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ABSTRACT

Aims/Introduction: Hemoglobin Alc (HbA1c), glycated albumin (GA) and 1,5-anhydro-
p-glucitol (1,5-AG) are used as indicators of glycemic control, whereas continuous glucose
monitoring (CGM) is used to assess daily glucose profiles. The aim of this study was to
investigate the relationships between CGM metrics, such as time in range (TIR), and glyce-
mic control indicators.

Materials and Methods: We carried out retrospective CGM and blood tests on 189
outpatients with impaired glucose tolerance (n = 22), type 1 diabetes mellitus (n = 67) or
type 2 diabetes mellitus (n = 100).

Results: In type 1 diabetes mellitus and type 2 diabetes mellitus patients, HbA1c and
GA were negatively correlated with TIR, whereas 1,5-AG was positively correlated with TIR.
In type 1 diabetes mellitus patients, a TIR of 70% corresponded to HbA1c, GA and 1,5-AG
of 6.9% (95% confidence interval [Cl] 6.5-7.2%), 20.3% (95% CI 19.0-21.7%) and 6.0 pg/mL
(95% CI 5.1-69 pg/ml), respectively. In type 2 diabetes mellitus patients, a TIR of 70% cor-
responded to HbAlc, GA and 1,5-AG of 7.1% (95% Cl 7.0~7.3%), 19.3% (95% Cl 18.7—
199%) and 100 pg/mL (95% Cl 9.0-11.0 pg/mL), respectively. TIR values corresponding to
HbATc levels of 7.0% were 56.1% (95% Cl 52.3-59.8%) and 74.2% (95% Cl 71.3-77.2%) in
type 1 diabetes mellitus and type 2 diabetes mellitus patients, respectively.
Conclusions: The results of this study showed that the estimated HbA1c correspond-
ing to a TIR of 70% was approximately 7.0% for both type 1 diabetes mellitus and type 2
diabetes mellitus patients, and that the estimated 1,5-AG calculated from the TIR of 70%
might be different between type 1 diabetes mellitus and type 2 diabetes mellitus
patients.
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INTRODUCTION

The purpose of diabetes treatment is to maintain good glycemic
control from the early stage of diabetes, and to prevent the
onset and progression of diabetic microvascular complications
and arteriosclerotic diseases™?. Hemoglobin Alc (HbAlc) is the
most commonly used evaluation method of blood glucose con-
trol in clinical treatment, and HbAlc is currently recognized as
the key surrogate marker for the development of long-term dia-
betic complications in patients with diabetes. In fact, it is possi-
ble to prevent the onset and progression of diabetic
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complications by achieving good glycemic control by using
HbAlc as an indicator™. It has been reported that although
HbA1lc merely shows the mean blood glucose levels, it is insuf-
ficient for evaluation of hypoglycemia and acute glycemic
excursions® '°. Furthermore, previous studies have reported that
several conditions, such as iron deficiency, anemia and chronic
kidney disease, might affect HbAlc concentrations, independent
of blood glucose levels'' >,

Glycated albumin (GA) and 1,5-anhydro-p-glucitol (1,5-AG)
are also commonly used evaluation methods of glycemic con-
trol. GA is a ketoamine formed through a non-enzymatic gly-
cation reaction of serum albumin, and it reflects short- to
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intermediate-term mean blood glucose levels due to the half-life
time of the albumin, which is approximately 2-3 weeks'*".
GA is also known to more sensitively reflect postprandial
hyperglycemia than HbA1c'>'®. 1,5-AG is a metabolically inert
polyol that competes with glucose for reabsorption in the kid-
neys'”. Thus, low values of 1,5-AG reflect high blood glucose
levels'”. 1,5-AG can be used as a potential marker for short-
term blood glucose levels due to its half-life of approximately
1-2 weeks'®. Furthermore, several studies reported that 1,5-AG
reflects the postprandial glucose levels in patients with diabetes,
and is more sensitive and specific than HbA1c".

Recently, continuous glucose monitoring (CGM) is increas-
ingly used in the management of patients with diabetes, with
advances in CGM technology. CGM can provide detailed infor-
mation about glucose variability”. The international consensus
report on clinical targets for CGM data interpretation has been
developed and widely recognized”'. This consensus statement
mentioned that time in range (TIR), time below range (TBR)
and time above range (TAR) are appropriate and useful as clin-
ical targets and outcome measurements that complement
HbAlc for a wide range of patients with diabetes®.

However, few studies have examined the relationship
between TIR and HbAlc or between TIR and either GA or
1,5-AG. The purpose of the present study was to investigate
the relationships between CGM metrics, such as TIR, and gly-
cemic control indicators, such as HbAlc, GA and 1,5-AG.

METHODS

Participants

The present study included patients with type 1 diabetes melli-
tus, type 2 diabetes mellitus and impaired glucose tolerance
(IGT) between the age of 20 and 80 years who regularly visited
the outpatient department of Hyogo College of Medicine
Hospital, Nishinomiya, Japan. Diagnosis of diabetes or IGT was
made in accordance with the diabetes diagnostic criteria of the
Japan Diabetes Society”>. The exclusion criteria were as follows:
(i) those with severe hepatic dysfunction (defined as alanine
transaminase >3-fold the upper limit of normal); (ii) those with
chronic renal failure (estimated glomerular filtration rate
<30 mL/min/1.73 m?) or nephrotic syndrome; (iii) those diag-
nosed with anemia; (iv) pregnant women; (v) those taking
sodium—glucose cotransporter 2 inhibitors; and (vi) those
deemed ineligible for this study by their physician. A total of
189 eligible patients were enrolled in the study between January
2017 and August 2019. The present study was carried out after
approval from the ethics committee of Hyogo College of Medi-
cine. The committee approved the use of the opt-out approach
to consent in the hospital.

Retrospective CGM

CGM studies were carried out using FreeStyle Libre Pro®
(Abbott Japan, Tokyo, Japan). Each patient was instructed to
wear a CGM device for 14 days, and all sensor glucose data
obtained were used. Then, mean sensor glucose, standard
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deviation (SD), coefficient of variation (CV), the continuous
overlapping net glycemic action calculated every 1 h*, ratio of
sensor glucose levels between 70 mg/dL and 180 mg/dL (time
in range; TIR”* %), ratio of sensor glucose levels >180 mg/dL
(time above range; TAR'®), ratio of sensor glucose levels
>250 mg/dL (TAR™®°), ratio of sensor glucose levels <70 mg/
dL (time below range; TBR™?), ratio of sensor glucose levels
<54 mg/dL (TBR™*) were calculated.

Measurement of HbA1c, GA, and 1,5-AG

Blood tests for HbAlc and other biological markers were con-
ducted on the day of CGM application. HbAlc was measured
with high-performance liquid chromatography using HLC-
723G11 (Tosoh Corporation, Tokyo, Japan). GA was measured
by the enzymatic method using Lucica® Glycated Albumin-L
(Asahi Kasei Pharma Corporation, Tokyo, Japan) as a measur-
ing reagent and Cobas 8000 modular analyzer (Roche Diagnos-
tics KK, Tokyo, Japan) as a measuring instrument. 1,5-AG
was measured by the enzymatic method using Deteminer L
1,5-AG (Hitachi Chemical Diagnostics Systems Co., Ltd, Tokyo,
Japan) as a measuring reagent and JCA-BM 8000 automatic
analyzer (Japan Electron Optics Laboratories, Tokyo, Japan) as
measuring equipment. The lower detection limit of 1,5-AG was
1.0 pg/mL, and values <1.0 pug/mL were defined as 1.0 pg/mL
in this study.

Statistical analysis

The three groups (type 1 diabetes mellitus, type 2 diabetes mel-
litus, and IGT) were compared using the Kruskal-Wallis test,
whereas type 2 diabetes mellitus and IGT were compared with
type 1 diabetes mellitus using the Steels test. Spearman’s rank
correlation coefficient was used to determine correlations
between two variables. In type 1 diabetes mellitus, a multiple
regression analysis was conducted using TIR”®'* as the objec-
tive variable and age, gender, body mass index (BMI), HbAlc,
and types of insulin therapy as explanatory variables. In type 2
diabetes mellitus, a multiple regression analysis was also con-
ducted using TIR™'® as the objective variable and age, sex,
BMI, HbAlc, and types of diabetes therapy as explanatory vari-
ables. Least squares regression models were used to assess the
relationship between CGM metrics and HbAlc, GA, and 1,5-
AG. Statistical analyses were conducted using the BellCurve
software version 2.15 (Social Survey Research Information Co.,
Ltd., Tokyo, Japan), with P < 0.05 indicating statistical signifi-
cance.

RESULTS

Participant background

Results are given as median (interquartile range) unless other-
wise stated. The characteristics of the participants are shown in
Table 1. There were 189 subjects, consisting of 89 females and
100 males. Table 1 shows the status of use of hypoglycemic
agents. All patients with type 1 diabetes mellitus were on insu-
lin, with 62.7% of them receiving multiple daily insulin
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Table 1 | Participant characteristics
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Total Type 1 diabetes mellitus Type 2 diabetes mellitus IGT P

n (female : male) 189 (89:100) 67 (4819 100 (31:69) 22 (10:12)

Age (years) 66 (51-71) 42 (32-56) 69 (65-72)* 71 (67-73)* <001

BMI (kg/mz) 230 (21.0-24.8) 216 (194-239) 237 (21.7-25.1)* 238 (224-254)* <001
eGFR (mL/min/1.73 m?) 780 (66.0-94.0) 980 (82.0-116.0) 710 (62.0-82.0)* 660 (593-72.8)* <001
Types of therapy (%)

Metformin 249 0 470 0

SU/glinides 132 0 250 0

17D 3.7 0 70 0

o-Gl 74 0 14.0 0

DPP-4i 259 0 490 0

Insulin 688 100 300 0

GLP-1 RA 53 0 100 0

The results are presented as the median (interquartile range). Three groups were compared using the Kruskal-Wallis test. Type 2 diabetes mellitus
and impaired glucose tolerance (IGT) were compared with type 1 diabetes mellitus using Steel's test. BMI, body mass index; DPP-4i, dipeptidyl pep-
tidase-4 inhibitors; eGFR, estimated glomerular filtration rate; GLP-1 RA, glucagon-like peptide-1 receptor agonists; SU, sulfonylureas; TZD, thiazolidi-
nes; o-Gl, alpha-glucosidase inhibitors. *P < 0.05, versus type 1 diabetes mellitus patients.

Table 2 | Results of glycemic control indicators and continuous glucose monitoring metrics

Total Type 1 diabetes mellitus Type 2 diabetes mellitus IGT P
HbATc (%) 9 (65-77) 6 (69-86) (64L ) 0(5741) <001
GA (%) 194 (16.7-228) 235( 5-262) 7 (155-19.7)% 46 (137-154)* <001
1,5-AG (ng/mL) 2 (40-143) 0 (20-53) 7 30— ) 8.1 (146-209)* <001
Mean SG (mg/dL) 146.1 (1208-172.0) 1696 (151.0-203.0) 1404 (11984605) 1084 (99.1-112.8)* <001
SD (mg/dL) 473 (356-698) 758 (61.9-856) 3 (34.6-49.7)* 259 (206-34.6)* <001
Vv (%) 321 27.0-416) 438 (356-46.) 294(254325)* 250 (206-299)* <001
CONGA-1 (mg/dL) 354 (31.1-45.1) 453 (40.1-51.5) 338 (300-37.3)* 255 (22.3-326)* <001
TIR™1%9 (9) 70.1 (49.7-87.5) 493 (380-59.3) 762 (66.2-87.9)* 929 (90.1-97.1)* <001
TAR'® (96) 255 (7.5-420) 420 (31.9-57.5) 2 (6.5-29.89)* 7 (03-7.2)* <001
TAR™° (%) 8 (23-16.1) 191 (103-31.8) 0 (18-105)* 9 (04-22)* <001
TBR~"°(%) (0249) 8 (2.1-116) 8 (0-40)* 9 (05-67) <001
TBR=*(%) 1 (0-14) 3 (02-39) 0 (0-06)* 0 (0-06)* <001

The results are presented as median (interquartile range). Three groups were compared using the Kruskal-Wallis test. Type 2 diabetes mellitus and

impaired glucose tolerance (IGT) were compared with type 1

diabetes mellitus using Steel's test.

1,5-AG, 1,5-anhydro-p-glucitol; CONGA-1, the con-

tinuous overlapping net glycemic action calculated every 1 h; CV, coefficient of variation; GA, glycated albumin; SD, standard deviation; SG, sensor

R>1 80 >250

glucose; TA| , time above range >180 mg/dL; TAR

injections and 37.3% being on continuous subcutaneous insulin
infusions. In patients with type 2 diabetes mellitus, higher pro-
portions of DPP-4 inhibitors and metformin were used, with
30% of them using insulin.

Table 2 shows the HbAlc, GA, and 1,5-AG levels and CGM
metrics. HbAlc levels were significantly higher in type 1 dia-
betes mellitus [7.6 (6.9, 8.6) %] than in type 2 diabetes mellitus
[6.9 (64, 7.5) %] and IGT [6.0 (5.7, 6.1) %] (P < 0.01). GA
levels were also highest in type 1 diabetes mellitus. In contrast,
1,5-AG levels were significantly lower in type 1 diabetes melli-
tus [4.0 (2.0, 5.3) pg/mL] than in type 2 diabetes mellitus [8.7
(30, 153) pg/mL] and IGT [181 (146, 209) pg/mL]
(P < 0.01). TIR™ '™ yyas significantly lower in type 1 diabetes

, time above range >250 mg/dL; TB
below range <70 mg/dL; TIR”*® time in range 70180 mg/dL. *P < 005, versus type 1

R4 <70

, time below range <54 mg/dL; TBR
diabetes mellitus.

, time

mellitus [49.3 (38.0, 59.3) %] than in type 2 diabetes mellitus
[76.2 (66.2, 87.9) %] and IGT [92.9 (90.1, 97.1) %] (P < 0.01).
The proportion of patients with TIR”®*® >70% was 100% in
IGT and 68.0% in type 2 diabetes mellitus, but only 10.4% in
type 1 diabetes mellitus. In addition, among patients with
HbA1lc levels of <7.0%, only 27.3% of those with type 1 dia-
betes mellitus had TIR”® " of >70%, whereas 86.2% of those
with type 2 diabetes mellitus had TIR™'® of >70%. TAR™'*
and TAR™* were similarly highest in type 1 diabetes mellitus.
TBR™° was significantly higher in type 1 diabetes mellitus [4.8
(2.1, 11.6) %] than in type 2 diabetes mellitus [0.8 (0, 4.0) %]
(P <0.01), but not significantly different from that found in
IGT [1.9 (0.5, 6.7) %] (P = 0.15). The proportion of patients
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Table 3 | Correlations between continuous glucose monitoring metrics and glycemic control indicators

HbA1c GA 15-AG sD aY, CONGA 1 TIR7®-180 TAR™'E0 TBR
Type 1 diabetes mellitus
HoATc - 0.85* —064* 052 —-008 035%* —062* 066* —044%
GA 085* - —061* 049* -0 030 —067* 066* —041%
15-AG —064* —061* - —0.50% —-007 —046* 057* —053* 0.30%
sD 052% 049 —0.50* - 045 0.76* —0.77* 066* -016
Y, —-008 -0 —-007 045%* - 022 005 —0.28* 0.74%
CONGA-1 035* 030% —046* 0.76* 022 - —067* 061* —030*
TIR7-180 —062% —067* 0.57%* —0.77% 005 —067* - —093* 0.52%
TAR™1€0 066* 066* —0.53* 066* —-028 061* —093* - —0.74%
TBR™® —044% —041% 0.30% 016 074 —0.30% 052% —0.74* -
Type 2 diabetes mellitus

HbATc - 063* —0.59* 053* —-0.15 037* —0.56* 0.74% —048%
GA 063* - —044* 063* 005 046* —0.55* 0.70% —031%
15-AG —059* —044% - —048* -0 —0.28* 056* —051* 0.14
SD 053* 063* —048* - 053* 073* —0.74%* 0.78* 001
oY, —-015 005 —0.11 053* - 0.38* —-012 —-008 071%
CONGA-1 037* 046* —0.28* 073* 038* - —046* 0.58%* —004
TIR7O-180 —056* —0.55% 0.56* —0.74% 012 —046* - —0.83* 013
TAR™180 0.74% 0.70% —051* 0.78* -008 0.58* —083* - —0.50%
TBR™° —048%* —031* 014 001 071% —004 013 —0.50% -

Spearman’s rank correlation coefficient was used to determine correlations between two variables. 1,5-AG, 1,5-anhydro-p-glucitol; CONGA-1, the con-
tinuous overlapping net glycemic action calculated every 1 h; CV, coefficient of variation; GA, glycated albumin; SD, standard deviation; TAR™'®,
time above range >180 ma/dL; TBR™®, time below range <70 mg/dL; TIR®"®, time in range 70180 mg/dL. *P < 005.

with TBR™® >4% was 26.0% in type 2 diabetes mellitus and  Correlations between glycemic control indicators and time in
55.2% in type 1 diabetes mellitus. Although no antidiabetic  range

drugs were used in all IGT patients, TBR™® >4% was observed ~ Correlations between TIR’ ', TAR™"*’, TBR™", and glycemic
in 40.9% of them. control indicators such as HbAlc were investigated (Table 3).

Table 4 | Estimation of hemoglobin Alc from continuous glucose monitoring metrics

Type 1 diabetes mellitus Type 2 diabetes mellitus
HbATc (%) 95% Cl 95% Pl HbATc (%) 95% Cl 95% P
T|R7(LW 80
50% 77 (75-7.9) 6.1-93) 77 (74-79) (64-89)
70% 69 (65-7.2) (52-85) 7.1 (70-73) (59-84)
HbAlc = 975 — 004 x TIR™'& HbAlc = 893 — 003 x TIR™*'®
R = 064, B> = 041, RMSE = 080 R = 060, > = 036, RMSE = 064
TAR>1 80
25% 7.1 68-7.3) (55-87) 7.1 (70-72) (6.0-82)
50% 79 (7.7-8.1) (64-95) 79 (7.7-8.1) (6:8-90)
HbAlc = 621 + 003 x TAR'® HbAlc = 638 + 003 x TAR'®
R =066, R> = 043, RMSE = 0.79 R =073, R> = 054, RMSE = 054
TBR°
1% 8.1 (78-84) ©.1-10.1) 72 (70-73) (5.7-86)
4% 79 (7.7-82) (6.0-99) 7.1 69-72) (56-86)
HbAlc = 815 — 006 x TBR™° HbAlc = 721 — 004 x TBR™°
R =037, R> = 014, RMSE = 097 R = 040, R = 0.16, RMSE = 0.73

The least squares method was used to estimate hemoglobin Alc (HbA1c) from time in range (TIR), time above range (TAR) and time below range
(TBR). 95% Cl, 95% confidence interval; 95% PI, 95% prediction interval; R, multiple correlation coefficient; R, coefficient of determination; RMSE, root

mean square error; TAR™'®, time above range >180 mg/dL; TBR™°, time below range <70 mg/dL; TIR*™®, time in range 70-180 mg/dL.
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Figure 1 | Association of hemoglobin Alc (HbA1c) and glycated albumin (GA) with time in range (TIR), time above range (TAR), and time below
range (TBR). @, Type 1 diabetes mellitus; O, type 2 diabetes mellitus; A, impaired glucose tolerance; solid line, single regression line in type 1
diabetes mellitus patients; broken line, single regression lines in type 2 diabetes mellitus patients. (a) Association between HbA1c and TIR"%®. (b)
Association between HbA1c and TAR™. () Association between HbAlc and TBR*C. (d) Association between GA and TIR™>'°. (e) Association

between GA and TAR™'®. (f) Association between GA and TIR"®,

In type 1 diabetes mellitus and type 2 diabetes mellitus,
TIR7 180 was negatively correlated with HbAlc, GA, standard
deviation, and continuous overlapping net glycemic action
calculated every 1 h but positively correlated with 1,5-AG. In
addition, in type 1 diabetes mellitus and type 2 diabetes melli-
tus, TAR™'® was positively correlated with HbAlc, GA, SD,
and continuous overlapping net glycemic action calculated
every 1 h, but negatively correlated with 1,5-AG and TBR™°
was negatively correlated with HbAlc and GA; however, there
was no correlation between TBR™® and 1,5-AG in type 2
diabetes mellitus patients.

In type 1 diabetes mellitus, multiple regression analyses were
carried out with TIR”®'* as the objective variable, and HbAIc,
types of diabetes therapy and so on as explanatory variables
(Table S1). As a result, HbAlc (standardized partial regression
coefficient; B =-0.66, P <0.01) was more useful as an
explanatory variable for TIR”*"® than types of insulin therapy
(B = 0.06, P = 0.59). A similar multiple regression analysis was

carried out in type 2 diabetes mellitus patients, and HbAlc
(B =—0.56, P < 0.01) was also found useful as an explanatory
variable for TIR”* %,

Estimation of HbA1c, GA and 1,5-AG from time in range

The least squares method was used to estimate HbAlc levels
from TIR® ™, TAR™® and TBR™° (Table 4; Figure la—).
The estimated HbAlc corresponding to a TIR”®'* of 70% was
6.9% (95% confidence interval [CI] 6.5-7.2%) in type 1 diabetes
mellitus patients, and 7.1% (95% CI 7.0-7.3%) in type 2 dia-
betes mellitus patients. The estimated HbAlc corresponding to
a TIR™ of 50% was 7.7% in both type 1 diabetes mellitus
and type 2 diabetes mellitus patients. The estimated HbAlc
corresponding to a TAR™® of 25% was 7.1% in both type 1
diabetes mellitus and type 2 diabetes mellitus patients. The esti-
mated HbAlc corresponding to a TBR™® of 4% was 7.9%
(95% CI 7.7-8.2%) in type 1 diabetes mellitus patients, and
7.1% (95% CI 6.9-7.2%) in type 2 diabetes mellitus patients.
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Table 5 | Estimation of glycated albumin and 1,5-anhydro-p-glucitol from continuous glucose monitoring metrics

Type 1 diabetes mellitus

Type 2 diabetes mellitus

GA (%) 95% Cl 95% P GA (%) 95% Cl 95% P
-|—|R7(H 80
50% 237 (229-245) (17.2-30.2) 214 (205-224) (155-27.3)
70% 203 (190-217) (13.8-269) 193 (187-199) (135-25.1)
GA = 3214 — 017 x TIR™*® GA = 2669 — 0.11 x TIR™'
R =065, R* = 042, RMSE = 324 R =056, B> = 031, RMSE = 2.92
TAR>180
25% 213 (202-224) (14.7-27.9) 192 (187-198) (138-24.7)
50% 247 (23.9-255) (181-313) 221 (212-23.1) (166-27.6)
GA = 1786 + 0.14 x TAR'® GA = 1637 + 011 x TAR'®
R =064 R* = 041, RMSE = 327 R =064, R* = 041, RMSE = 271
TBR™°
1% 252 (238-265) (17.0-333) 193 (186-200) (125-26.1)
4% 246 (235-256) (164-32.7) 189 (183-196) (12.2-25.7)
GA = 2536 — 020 x TBR™° GA = 1941 — 012 x TBR™°
R =031, R = 010, RMSE = 403 R =026, R* = 007, RMSE = 340
Type 1 diabetes mellitus Type 2 diabetes mellitus
15-AG (ng/mL) 95% Cl 95% P| 15-AG (ng/mL) 95% C| 95% P
T|R7(%1 80
50% 43 (3.7-48) (-03-88) 64 4.8-8.1) (-39-168)
70% 60 (51-69) (14-106) 100 (90-11.0) (=03-203)
15-AG = —003 + 009 x TIR™*'®° 15-AG = =246 + 018 x TIR™>'®
R =053, > = 028 RMSE = 225 R =054, R> = 029, RMSE = 5.17
-I—AR>180
25% 54 47-62) 08-10.1) 102 9.1-113) (04-20.7)
50% 38 (32-43) (-08-84) 62 4.4-80) (—44-169)

15-AG = 7.14 — 007 x TAR'®
R =051, B> = 026, RMSE = 229

15-AG = 1418 — 016 x TIR™'®
R =051, B> = 026, RMSE = 529

The least squares method was used to estimate glycated albumin (GA) and 1,5-anhydro-o-glucitol (1,5-AG) from time in range (TIR), time above
range (TAR), and time below range (TBR). 95% Cl, 95% confidence interval; 95% PI, 95% prediction interval; R, multiple correlation coefficient; A2,

coefficient of determination; RMSE, root mean square error; TAR™'®°

TIR*"® time in range 70-180 mg/dlL.

Similar analyses were carried out to estimate GA levels
(Table 5; Figure 1d—f). The estimated GA corresponding to a
TIR™ ™ of 70% and 50% was 20.3% (95% CI 19.0-21.7%)
and 23.7% (95% CI 22.9-24.5%) in type 1 diabetes mellitus
patients, and 19.3% (95% CI 18.7-19.9%) and 21.4% (95% CI
20.5-22.4%) in type 2 diabetes mellitus patients, respectively.
The estimated GA corresponding to a TAR™'® of 25% was
higher in type 1 diabetes mellitus patients (21.3, 95% CI 20.2—
22.4%) than in type 2 diabetes mellitus patients (19.2%, 95%
CI 18.7-19.8%). The estimated GA corresponding to a TBR™°
of 4% was higher in type 1 diabetes mellitus (24.6%; 95% CI
23.5-25.6%) than in type 2 diabetes mellitus patients (18.9,
(95% CI 18.3-19.6%).

The results of 1,5-AG are shown in Table 5 and Figure 2.
The estimated 1,5-AG corresponding to a TIR”® "** of 70% was
as low as 6.0 ug/mL (95% CI 5.1-6.9 pg/mL) in type 1 diabetes

. time above range >180 mg/dL; TBR™"°, time below range <70 mg/dL;

mellitus patients. The estimated 1,5-AG corresponding to a
TAR™'™ of 25% was also low in type 1 diabetes mellitus
patients (5.4 pg/mL, 95% CI 4.7-6.2 pg/mL). 1,5-AG showed
no significant single regression lines for estimating TBR™°.

Estimation of time in range from HbA1c, GA and 1,5-AG

In type 1 diabetes mellitus patients and type 2 diabetes mellitus
patients (Table 6), least squares regression models were used to
assess the relationship between CGM metrics and HbAlc (Fig-
ure Sla—). In type 1 diabetes mellitus patients, the estimated
TIR® ™ and TAR™' corresponding to an HbAlc level of
7.0% were 56.1% (95% CI 52.3-59.8%) and 35.2% (95% CI
30.7-39.7%), respectively. In type 2 diabetes mellitus patients,
the estimated TIR®™® and TAR™ corresponding to an
HbAlc level of 7.0% were 74.2% (95% CI 71.3-77.2%) and
21.4% (95% CI 18.8-24.0, respectively.
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Figure 2 | Association of 1,5-anhydro-p-glucitol (1,5-AG) with time in range (TIR), time above range (TAR) and time below range (TBR). @, Type 1
diabetes mellitus; O, type 2 diabetes mellitus; A, impaired glucose tolerance; solid line, single regression line in type 1 diabetes mellitus patients;
broken line, single regression lines in type 2 diabetes mellitus patients. (a) Association between 1,5-AG and TIR"®®. (b) Association between

15-AG and TAR”'®. () Association between 1,5-AG and TBR*"®,

The estimated TIR”®"* corresponding to a GA of 20% was
58.4% (95% CI 54.2-62.6%) in type 1 diabetes mellitus patients,
and 704% (95% CI 67.2-73.6%) in type 2 diabetes mellitus
patients (Figure S1d—f). The estimated TIR”®'® corresponding
to a 1,5-AG level of 10.0 pg/mL was 67.6% (95% CI 59.3—
75.9%) in type 1 diabetes mellitus, and 72.5% (95% CI 69.4—
75.7%) in type 2 diabetes mellitus patients (Figure S2a—c).

DISCUSSION

The present study investigated the relationship between CGM
metrics, such as TIR”®'®, and glycemic control indicators, such
as HbAlc, GA and 1,5-AG. The results of this study showed
that TIR”® " was correlated with not only HbAlc, but also
GA and 1,5-AG. We also found that the estimated HbAlc cor-
responding to a TIR”™® of 70% and a TAR™™ of 25% was
approximately 7% for both type 1 diabetes mellitus and type 2
diabetes mellitus patients, and that the estimated GA and 1,5-
AG calculated from the TIR and TAR might be different
between type 1 diabetes mellitus and type 2 diabetes mellitus
patients.

Previous reports have shown that diabetic microvascular
complications and vascular endothelial dysfunction are associ-
ated with TIR”® ' deterioration”® *°. The Advanced Technolo-
gies & Treatments for Diabetes stated that TIR is an
appropriate and useful clinical target and outcome measure-
ment that complements HbAlc for a wide range of patients
with diabetes®. The Advanced Technologies & Treatments for
Diabetes recommends a TIR”® "® target of >70% for the man-
agement of most cases of type 1 diabetes mellitus and type 2
diabetes mellitus*'. Beck et al*’ reported that a TIR® ' of
70% corresponded to an HbAlc level of approximately 7%.
Another analysis of randomized trials on type 1 diabetes

mellitus and type 2 diabetes mellitus also reported that a
TIR™ ™ of 70% corresponded to an HbAlc level of 6.7%%. In
the present study, the HbAlc level corresponding to a TIR™®
180 of 70% was 6.9% in type 1 diabetes mellitus patients and
7.1% in type 2 diabetes mellitus patients, which was similar to
those reported previously.

The GA corresponding to a TIR”® ' of 70% and 50% was
20.5% and 23.8% in type 1 diabetes mellitus patients, and
19.3% and 21.5% in type 2 diabetes mellitus patients, respec-
tively. GA has been reported to be more useful than HbAlc as
a glycemic variability index, such as postprandial hyper-
glycemia'* "¢, In fact, it has been reported that GA is higher in
type 1 diabetes mellitus patients than in type 2 diabetes melli-
tus patients, even when HbAIc is similar®’. In addition, GA is
known to be low in obese individuals'®. In the present study,
patients with type 1 diabetes mellitus had significantly lower
BMI than those with type 2 diabetes mellitus. Thus, patients
with type 1 diabetes mellitus were more unstable in terms of
blood glucose variability and had a lower BMI than those with
type 2 diabetes mellitus, suggesting that there was a significant
difference between type 1 diabetes mellitus and type 2 diabetes
mellitus patients in the single regression line with GA as the
objective variable.

The 1,5-AG marker has been considered an indicator of
postprandial glycemic control in patients with HbAlc levels of
<8.0%*!. Considering that 77.7% of the participants in the
present study had HbAlc levels of <8.0%, a relationship
between 1,5-AG and TAR™® might be assumed. In contrast,
the present study showed that 1,5-AG corresponding to a
TIR”® ™ of 70% was lower in patients with type 1 diabetes
mellitus (6.0 pg/mL) than in those with type 2 diabetes mellitus
(10.0 pug/mL). It has been reported that 1,5-AG might not be a
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Table 6 | Estimation of time in range, time above range and time below range from glycemic control indicators in type 1 diabetes mellitus and
type 2 diabetes mellitus patients

Type 1 diabetes mellitus

T|R70—180 (%)

TAR™'80 (9)

TBR™° (%)

Estimate  95% Cl 95% PI Estimate  95% ClI 95% PI Estimate  95% Cl 95% PI
HbATc (%)
60 66.1 ©01-721)  (406-917) 228 (156-300)  (~7.9-535) 1.1 81-140) (=16-237)
70 56.1 (523-598) (309-812) 352 (307-397)  (51-653) 87 69-106)  (=37-21.1)
80 460 429-491)  (209-711) 476 439-514) (176-776) 64 4879  (-60-187)
TIRO'8 = 12652 — 1006 x HbAlc,  TAR™ = 5161 + 1240 x HbAIc, TBRC = 25 09 — 234 x HbAIC
RMSE = 1246 RMSE = 14.92 RMSE = 6.
GA (%)
160 683 618-748) (427-940) 208 (128-288)  (-106-522) 108 (76-141)  (=2.1-238)
200 584 (542-626) (332-836) 327 (276-378)  (19-635) 89 68-110) (=38-216)
240 485 (454-515)  (235-735) 446 409-483)  (140-752) 69 (54-85)  (=5.7-196)
TIR*'8 = 109.17 — 251 x GA, TART'® = 2673 + 297 x GA, TBRC = 1865 — 049 x GA,
RMSE = 1243 RMSE = 1520 RMSE = 6.28
1,5-AG (ng/mL)
80 61.1 (551-672)  (328-894) 299 (225-373)  (=50-648)
100 676 (593-759) (387-965) 224 (121-326)  (=13.257.9)
120 74.1 (634-848)  (445-1037) 148 (16-281)  (=21.7-514)
TIR*'8 = 3515 4+ 325 x 1,5-AG, TART'® = 6004 — 377 x 15AG,
RMSE = 13.84 RMSE = 17.04
Type 2 diabetes mellitus ~ TIR®'% (%) TAR™'80 (95) TBR° (%)
Estimate  95% Cl 95% PI Estimate  95% Cl 95% PI Estimate  95% ClI 95% PI
HbATC (%)
6.0 883 (834932)  (583-1183) 34 10-78)  (234-301) 83 (59-107)  (=63-229)
70 742 (713-772)  (445-1040) 214 (188-240)  (-5.1-479) 44 29-58  (-10.1-188)
80 60.2 (555-648)  (302-90.1) 394 (353-436) (127-661) 04 “1-27)  (=100-105)
TIR®'8 = 17270 — 1407 x HbAlc,  TAR'® = —10474 + 1802 x HbAlc, TBR™° = 3200 — 395 x HbAIlc
RMSE = 14.92 RMSE = 1330 RMSE = 725
GA (%)
160 822 (782-862)  (513-1132) 119 80-158)  (=183-420) 59 3979  (-94-212)
200 704 672-736)  (395-1013) 260 (229-292)  (-40-561) 36 0-51)  (=11.7-188)
240 586 (531-640) (274-897) 402 (349-455)  (9.8-706) 12 15-39)  (142-166)
TIR'8 = 12957 — 296 x GA, TAR = 4483 + 354 x GA, TBR™° = 1526 — 058 x HbAITC
RMSE = 1548 RMSE = 15.07 RMSE = 763
15-AG (ug/mL)
80 693 (659-727)  (379-1006) 265 (228-30.1)  (=7.2-60.1)
100 725 ©694-757)  (412-1039) 232 (199-266)  (~104-56.9)
120 758 (726-790)  (445-107.1) 200 (166-234)  (=136-536)
TIR® = 5612 + 164 x 15-AG, TAR™ = 3944 — 162 x 15-AG,
RMSE = 15.70 RMSE = 16.86

The least squares method was used to predict from time in range (TIR) and time above range (TAR) from hemoglobin Alc (HbA1c), glycated albu-
min (GA), and 1,5-anhydro-o-glucitol (1,5-AG). 95% Cl, 95% confidence interval; 95% Pl, 95% prediction interval; RMSE, root mean square error;
TAR™'® time above range >180 mg/dL; TBR™°, time below range <70 mg/dL; TIR> time in range 70-180 mg/dL.

useful glycemic control indicator in patients with poor glycemic
control’® >, Tt has been also reported that patients with type 1
diabetes mellitus have lower 1,5-AG levels than those with
°. For these reasons, there seemed to
be a difference in the regression equation using 1,5-AG as an

type 2 diabetes mellitus’®

diabetes mellitus patients.
Beck et al*

objective variable between type 1 diabetes mellitus and type 2

reported that an HbAlc level of 7.0% corre-
sponded to a TIR™ '® of 64% in patients with type 1 diabetes
mellitus. The present study found that an HbAlc level of 7.0%
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corresponded to a TIR™ ™ of 56.1% in patients with type 1
diabetes mellitus. Furthermore, Urakami et al** reported that
an HbAlc level of 7.0% corresponded to a TIR™'® of 55.1%
in Japanese children and adolescents with type 1 diabetes melli-
tus, a finding similar to that presented in the present study. In
contrast, we found that an HbAlc level of 7.0% corresponded
to a TIR”*'® of 74.2% in patients with type 2 diabetes melli-
tus, which differed from the values of those with type 1 dia-
betes mellitus. Patients with type 1 diabetes mellitus have been
known to have more frequent blood glucose fluctuations than
those with type 2 diabetes mellitus®. Given that HbAlc was
higher and TIR”®**° was lower in patients with type 1 diabetes
mellitus than in those with type 2 diabetes mellitus, there might
have been differences in single regression lines. Thus, the pre-
sent results suggest that the TIR”®"® estimated from HbAlc
might be different between patients with type 1 diabetes melli-
tus and those with type 2 diabetes mellitus. Therefore, TIR™®
'8 targets should be set individually, considering various fac-
tors, such as the type of diabetes, types of diabetes therapy and
risk for hypoglycemia®'.

The present study had certain limitations. First, this was an
observational study carried out at a single institution. Second,
there is an issue of measurement accuracy of CGM. It is
known that the mean absolute relative difference of FreeStyle
Libre Pro® is 11.1%°. However, it has been reported that
CGM might overestimate hypoglycemia®*®. In fact, 40.9% of
patients with IGT not receiving oral antidiabetics had TBR™°
of >4%. Therefore, it might be necessary to evaluate the accu-
racy of CGM measurements through self-monitoring of blood
glucose, which should be considered in future studies. Third,
HbAlc, GA and 1,5-AG were measured at only one timepoint,
on the day of CGM application. There is the possibility of a
deviation between CGM metrics, such as TIR, and glycemic
control indicators, such as HbAlc, when the glycemic control
is improved over a short period. Therefore, it is desirable to
measure glycemic control indices (such as HbAlc) multiple
times, and further investigation should be necessary. Last, given
that the present study used 14 days of retrospective CGM,
long-term studies using real-time CGM or intermittently
scanned CGM will be necessary in the future.

In conclusion, the present study found that TI was
associated with not only HbAlc, but also GA and 1,5-AG. We
also found that the estimated HbAlc corresponding to a TIR
of 70% and a TAR™'® of 25% was similar between patients
with type 1 diabetes mellitus and those with type 2 diabetes
mellitus, and that the estimated GA and the estimated 1,5-AG
calculated from TIR and TAR might be different between
patients with type 1 diabetes mellitus and those with type 2
diabetes mellitus.
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Table S1 | Relationships between time in range and patient background.

Figure S1 | Single regression lines with time in range (TIR), time above range (TAR) and time below range (TBR) as the objective
variables, and hemoglobin Alc (HbAlc) and glycated albumin (GA) as the explanatory variables.

Figure S2 | Single regression lines with time in range (TIR), time above range (TAR) and time below range (TBR) as the objective
variables and 1,5-anhydro-p-glucitol (1,5-AG) as the explanatory variable.
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