glucose level has not been studied in Japanese patients with type 2 dia-
betes. In the present study, blood glucose profile stratified by HbAlc level was evaluated
by continuous glucose monitoring (CGM) in Japanese type 2 diabetes patients.
Materials and Methods: Our retrospective study included 294 patients with type 2
diabetes who were divided by HbATc level into five groups (>6.0 to <7.0%, >7.0 to <80%,
>80 to <9.0%, >9.0 to <10.0% and >10%). The correlation between HbA1c level and CGM
data was analyzed. The primary end-point was the difference in blood glucose fluctuations
among the HbATc groups.

Results: The mean blood glucose level increased significantly with increasing HbA1c
(Pyenag < 0.01). The standard deviation increased with increases in HOA1C (Pyeng < 0.07).
The mean amplitude of glycemic excursions did not vary significantly with HbATc. The
levels of maximum blood glucose, minimum blood glucose, each preprandial blood glu-
cose, each postprandial maximum blood glucose, range of increase in postprandial glu-
cose from pre-meal to after breakfast, the area under the blood concentration—time curve
>180 mg/dL and percentage of the area under the blood concentration—time curve
>180 mg/dL were higher with higher HbA1c. Mean glucose level and pre-breakfast blood
glucose level were significant and independent determinants of HbATc.

Conclusions: In Japanese patients treated for type 2 diabetes, the mean amplitude

of glycemic excursions did not correlate with HbA1c, making it difficult to assess blood
glucose fluctuations using HbATc. Parameters other than HbA1c are required to evaluate
fluctuations in blood glucose level in patients receiving treatment for type 2 diabetes.
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INTRODUCTION

Large swings in blood glucose levels are known to induce
oxidative stress and inflammation'. This phenomenon is a risk
factor for diabetic neuropathy?, vascular endothelial dysfunc-
tion™ and cognitive dysfunction®, as well as progression of
retinopathy’. With the popularization of continuous glucose
monitoring (CGM), it is no doubt important to reduce fluctua-
tions in blood glucose concentrations in addition to lowering

Received 9 January 2016; revised 22 March 2017; accepted 6 April 2017

© 2017 The Authors. Journal of Diabetes Investigation published by Asian Association for the Study of Diabetes (AASD) and John Wiley & Sons Australia, Ltd

the glycated hemoglobin (HbAlc) level. However, routine clini-
cal practice emphasizes HbAlc as a treatment guide, as blood
glucose fluctuations are difficult to monitor. Analysis of the cor-
relation between HbA1Ic level and blood glucose fluctuations in
drug-naive Japanese patients with type 2 diabetes showed a
trend towards larger swings in blood glucose levels with high
HbAIc levels.® Diabetes patients seen in clinical practice repre-
sent a wide range of patients and include drug-naive patients.
The relationship between HbAlc levels and blood glucose fluc-
tuation in these patients is not fully understood. In the present
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study, we used CGM to evaluate blood glucose profile, stratified
by HbAlc level, in Japanese inpatients with type 2 diabetes.

METHODS

Patients

The study enrolled inpatients with type 2 diabetes mellitus at
the Hospital of The University of Occupational and Environ-
mental Health, Kitakyushu, Japan and its affiliated hospitals
between April 2010 and April 2015, from whom blood glucose
data were collected by a CGM system (CGMS System Gold;
Medtronic Inc., Fridley, MN, USA and iPro™?2; Medtronic,
Northridge, CA, USA) within 5 days of admission while taking
medications that remained unchanged throughout the study.
The study population included patients of any age who were or
were not taking glucose-lowering agents. In the present study,
we defined patients with type 2 diabetes mellitus as those with
a family history of diabetes and obesity, those without autoim-
mune diabetes, and those without hyperglycemia as a result of
pancreatic failure or medication. The study excluded patients
with type 1 diabetes, pancreatic diabetes, steroid diabetes, severe
infection, pre- or postoperative status and serious trauma. The
study protocol was approved by the review board of The
University of Occupational and Environmental Health.
Informed consent was obtained from all patients in accordance
with the Declaration of Helsinki.

Study protocol

In the present retrospective study, 24-h CGM data were
extracted from the second or third day of glucose monitoring.
Patients had hospital meals at 25-30 kcal/kg standard body-
weight according to the dietary therapy recommended by the
Japan Diabetes Society’, and underwent blood testing under
fasting conditions on the second day of glucose monitoring.
For statistical analysis, the patients were stratified by HbAlc
level on admission into five subgroups (>6.0 to <7.0%, >7.0 to
<8.0%, >8.0 to <9.0%, >9.0 to <10.0% and >10%).

Measurements of biochemical variables

The CGM devices used in the present study included the
Gold™ (Medtronic Inc.) and iPro™2 (Medtronic). A temporary
subcutaneous electrode measured glucose concentration in the
tissue interstitial fluid within a range of 40400 mg/dL at a fre-
quency of 288 times/day.'’ The sensor readings were calibrated
against blood glucose levels measured in the morning, noon
and evening, and before bed (4 times/day). The glucose con-
centration measured by CGM is reported to correlate with the
venous blood glucose level. Although CGM actually measures
the glucose concentration in the interstitial fluid, it is corrected
by self-monitoring of blood glucose (hereafter, blood glucose
level). We excluded patients with microcirculatory impairment,
which might affect the sensor performance. Data over a period
of 24 h extracted from the second or third day of glucose
monitoring were used to calculate the mean blood glucose
level + standard deviation (SD), mean amplitude of glycemic
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excursions (MAGE), maximum blood glucose level, minimum
blood glucose level, area under the blood concentration-time
curve (AUC) >180 mg/dL, percentage of AUC >180 mg/dL,
area over the blood concentration—time curve (AOC) <70 mg/
dL, percentage of AOC <70 mg/dL, each preprandial blood glu-
cose level, each postprandial maximum blood glucose level,
time to each postprandial maximum blood glucose level and
magnitude of postprandial blood glucose elevation. The
preprandial blood glucose levels were measured at 08.00 hours,
12.00 hours and 18.00 hours. The peak postprandial glucose
level was defined as the highest blood glucose value recorded
after a meal by the CGM system.

MAGE was calculated using Glycemic Variability Analyzer
Program 1.1 (MATLABR 2010b; MathWorks, Inc., Natick,
MA, USA).!* HbAlc (%) was determined using National Gly-
cohemoglobin Standardization Program (NGSP) calculated by
the equation: HbAlc (NGSP) (%) = HbAlc (Japan relationship
of HbAlc [Japan Diabetes Society] x 1.02 + 0.25 [%])."2
Serum lipids were tested in a sample collected under fasting
conditions for at least 12 h using a Hitachi 7350 autoanalyzer
(Hitachi Co., Tokyo, Japan). Low-density lipoprotein choles-
terol, high-density lipoprotein cholesterol and triglyceride con-
centrations were determined by enzyme assays; low-density
lipoprotein cholesterol was determined by a direct method. The
equation used to calculate the estimated glomerular filtration
rate was 194 x serum creatinine — 1.094 X age — 0.287 for
men, and 194 x serum creatinine — 1.094 x age — 0.287 X
0.739 for women. Insulin and C-peptide levels were measured
using chemiluminescence immunoassay. The homeostasis
model assessment of insulin resistance was calculated by the
equation of fasting plasma glucose (mg/dL) x fasting plasma
insulin (uU/mL)/405, and the urinary C-peptide reactivity was
determined in a 24-h pooled urine sample. Homeostasis model
assessment of insulin resistance is not always correct in patients
with blood glucose levels >150 mg/dL.

The primary study end-points included SD representing
blood glucose fluctuations in the HbAlc subgroups and the dif-
ferences in MAGE. The secondary study end-points were the
maximum blood glucose level, minimum blood glucose level,
AUC >180 mg/dL, percentage of AUC >180 mg/dL, AOC
<70 mg/dL, percentage of AOC <70 mg/dL, each preprandial
blood glucose level, each postprandial maximum blood glucose
level, time to each postprandial maximum blood glucose level
and magnitude of postprandial blood glucose elevation.

Statistical analysis

Data are expressed as mean = SD. One-way analysis of variance
(anova) was used for comparison between groups. The linear
trend of association was assessed by a regression model that
assigned scores to the group (scores 1-5). The ¥ -test was used
to assess categorical data. For multivariate analysis, a stepwise
variable selection procedure was used. Each test was carried out
at a significance level of 0.05. All statistical analyses were carried
out using JMP 11 (SAS Institute Inc., Cary, NC, USA).
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RESULTS

Patient demographics

The background characteristics of the study patients are summa-
rized in Table 1. The study population consisted of 294 patients
(178 men and 116 women), who were divided into five groups
according to the level of HbAlc: Groups ; with HbAlc of >6.0
to <7.0% (n = 54), Group; g (HbAlc: >7.0 to <8.0%, n = 64),
Groupg ¢ (HbAlc: >8.0 to <9.0%, n = 73), Groupy 1o (HbAlc:
>9.0 to <10%, n = 49) and Groups;y (HbAlc: >10.0%, n = 54).
Patients of the latter group were significantly younger, and had
a shorter duration of diabetes, higher body mass index, higher
homeostasis model assessment of insulin resistance and higher
urinary C-peptide reactivity levels than those of the other
groups. With regard to the therapeutic regimens, 50% of the
patients of Groups ; were not taking any oral glucose-lowering
agents, whereas approximately half of the patients of Group; g,
Groupg ¢ and Groups ;o were using dipeptidyl peptidase-4 inhi-
bitors. The proportion of insulin users was the highest in
Groups 7 (24%), and the lowest in Groups;o (2%).

CGM data

CGM data are presented according to HbAlc groups in
Table 2. The mean 24-h blood glucose levels £ 1 x SD for the
individual HbAlc groups and all patients are shown in Fig-
ures 1 and 2, respectively.

Mean glucose level

The mean fasting blood glucose levels were 144.2, 156.8, 164.3,
181.3, and 210.0 mg/dL for Groups ; Group;s, Groupsg o
Groupy 19 and Groupsjo, respectively, showing a significant
increase with higher HbAlc (Pyeng < 0.01).

SD and MAGE

The SD was already high at 31.4 mg/dL in Groups 5, and even
higher at 39.6 mg/dL in Groupy ;o and 39.7 mg/dL in
Groupsj; SD  increased with increases in HbAlc
(Pgena < 0.01). In contrast, MAGE was already high at
90.1 mg/dL in Groups ; and similarly high at 97.3, 98.2, 105.6,
and 97.9 mg/dL in Groups; s, g9 910 and i, respectively,
with no significant differences based on HbAlc (Pyeng = 0.05).

Other CGM parameters
The maximum blood glucose level, minimum blood glucose
level and AUC >180 mg/dL significantly increased with
increasing HbAlc (Pyeng < 0.01). In contrast, none of the
patients with HbAlc of >9% had AOC <70 mg/dL, and the
percentage of AOC <70 mg/dL differed significantly among
the five groups. Morning, midday and evening preprandial
blood glucose levels increased significantly with higher HbAlc
(Pirena < 0.01), whereas the midday preprandial blood glucose
level was the highest in all five groups (P < 0.01).

Each postprandial maximum blood glucose level increased
significantly with increasing HbAlc in the morning, midday
and evening. The range of increase in postprandial glucose level
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from pre-meal to after breakfast increased significantly with
higher HbAlc levels. The magnitude of blood glucose rise was
smallest for midday preprandial data in all five groups
(P < 0.01). The time to each postprandial maximum blood glu-
cose level was not significantly different among the five groups.

Factors contributing to HbA1c

Univariate analysis showed that mean blood glucose level, SD,
maximum blood glucose level, minimum blood glucose level,
AUC >180 mg/dL, percentage of AUC >180 mg/dL, each
preprandial blood glucose level and each postprandial maxi-
mum blood glucose level correlated significantly with HbAlc
(Table 3). Multivariate analysis was carried out for the variables
used in the univariate analysis after adjusting for age, sex and
body mass index. The contributing factors to HbAlc were
mean glucose level and preprandial glucose level (breakfast;
Table 3).

Factors contributing to MAGE

On univariate analysis, MAGE correlated with mean blood glu-
cose level, SD, maximum blood glucose level, AUC >180 mg/
dL, percentage of AUC >180 mg/dL, pre-lunch blood glucose
level and each postprandial maximum blood glucose level
(Table 4). Multivariate analysis for MAGE was carried out for
the variables used in the univariate analysis after adjusting for
age, sex and body mass index. The results showed that HbAlc
was not a contributing factor to MAGE (Table 4).

DISCUSSION

We evaluated blood glucose profiles by CGM in Japanese
patients with type 2 diabetes, including 72% of those taking
medications. The results showed significant increases in the
levels of mean blood glucose, maximum blood glucose, mini-
mum blood glucose, each preprandial blood glucose, each post-
prandial maximum blood glucose, range of postprandial
glucose increases from pre-meal to after breakfast, AUC
>180 mg/dL and percentage of AUC >180 mg/dL, with
increases in HbAlc level. These results are similar to those
described in a previous study of Japanese patients with diabetes
who were not taking medications, which reported increases in
mean blood glucose level, preprandial blood glucose level and
postprandial blood glucose level with increases in HbA1c®.

In this regard, one study reported that the time to postpran-
dial maximum glucose level was delayed with higher levels of
HbA1c®. However, the present results showed the time to each
postprandial maximum blood glucose level did not vary signifi-
cantly with HbAlc. We assumed that this was due to the
differences in the proportion of patients not taking glucose-low-
ering agents and those using insulin among the HbAlc groups,
and the greater influence of drugs on the levels of postprandial
glucose.

The SD, which represents fluctuations in blood glucose level,
increased with increases in HbAlc; however, MAGE was
increased in all groups regardless of HbAlc level. MAGE is an
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Table 2 | Patient profile and summary of glycemic variations according to glycated hemoglobin level

Groupe_7 Group;_g Groupg o Groupg_19 Groups1o P-trend*

Mean glucose level (mg/dL) 1442 + 319 1568 + 263 1643 £ 329 1813 + 392 2100 £ 596 <001
SD (mg/dL) 314+ 138 337 £ 143 365 £ 121 396 £ 153 397 £ 119 <001
MAGE (mg/dL) 90.1 £ 250 973+ 323 982 £+ 250 1056 + 262 979 £ 235 005
Maximum glucose level (mg/dL) 2225 + 548 2360 £ 535 2504 £ 485 2672 £ 679 2981 £ 6638 <001
Minimum glucose level (mg/dL) 958 £+ 231 1024 £+ 238 103.5 £ 297 1206 + 379 1425 + 474 <001
AUC >180 (mg/dL) 73+ 174 97t 116 131 £ 175 232 £ 275 443 + 457 <001
Percentage of AUC >180 (%) 169 + 199 256+ 210 320 + 248 398 + 276 598 + 331 <001
AOC <70 (mg/dL) 003 £ 0.14 001 £ 004 007 £ 031 0 0 037
Percentage of AOC<70 (%) 035+ 140 026 £ 1.18 1.06 £+ 411 0 0 035
Pre-meal glucose level (mg/dL)

Breakfast 1245 + 235 1387 £ 272 1392 + 348 1600 + 36.7 1800 £ 508 <001

Lunch 1305 + 404 1513 + 375 1622 + 436 1743 £ 477 2042 + 754 <001

Dinner 1263 + 442 1344 + 268 1443 + 347 1579 + 454 1685 + 60.0 <001
Postprandial peak glucose (mg/dL)

Breakfast 2029 £ 445 2245 £ 470 2279 £ 512 2506 £ 62.1 2756 £ 70.7 <001

Lunch 1885 + 589 2035+ 448 2158 + 47.1 2342 + 644 2631 £ 752 <001

Dinner 2029 + 486 2168 + 398 227.1 £ 496 2415 + 648 2620 £+ 657 <001
Range of increase in postprandial glucose from pre-meal (mg/dL)

Breakfast 784 £ 367 858 £ 425 887+ 417 907 £ 512 960 £ 480 003

Lunch 580 £ 400 52.1 £ 383 53.7 £ 292 599 + 440 589 + 319 053

Dinner 76.7 £ 36.7 824 £ 396 828 £ 414 836 £ 495 934 £ 398 005
Time to glucose peaks (min)

Breakfast 836 + 332 1099 £+ 530 1170 £ 56.2 1118+ 473 1004 £ 412 011

Lunch 95.1 £ 569 869 £ 67.1 104.2 £ 650 995 £ 685 782 £ 378 042

Dinner 983 + 517 1052 + 447 107.7 £ 548 95.1 £ 542 885 + 346 0.10

*Trend analysis for comparisons between each group. Groups 7, glycated hemoglobin (HbA1c): >6.0 to <7.0%; Group;_g, HbA1c: >7.0 to <80%;
Groupg o, HbATC: >80 to <9.0%; Groupg 1, HDATC: 290 to <10%; Groupsio, HbATC: >10.0%. AOC, area over the blood concentration—time curve;
AUC, area under the blood concentration—time curve; MAGE, mean amplitude of glycemic excursions; SD, standard deviation.
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Figure 1 | The 24-h glycemic variations £ 1 standard deviation in type 2 diabetes patients receiving treatment according to glycated hemoglobin
(HbAT0) level. Continuous glucose monitoring (CGM) was applied for 2 or 3 days.
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Figure 2 | The 24-h changes in blood glucose level in type 2 diabetes
patients receiving treatment. Black dotted line, glycated hemoglobin
(HbA1Q): >6.0 to <7.0%; black thin line, HbATc: >7.0 to <80%; gray line,
HbATc >80 to <9.0%; gray dotted line, HbATc: >9.0 to <10.0%; black
thick line, HbATc: >10.0%.

indicator of blood glucose fluctuation at and above 1 x SD".
The presence of both hyperglycemia and hypoglycemia some-
times results in an apparently favorable HbAlc value. This
might explain the higher MAGE in some patients with low
HbAIc level in the present study.

http://onlinelibrary.wiley.com/journal/jdi

Multivariate analysis identified mean blood glucose levels
and pre-breakfast blood glucose level, but not changes in blood
glucose, as significant and independent determinants of HbAlc.
According to Monnier et al'*, patients with type 2 diabetes
show worsening blood glucose levels with increasing HbAlc in
a stepwise manner, starting with an increase in morning
preprandial blood glucose level followed by an increase in day-
time preprandial blood glucose level, while the contribution of
preprandial blood glucose level increased at higher HbAlc
levels'”. In addition, other reports showed that HbAlc more
closely reflects preprandial blood glucose levels than postpran-
dial blood glucose levels'®"”. The present results also support
the notion that HbAlc more closely reflects the preprandial
blood glucose level than glucose fluctuations or the postprandial
rise in blood glucose level. A previous study reported that the
preprandial glucose level increased with an increase in the
HbAIc level™. This helps explain the association between aver-
age glucose levels and HbAIc levels in the present study.

Patients with a relatively favorable HbAlc of >6.0 to <7.0%
already had a higher MAGE, approximately 1.5-fold the range
of 22-60 mg/dL reported in individuals with normal glucose
tolerance'”. MAGE represents the mean of daily glycemic fluc-
tuation at and above 1 x SD, which reflects abrupt and greater
fluctuations than SD'®, and is closely correlated with oxidative
stress'. In this regard, a number of studies of patients with
type 2 diabetes showed that higher MAGE levels correlated

Table 3 | Results of liner univariate analysis and linear multivariate analysis with glycated hemoglobin as the dependent variable

Variables Univariate Multivariate
B 95% Cl P-value B 95% Cl P-value

Intercept 70 6.1, 80 <001
Mean glucose level 002 001, 002 <001 002 001, 003 <001
SD 003 001, 004 <001

MAGE 0.01 0,001 0.12

Maximum glucose levels 002 0, 001 <001

Minimum glucose levels 002 002, 003 <001

AUC >180 mg/dL 003 002, 003 <001

Percentage of AUC >180 mg/dL 003 002, 0.04 <001

AOC <70 mg/dL -0.74 -19, 04 0.19

Percentage of AOC <70 mg/dL -007 -0.15, 002 0.12

Pre-meal glucose level (breakfast) 0.02 001, 002 <001 001 0, 001 002
Pre-meal glucose level (lunch) 001 001, 002 <001

Pre-meal glucose level (dinner) 0.02 001, 002 <001

Postprandial peak glucose (breakfast) 001 0, 001 <001

Postprandial peak glucose (lunch) 001 0,001 <001

Postprandial peak glucose (dinner) 001 0, 001 <001 0 -001,0 0.14

Multivariate stepwise regression analysis with glycated hemoglobin as the dependent variable, and age, sex, body mass index, mean glucose level,
standard deviation (SD), mean amplitude of glycemic excursions (MAGE), maximum glucose levels, minimum glucose levels, area under the blood
concentration—time curve (AUC) >180 mg/dL, percentage of AUC >180 mg/dL, area over the blood concentration—time curve (AOC) <70 mg/dL,
percentage of AOC <70 mg/dL, pre-meal glucose level (breakfast), pre-meal glucose level (lunch), pre-meal glucose level (dinner), postprandial peak
glucose (breakfast), postprandial peak glucose (lunch), postprandial peak glucose (dinner) as the independent variables. All variables were measured

by the continuous glucose monitoring system.
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Table 4 | Results of liner univariate analysis and linear multivariate analysis with mean amplitude of glycemic excursions as the dependent variable

Variables Univariate Multivariate
B 95% Cl P-value B 95% Cl P-value

Intercept 387 202, 57.1 <001
HbA1c 15 —041, 34 0.12

FPG 0.06 001, 0.13 0.10

Mean glucose level 0.14 0.08, 0.21 <001 007 001, 0.12 001
SD 14 12,15 <001 16 13,18 <001
Maximum glucose levels 0.21 017,025 <001 0.16 008, 0.24 <001
Minimum glucose levels 0.02 —-007,0.10 069 025 0.14, 037 <001
AUC >180 mg/dL 021 0.11, 032 <001 -0.14 —0.32, 005 0.16
Percentage of AUC >180 mg/dL 029 0.19, 039 <001

AOC <70 mg/dL -90 —276,96 034 -110 —233, 1.1 007
Percentage of AOC <70 mg/dL 0.80 35, 5.1 072

Pre-meal glucose level (breakfast) 005 -003,0.13 0.20

Pre-meal glucose level (lunch) 0.09 003, 0.14 <001

Pre-meal glucose level (dinner) 004 —003, 0.11 021 -0 -0.19, 004 <001
Postprandial peak glucose (breakfast) 0.19 0.14, 024 <001 007 002, 0.12 001
Postprandial peak glucose (lunch) 0.13 009, 0.18 <001

Postprandial peak glucose (dinner) 0.16 0.11,021 <001

Multivariate stepwise regression analysis with mean amplitude of glycemic excursions as the dependent variable, and age, sex, body mass index,
glycated hemoglobin, fasting plasma glucose (FPG), mean glucose level, standard deviation (SD), maximum glucose levels, minimum glucose levels,
area under the blood concentration—time curve (AUC) >180 mg/dL, percentage of AUC >180 mg/dL, area over the blood concentration—time
curve (AOC) <70 mg/dL, percentage of AOC <70 mg/dL, pre-meal glucose level (breakfast), pre-meal glucose level (lunch), pre-meal glucose level
(dinner), postprandial peak glucose (breakfast), postprandial peak glucose (lunch), postprandial peak glucose (dinner) as the independent variables.

All variables were measured by the continuous glucose monitoring system.

better with risk of cardiovascular events, compared with high
HbA1c", and that a significant reduction in HbAlc was associ-
ated with a higher risk of cardiovascular events.”® Our results
showed that HbAlc was not a contributing factor to MAGE.
Considered together, we believe that any therapeutic strategy
for type 2 diabetes that focuses only on HbAlc is limited.

Although MAGE is clearly an important and useful parame-
ter, it is not practical, as CGM cannot be used in all patients.
The present study found high MAGE in patients with low
mean blood glucose levels. In actual clinical practice, it is
important to treat patients by monitoring blood glucose fluctu-
ations even when HbAlc is low, and by monitoring postpran-
dial blood glucose levels to identify hypoglycemia.

The present study had the following limitations: (i) small sam-
ple size; (ii) possible impact of medications on blood glucose pro-
files due to the large proportion of patients taking medications;
and (iii) possible glycemic improvement by inpatient dietary and
exercise therapies probably related to the study design of record-
ing CGM data during hospital stay. Future studies should
increase the proportion of patients not taking oral glucose-lower-
ing medications and further evaluate patients in routine practice.
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