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Abstract

Aim: Evidence for contribution of basal and postprandial glucose increment,
and glycemic variability to glycated hemoglobin (HbAlc) among adults with
type 1 diabetes (T1D) is limited. This study aimed to capture glycemic fluctua-
tion patterns and quantify contributions of these factors to HbAlc levels
among adults with T1D.

Methods: HbAlc, continuous glucose monitoring (CGM), and diet diaries
were collected and pooled from two clinical trials. Available data sets were
divided into HbAlc quartiles: group 1 (<6.7%), group 2 (6.7%—7.3%), group
3 (7.3%-7.8%), and group 4 (>7.8%). Area under curve above 110 mg/dL
(AUC. 110mg/ar) in 24-h profile was defined as overall hyperglycemia and strati-
fied with postprandial hyperglycemia (PHG, AUC.11omg/ar in 3-h period after
meals) and basal hyperglycemia (BHG, AUC.  1gmg/ar, in remaining period).
Linear regression analysis was used to estimate the proportion of variance in
HbA1lc explained by BHG, preprandial glucose, PHG, glycemic variability, and
non-glycemic factors (age, body mass index, hemoglobin, and duration).
Results: A total of 169 550 glucose data in 2409 meals recorded from 102
patients (male/female, 34/68) were included. Age and duration were 35.2
+12.6 and 8.9 (2.9, 13.0) years, with 51.0% using pumps. Overall, BHG was
four times higher than PHG (p all <.05) and between-group comparisons
showed BHG exhibited a progressive increase (group 1 vs. 2, 3, 4, p = .053,
.086, .006) with fasting contribution of 76.1%, 82.6%, 81.5%, and 84.3% from
group 1 to 4. The increment was not significant among groups 2, 3, and
4 (p > .05). Factors included in analysis explained a total of 74% of the variance
in HbAlc, in which BHG accounted for 32.1% of variance whereas PHG
accounted for 24.4%. In group with HbAlc >7.3%, BHG accounted for a higher
percentage with 33.8% of the variance in HbAlc.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.

© 2023 The Authors. Journal of Diabetes published by Ruijin Hospital, Shanghai Jiaotong University School of Medicine and John Wiley & Sons Australia, Ltd.

Journal of Diabetes. 2023;15:465-473.

wileyonlinelibrary.com/journal/jdb 465


https://orcid.org/0000-0002-0558-6712
https://orcid.org/0000-0001-8503-0310
https://orcid.org/0000-0002-8563-2941
https://orcid.org/0000-0002-8258-2707
https://orcid.org/0000-0001-6392-1163
https://orcid.org/0000-0002-7889-1697
mailto:yanjh79@163.com
mailto:wengjp@ustc.edu.cn
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/jdb

ZHOU ET AL.

MW] LE Y— Journal of Diabetes

KEYWORDS

Highlights

Conclusions: In our study, basal hyperglycemia better predicts overall glyce-
mic control than postprandial hyperglycemia among adults with T1D. The rel-
ative contribution of basal hyperglycemia increased gradually with HbAlc
increasing and predominant strategy for insulin titration among T1D is differ-
ent among different levels of glycemic control.

basal hyperglycemia, HbAlc, postprandial glucose, type 1 diabetes mellitus

« Evidence for contribution of basal and postprandial glucose increments and

glycemic variability to glycated hemoglobin (HbAlc) among adults with
type 1 diabetes (T1D) is limited.

In this study, after analyzing a total of 169 550 sensor-derived data in 2409
meals recorded from 102 T1D adults, we found that basal hyperglycemia
(BHG) was four times higher than that of postprandial hyperglycemia
(PHG). Factors including BHG, preprandial glycemia, PHG, glycemic vari-
ability and age, body mass index, hemoprotein, and duration explained a
total of 74% of the variance in HbAlc, in which fasting hyperglycemia
accounted for 32.1% of variance and postprandial glycemia accounted
for 24.4%.

The relative contribution of fasting hyperglycemia increased gradually with
HbA1lc increasing.

1 | INTRODUCTION

Glycemic control is essential in preventing diabetic com-
plications, and it is particularly challenging among
patients with type 1 diabetes (T1D) due to the deficiency
of beta-cell function.> The glycated hemoglobin
(HbA1c), reflecting the overall glycemic exposure for the
past 8-12 weeks, was widely accepted as the hallmark
measurement of long-term glucose control while its sig-
nificant drawback is unable to comprehensively reflect
diurnal glycemic fluctuations within days and between
days, affected by many factors.>*

Level of HbAlc is acknowledged to be derived from a
composite of fasting and mealtime glucose responses.’
Since 2003, debates on contribution of postprandial glu-
cose excursions and basal glucose increments to overall
hyperglycemia have been pivotally initiated.®® However,
most of these studies have focused on type 2 diabetes
(T2D) particiapnts treated with or without insulin,'® or
mixed cohorts but composed of only a small percentage
of T1D populations,® or analyzed glucose exposure from
limited 24-hour or single glucose value collected via fin-
gerstick blood glucose monitoring (see Supplementary

Table S1). Evidence for the exact contribution of daily
postprandial glucose exposure in HbAlc in individuals
with T1D is few,"' "> with even less for Asian popula-
tions. Considering the biochemical and pathophysiologi-
cal differences between T1D and T2D, a further
discussion in T1D is essential to help improve its clinical
management.

In addition to glycemia, HbAlc concentration is also
determined by nutrition deficiencies that affect the life-
span of erythrocytes, genetic factors, glycemic
variability,'* and the other non-glycemia factors such as
age and adiposity potentially.* The emerging continuous
glucose monitoring (CGM), advantageously captures
daily glucose profiles and separates various components
of glycemic exposures at different time periods, providing
an opportunity to identify which factors contribute most
to long-term glycemic control more accurately, including
those normally experienced, daily postprandial exposures
and daytime glucose variability."> Therefore, in the cur-
rent analysis, based on the CGM data collected in free-
living condition, we first illustrated the relative contribu-
tion of basal and postprandial increments above normal
levels among T1D adults with different level-stratification
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of glycemic control. Moreover, we aimed to compare the
strength of associations of real-life basal and postprandial
hyperglycemic exposures at different time periods as well
as glycemic variability with HbAlc concentrations and to
estimate the variance in HbAlc explained by these fac-
tors and the non-glycemic factors.

2 | MATERIALS AND METHODS

The present study consisted of the CGM data collected from
two clinical trials (NCT 03522870; ChiCTR1900026667).
Briefly, the former study is a randomized clinical trial
(RCT) and CGM data extrated were those collected
during screening period and baseline. The latter study is
Guangdong Type 1 diabetes mellitus Translational
(GTT) study, an observational cohort study with annual
follow-up visit. Detailed information regarding each
study has been previously published."'® Ethical permis-
sions were both received from ethics commission, and
informed consent was obtained from all participants.
The studies were conducted in accordance with the
Declaration of Helsinki.

2.1 | Research Design

211 | Patients

Adult patients (age > 18 years) with T1D diagnosed for at
least 1 year were included. All patients were on stable
treatment with either multiple daily injections or continu-
ous subcutaneous insulin injections. Those with any con-
dition that could affect the reliability of HbAlc
measurement (eg, hemoglobinopathy, hemolytic anemia,
chronic liver disease) were excluded. The flow chart of the
patient selection and data set selection was presented in
Figure S1 (see supplementary materials).

2.1.2 | Data collection

CGM data collected from the RCT were via professional
CGM (Ipro2®, Medtronic) and data collected in GTT
study were from patients who were willing to use Ipro2®
for at least 1 week during the follow-ups. Demographic
characteristics were both collected by qualified endocri-
nologists. Before visiting, patients were instructed to have
an overnight fast. Fasting venous blood samples were fur-
ther collected. HbAlc values were tested via the auto-
mated analyzer (Bio-Rad D10; Bio-Rad Laboratories,
Hercules, CA) using the high-performance liquid chro-
matography technique. During the entire CGM-wearing

period, fingerstick glucose concentrations were required
at least three times per day for sensor calibrations.
Patients were encouraged to record daily diet, exercise,
insulin adjustment, and the corresponding time in the
free-living settings.

2.1.3 | Data Processing

Only the data sets with adequate glucose data (>70% per
day) and the complete three-meal records per day for at
least 48 h were included into analysis. CGM data allowed
group means and individual-event outcomes to be ana-
lyzed across 24 h with midnight taken as the start of the
nocturnal period of 22:00-06:00 and daytime glucose
fluctuations to free-living interventions defined as 06:00-
22:00. Mean fasting blood glucose (FBG), assessing glyce-
mic control at the start of daytime, was calculated from
glucose datasets between —30 and 0 min before breakfast.
Breakfast period was uniformly set as the period at
06:00-10:00, with the lunchtime set as 11:00-14:00 and
dinner time set as 17:00-20:00. The mean preprandial
glycemia at each meal was calculated from glucose data
sets between —30 and 0 min before meals. Postprandial
state was defined as a 3-h period following ingestion of
a meal.

Area under the curve above 110 mg/dL (AUC.110mg/ar.)
in the 24-h glucose profile was defined as overall
hyperglycemia (AUC ) and then stratified with postpran-
dial hyperglycemia (PHG, AUCpyg represents for
AUC. 11omg/ar in the 3-h period after each meal) and the
basal hyperglycemia (BHG, AUCgpyg respresents for
AUC. 110mg/ar in the remaining period). The baseline value
of 110 mg/dL was chosen because this threshold has been
defined as the upper limit of normal postprandial glucose
at fasting or preprandial times by American Diabetes Asso-
ciation and previous studies had also demonstrated that
glucose threshold below than 90 mg/dL seemed to be not
correlated with HbAlc among T1D populations.'” Similar
to the previous studies,® the relative contributions of BHG
and PHG to overall hyperglycemia were calculated as
((AUC gtz minus sum of AUCpyg per day)/ AUCar) X
100% and (sum of AUCpyg/AUC) X 100%, respectively.
(Detailed calculation was provided in the Figure S2, see
supplementary materials).

Glycemic metrics at different identified time periods
were calculated according to the recommendations of
the 2017 International Consensus'®': euglycemia:
time-in-range 70-180 mg/dL (TIR)* hypoglycemia:
time-below-range (TBR, defined as range < 70 mg/dL
or < 54 mg/dL)’; hyperglycemia: time-above-range
(TAR, defined as range > 180 mg/dL or > 250 mg/
dL)*; glycemic variability: SD, coefficient of variation
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(CV), mean blood glucose fluctuation (MAGE), and
mean of daily differences (MODD).

2.2 | Statistical analysis

Data were presented as mean + SD or median [quartiles]
according to the distribution. Statistical analysis was per-
formed using R (Version 3.5.2) and SPSS-27.0 (IBM SPSS
Statistics 25, IBM Corporation, USA). The trapezoidal
method was used to calculate all AUCs. Participants were
grouped according to the quartiles of HbAlc concentra-
tions. Demographics data were compared over groups by
using one-way analysis of variance (ANOVA), followed
by a Bonferroni's test. All tests were two sided, and statis-
tical comparisons were considered significant when
adjusted p values were <.05.

When comparing the relative contribution of BHG
and PHG, linear regression analysis was used to evaluate
the influence of fasting and postprandial hyperglycemia
on HbAlc levels, unadjusted and adjusted with age, gen-
der, diabetic duration, treatment, and body mass index
(BMI). The relationship between HbAlc and CGM met-
rics at different time periods was analyzed by Pearson
correlation. Comparisons of CGM metrics and relative
contribution among groups were also analyzed in the
Bonferroni's post hoc test in the linear regression model.
Prior to analyses, all CGM-derived metrics were normal-
ized to facilitate direct comparisons of the strength of
their respective associations with HbAlc. In the linear
regression model evaluating the proportion of variance in
HbAlc explained, CGM-derived metrics categories
such as fasting glycemia (preprandial glucose, AUCgyg),
postprandial glycemia (AUCpyg), glycemic variability

Demographics and overall glycemic controls among patients included into this analysis.

Group 1 (n =27) Group 2 (n =30) Group 3 (n=23) Group4 (n=22)

TABLE 1

Total (N =102) (AIC < 6.7%)
Sex (F/M) 68/34 18/9
Age (years) 35.24 (12.59) 31.92 (9.94)
Duration (years) 8.88 [2.86, 13.00]  4.00 [1.78, 11.05]
HbAlc (%) 7.25 (0.88) 6.17 (0.51)
CSII/MDI (n/n) 52/50 21/6
BMI (kg/m?) 21.75 (3.02) 21.39 (2.63)
Hb (g/L) 132.52 (14.68) 130.63 (14.23)
Wearing Days (d) 5.90 (2.97) 5.30 (2.85)
FBG (mg/dL) 157.19 (28.55) 135.33 (24.47)

CGM metrics (Overall)

MBG (mg/dL)
eHbAlc (%)

GMI (%)

TIR in 70-180 mg/dL

(%)

TAR > 180 mg/dL (%)
TAR > 250 mg/dL (%)
TBR < 54 mg/dL (%)
TBR < 70 mg/dL (%)

CV (%)
SD (mg/dL)

MAGE (mg/dL)
MODD (mg/dL)

159.08 (26.48)
7.17 (0.92)
7.12 (0.63)
63.04 (15.63)

31.46 [21.22, 41.80]
8.65 [3.81, 15.16]

0.11 [0.00, 1.46]
2.41 [0.52, 6.35]
32.51 (8.03)
51.36 (14.02)
110.07 (37.88)
60.92 (19.25)

132.25 (19.56)
6.24 (0.68)
6.47 (0.47)
76.25 (13.53)

16.45 [9.18, 21.80]

2.66 [0.90, 5.09]
0.00 [0.00, 1.56]

2.71 [0.61, 13.73]

32.14 (9.30)

42.88 (13.44)
85.68 (27.59)
47.02 (16.46)

(AIC = 6.7-7.3%) (ALC = 7.3-7.8%) (AILC > 7.8%) p-value
22/8 15/8 13/9 0.779
35.16 (13.69) 39.31 (14.50) 35.18 (11.35) 0.238
9.88 [5.57,13.33]  5.97[3.25,12.99]  10.54 [4.07,15.33]  0.089
7.09 (0.17) 7.60 (0.15) 8.4 (0.42) <0.001
12/18 12/11 7/15 0.007
21.52 (3.03) 22.93 (3.78) 21.27 (2.40) 0.205
132.63 (17.02) 134.30 (15.20) 132.82 (11.65) 0.855
6.93 (3.31) 5.83 (2.66) 5.32(2.75) 0.008
152.08 (15.83) 157.81 (21.71) 190.32 (23.16) <0.001
153.54 (13.61) 167.80 (15.00) 190.45 (17.98) <0.001
6.98 (0.47) 7.47 (0.52) 8.26 (0.63) <0.001
6.98 (0.33) 7.32(0.36) 7.87 (0.43) <0.001
67.37 (11.70) 57.15 (9.86) 47.07 (10.05) <0.001
30.54 [21.41, 33.46] 37.85[28.99, 44.29] 49.10 [42.88, 60.12] <0.001
7.09 [2.62,12.75]  12.31[8.41,17.73] 17.17 [12.06, 20.77] <0.001
0.33[0.00,1.67]  0.79[0.06,1.85]  0.00 [0.00, 0.00] 0.005
3.44[0.95,593]  3.99[1.76,6.85]  0.64[0.00,1.52] 0.001
33.16 (8.26) 35.68 (6.61) 28.74 (6.05) 0.034
50.82 (13.93) 59.17 (10.96) 54.36 (12.58) <0.001
111.99 (43.33) 125.39 (30.76) 121.38 (34.85) <0.001
60.97 (18.27) 70.55 (17.63) 67.85 (16.12) <0.001

Note: *Between-group comparisons were calculated using ANOVA (Bonferroni's post-hoc test) in the mixed-effects linear regression, which is fitted with

random effects for individuals and fixed effects for HbAlc groups, and adjusted for age, gender, diabetic duration, treatment and body mass index.

Abbreviations: CGM, continuous glucose monitoring; CSII, continuous subcutaneous insulin injection; CV, coefficient of variation; FBG, fasting blood glucose;
GMI, glucose management indicator; Hb, hemoglobin; MAGE, mean amplitude of glycemic excursions; MBG, mean blood glucose; MDI, multiple daily
injection; MODD, mean of daily differences; SD, standard deviation; TAR, time above range; TBR, time below range; TIR, time in range.
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(MAGE, MODD, CV, SD), and non-glycemia factors (age,
BM]I, diabetic duration, and hemoglobin [Hb]) were esti-
mated. To accommodate for correlations between CGM-
derived metrics, we used their combined contribution to
explain variance in HbAlc."

3 | RESULTS

3.1 | Participant characteristics

A total of 169 550 glucose data with 2409 meals recorded
from 102 patients (male/female, 34/68) were analyzed in this
study. The mean age and median diabetes duration were
respectively 35.2 + 12.6 years and 8.9 (2.9, 13.0) years, and
the mean BMI was 21.8 + 3.0 kg/m°. There were 51.0%
(52/50) of patients receiving insulin pumps. According to
the quartiles of HbAlc concentrations, data sets were
divided into four groups, with group 1 of HbAlc < 6.7%
(n = 27), group 2 of HbAlc between 6.7 and 7.3% (n = 30),
group 3 of HbAlc between 7.3 and 7.8% (n = 23), and group
4 of HbAlc >7.8% (n = 22). The mean HbAlc concentration
and the other demographic characteristics among four
groups were presented in Table 1. Demographics were simi-
lar between included population and those being excluded.

Nocturnal Breakfast

|
|
|
} Group 4

FBG: 190.32 (23.16) mg/dL,

Group 3
FBG:157.81(21.71) mg/dL

250 Group 2

FBG: 152.05 (15.83) mg/dL

Group 1
FBG: 135.33 (24.70) mg/dL

180 1~

Glucose (mg/dL)

140 =

110 [~
100 =

70 =

— Lunch

3.2 | Glycemic control at different time
periods among HbAlc groups

Following removal of ineligible datasets, the median
number of days with valid CGM measurements in the
analysis was 5.2 (3.0, 7.0) days. Among four HbAlc
groups, distinct glycemic patterns within day were pre-
sented in Figure 1 and detailed information was in
Table 1. Overall, the mean blood glucose, as well as glu-
cose management indicator (GMI), TAR>180 mg/dL,
and TAR>250 mg/dL, significantly increased with
HbAlc values increasing among groups (p < 0.001) and
TIR progressively decreasing. Significant differences in
mean blood glucose (MBG) and TIR during daytime and
nighttime were both robustly observed among groups but
there were no significant between-group differences in
CV and SD during nighttime (see Figure 1).

Of note, difference in FBG was not observed between
group 2 and group 3 (152.08 + 15.83 mg/dL vs 157.81
+ 21.71 mg/dL, p = .246) whereas group 3 had signifi-
cantly lower TIR (57.15+9.86% vs 67.37 + 11.70%;
p <.001) and higher SD (59.17 + 10.96 mg/dL vs 50.82
+ 13.93 mg/dL; p = .027) and TAR than those in group
2. Furthermore, when assessing CGM metrics during dif-
ferent mealtimes respectively, differences in TIR and

— Dinner !

Groupl (HbAlc <6.7 %)
Group2 (HbAlc = 6.7-7.3 %)
Group3 (HbAlc =7.3-7.8 %)
Group4 (HbAlc > 7.8 %)

Group4

MBG:190.45 (17.98) mg/dL;
TIR:47.07 (10.05) %
CV:28.74 (6.05) %
SD:54.36 (12.58) mg/dL
Group3

MBG:167.80 (15.00)mg/dL;
TIR:57.15 (9.86) %
CV:35.68 (6.61)%;

SD: 59.17 (10.96) mg/dL
Group2

MBG:153.54 (13.61) mg/dL;
TIR:67.37 (11.70) %
CV:33.16 (8.26) %;

SD: 50.82 (13.93) mg/dL
Groupl

MBG: 132.25(19.56) mg/dL;
TIR: 76.25 (13.53) %
CV:32.14 (9.30) %;

SD: 42.88 (13.44) mg/dL

|
1 1 1 1 1 1 1 [
»

Hour(h) 00:00 06:00 12:00

FIGURE. 1

22:00

Glucose profiles of the whole 24 h among different HbAlc groups. CV, coefficient of variance; FBG, fasting blood glucose;

HbA1c, glycated hemoglobin; MBG, mean blood glucose; TIR, time spent in range 70-180 mg/dL. Solid line represents the mean glucose

concentrations at the respective hour; dashed line represents the upper and lower estimates of mean glucose concentrations.
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TAR>180 mg /dL were observed during breakfast
(p=.074; p=.061) and during lunch (p = .036;
p = .065) rather than those during dinner (p = .179;
p = .202) between group 2 and group 3. TBR < 70 mg/dL
and CV between group 2 and group 3 was not observed
(p both >.05). For other between-group comparison, TIR
during breakfast, lunch, and dinner was significantly
lower in group 1 than those in group 3 and 4 whereas dif-
ference in TIR tended to be significant only during din-
ner between group 1 and group 2 (p = .069). Detailed
information was presented in Figure S3 (see Supplemen-
tary Materials).

3.3 | Relationship between CGM-derived
metrics at different time periods and
HbAlc measurements

Association of HbAlc measurements with CGM-derived
metrics including FBG, AUC . (r* = 0.693), MAGE,
MODD, and SD were statistically significant (p all <.001)
except for CV (p = .884). When distributing the overall
hyperglycemia into basal and postprandial status, both
associations were statistically significant with higher r* in
AUC gpg of 0.624 (p <.001) and AUC.q1omg/ar. during
dinner of 0.412 (p < .001).

3.4 | Contributions of basal and
postprandial hyperglycemia and
nonglycemic factors to HbAlc variations

When assessing the relative contribution of BHG and
PHG, as presented in Figure 2, the BHG value was
approximately four times higher than the PHG value,
with fasting contribution of 76.09%, 82.60%, 81.46%, and

Adjusted pvalue=.006

Adjusted p value=.086 All models :p value=.008

Adjusted p value=.053 Type
M BHG
9 PHG
S 75 L .
8
g
2
£ 50 -
o
o
E
< 25
-4
0
Groupl(n=27) Group2(n=30) Group3(n=23) Group4(n=22)
Alc<6.7% Alc=6.7-7.3% Alc=7.3-7.8% Alc>7.8%
FIGURE 2 Relative contributions of BHG and PHG to overall

hyperglycemia by A1C category. The linear model was adjusted by
age, diabetic duration, gender, BMI and type of insulin therapy.
BHG, basal hyperglycemia; PHG, postprandial hyperglycemia.

84.26% from group 1 to 4 (all p < .05). Furthermore, for
each relative fasting or postprandial contribution, ana-
lyzed individually, comparisons over four groups showed
significant differences with the BHG value exhibiting a
progressive increase from group 1 to 4 (group 1 vs. 2, 3,
and 4, p = .053, .086, .006, respectively), but the increase
was small with differences in BHG not significant among
group 2, 3, and 4. The use of insulin pumps, age, gender,
and BMI did not significantly change the relative contri-
bution BHG to HbAlc (p all > .05).

Proportion of variance in HbAlc explained by fasting
glycemia (AUCgyg, preprandial glucose), postprandial
glycemia, glycemic variability, and non-glycemic factors
is presented in Figure 3. In this study, approximately 74%
of the variance of HbAlc was explained by the included
factors and the rate was higher among patients with
HbAlc >7.3% of 71.6% whereas only 56.8% among
patients with HbAlc <7.3%. Overall, BHG accounted for
a third of the variance explained (32.1%). The proportion
was larger in poorer glycemic control (HbAlc >7.3%)
with 33.8% than that in HbAlc <7.3% group. Further, the
proportion explaining the HbAlc variation was progres-
sively smaller in PHG and glycemic variability, with the

80.00 R2=0.7419 R2=0.5684 R2=0.7161

1.42

70.00 5.54

16.34

60.00 12.65

7.80
50.00

14.13
40.00

30.00

20.00

Proportion of variance explained in HbA1c(%)

10.00

Adjusted HbA1c<7.3%

HbA1c>7.3%

=Fasting ®Postprandial = Glycemic variability  Others

FIGURE 3 Proportion of variance explained in HbAlc in
fasting glycemia (AUCgyg and preprandial glucose), postprandial
glycemia (AUCpy), and glycemic variability (MAGE, MODD, CV,
SD) adjusted by non-glycemic factors (age, BMI, Hb, diabetic
duration) in all patients (n = 102), group with HbAlc <7.3%

(n = 57), and group with HbAlc >7.3% (n = 45). AUCgyg, area
under the curve for fasting hyperglycemia; AUCpy, area under the
curve for postprandial hyperglycemia; BMI, body mass index; CV,
coefficient of variation; HbAlc, glycated hemoglobin; MAGE, mean
amplitude of glycemic excursions; MODD, mean of daily
differences.
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value of 24.4% and 16.3%. These results were robust in
poorer glycemic control whereas the proportion in glyce-
mic variability was similar to that in PHG among patients
with HbAlc <7.3%. In addition, even after adjusting for
the non-glycemic factors we included, there was still
approximately 26% of the variance of HbAlc not
explained among all patients. The adjusted and unad-
justed mean and 95% confidence interval in HbAlc by
each SD difference in CGM metrics was presented in
Supplementary Figure S4.

4 | DISCUSSION

Through the analysis of CGM measurements collected in
free-living settings, we found that BHG better predicts
overall glycemic control than PHG or glucose variability
exposure to variation in HbAlc among adults with T1D
and contributes more among patients with HbAlc >7.3%.
We also found that PHG contributed equally but slightly
less than glucose variability among patients with
HbAlc <7.3%.

Since Monnier et al pivotally demonstrated the relative
contribution of blood glucose in T2D,*’ the increasing
bulk of evidence in T2D had been reported although few
had concentrated on T1D, either focusing on adolescents'!
or only males,” or using self-monitoring blood glucose
(SMBG) data."” Therefore, in our study, focusing on adults
with T1D, we found that BHG contributes the majority of
diurnal hyperglycemia regardless of levels of HbAlc. This
is also consistent with the results observed in the previous
studies using the SMBG records.'* The higher contribution
of BHG among T1D also explains why the emerging
advanced closed-loop automated insulin delivery system,
which was currently able to adjust the basal glycemia
automatedly, could have outstanding effects in glycemic
control with approximately 75%-85% glucose levels main-
tained in target even though the precise and evidence-
sufficient strategies of postmeal glycemic control have not
been fully developed.*

Furthermore, our study also observed a different gly-
cemic deterioration pattern among HbAlc groups even
though BHG dominates among T1D. As presented, in
patients with HbAlc >7.8%, BHG dominates and the sig-
nificantly lower CV value in this group potentially indi-
cated that postprandial excursions might have a
relatively small impact. For those with HbAlc <6.7%,
even though both of the glycemic targets (HbAlc < 7.0%
and TIR>70%) were achieved, the high risk of hypoglyce-
mia during mealtimes, particularly breakfast, should be
of great attention, as higher TBR was observed during
this meal depsite non-signficantly (see Supplementary

Figure S3). Of note, even though similar and near-normal
glucose values at the prebreakfast time were observed in
group 2 and group 3, patients in group 3 exhibited an ele-
vation of glucose levels from breakfast to lunch, thus
leading to less stable glycemic fluctuations and the signif-
icantly lower TIR in the following hours. From these
results, we deduced that the strategy for insulin titration
in T1D patients might follow a three-step process: (a) for
those with higher HbAlc levels, control of the basal diur-
nal hyperglycemia is predominant; (b) for those with
moderate glycemic control (defined as 6.7%-7.8% in our
study), the additional concomitant therapy to reduce gly-
cemic fluctuations during meals particularly those in the
morning is necessary for further achievement of glycemic
targets; and (c) for those with good glycemic control, the
treatment target might be the control of postprandial
fluctuation, avoiding the hypoglycemic events. However,
as our study's sample size was relatively small, whether
these deductions are reliable and effective in clinical set-
tings should be further discussed.

Previously, it has been demonstrated that variances
existed between CGM metrics and HbAlc and could be
determined by many factors such as time period, varia-
tion in glycation rates, and factors such as anemia. In this
study, the factors derived from CGM data contributed
>70% of the variance in HbAlc, which is in line with the
recently published data conducted among T1D males
from Europe."> Of note, the non-glycemia factors
included in our study, such as age, BMI, diabetic dura-
tion, and Hb level, have a small contribution in HbAlc
and there was still approximately 20%-30% of the vari-
ance in HbAlc undefined even though the contribution
of glycemia was higher among those with HbAlc >7.3% .
Recently, Ajjan and his colleagues had reported a model
that incorporated erythrocyte lifespan, attempting to
address limitations in laboratory HbAlc.*' Other poten-
tial factors that influenced HbAlc level remain an area
for future work.

To our knowledge, our study is the first to quantify
contribution of different factors to HbAlc among adults
with T1D, which made up a large proportion and high-
risk subpopulation of the entire T1D population. The
results might have larger generalizability. Furthermore,
via application of CGM device, we carefully described
glucose profiles in life circumstances without diet con-
trols, and this is also for the first time the variance in
HbAlc among Asian populations was estimated. In our
study, the number of meals evaluated among T1D
patients is large even though detailed information about
food intake was still lacking. Through the carefully char-
acterized glycemic excursions occurring after meals
described in the free-living conditions among TID
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patients, it might be of great clinical importance for iden-
tifying specific periods and individuals with further glyce-
mic management strategies.

A limitation of this study is the lack of detailed infor-
mation reported to potentially influence postprandial
hyperglycemic excursions, such as the nutrient compo-
nents of the food intake, the behaviors including the tim-
ing and dosage of real-time bolus insulin. As the diet
diary was encouraged rather than compulsory, the
median durations of the included data sets were only
5 days instead of the whole monitoring 14 days. Besides,
the level of beta-cell function lacked sufficient data col-
lected in two studies. As mentioned previously, the C-
peptide level might attribute to the different contribu-
tions of BHG and PHG to HbAlc. Regarding this, further
analysis is needed to explain the findings in our study.*
Furthermore, the partial data sets reanalyzed in this
study were from the screening period and baseline in the
RCT instead of the trials initially designed to assess the
associations, which might also hamper the generalizabil-
ity of the results.

5 | CONCLUSIONS

In conclusion, the present study provides detailed glucose
profiles among adult patients with T1D in free-living set-
tings. It had demonstrated that BHG better predicts over-
all glycemic control than PHG in T1D and contributes
more to glycemic control becoming poorer. Strategies for
insulin titration among adult T1D might be adapted
according to HbAlc concentration, with predominantly
controlling BHG in poorer glycemic control and post-
prandial glycemia when glycemic control is moderately
poor while avoiding hypoglycemia particularly during
breakfast to maintain glucose in the normal glucose
range.
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