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Abstract

Background: Little is known about the risk of diabetes due to higher glycemic
variability and the underlying mechanisms. We aimed to examine the associa-
tion of visit-to-visit variability (VVV) in fasting plasma glucose (FPG) with inci-
dent diabetes in Chinese adults and whether the association was mediated by
changes in insulin resistance (IR).

Methods: We included 1856 community residents without a history of diabe-
tes and having attended 3 examinations in 2008, 2009, and 2013 respectively.
The SD, the average successive variability (ASV), the coefficient of variation
(CV), and the variability independent of the mean (VIM) of three recorded
FPG measurements were calculated for each participant, and SD, ASV, CV,
and VIM were used as a measure of VVV in FPG. Incident diabetes was
defined according to the 1999 World Health Organization criteria. IR was eval-
uated using the homeostatic model assessment (HOMA).

Results: A total of 153 (8.2%) participants developed incident diabetes at the
third visit. Compared with the lowest tertile (0-5.83 mg/dl) of FPG-SD, the
highest tertile (9.55-74.17 mg/dl) was associated with a 148% increased risk of
diabetes (odds ratio [OR], 2.48; 95% confidence interval [CI], 1.36-4.49), after
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1 | INTRODUCTION

Diabetes is an important cause of cardiovascular disease
morbidity and mortality worldwide and poses a great
disease burden on healthcare system."? Current man-
agement of diabetes uses glycated hemoglobin Alc
(HbAlc), blood glucose, or glycemic variability to moni-
tor glucose control.> Glycemic variability is an assess-
ment of fluctuations in glycemia, which includes short-
term (within-day or between-days) and long-term glyce-
mic variability. The latter refers to fluctuations within
several months or years and is usually assessed by visit-
to-visit variability (VVV) of HbAlc or fasting plasma
glucose (FPG).>”

Recent observational studies suggest that the visit-
to-visit glycemic variability might be an independent
risk factor for incident diabetes.** For example, a
nationwide population-based cohort study in Korea
found that increased variability of FPG is associated
with a higher risk for the development of diabetes inde-
pendent of mean FPG level.® However, another study in
Denmark showed that higher variability of HbAlc was
not significantly associated with incident type 2 diabe-
tes.!® Therefore, current evidence of the impact of visit-
to-visit glycemic variability on the development of dia-
betes is controversial.

Besides, these studies did not examine the underly-
ing mechanisms linking glycemic variability and inci-
dent diabetes. Basic laboratory studies have
demonstrated that higher plasma glucose variability had
a greater effect on oxidative stress and endothelial

adjustment for covariates including mean FPG at 3 visits. Mediation analyses
suggested that changes in IR (AHOMA-IR) might mediate 17.3% of the associa-
tion between increased FPG-SD and elevated diabetes risk. Similar results were
found for FPG-CV, FPG-ASV, and FPG-VIM.

Conclusions: The VVV in FPG was significantly associated with risks of dia-
betes in Chinese adults, which was partially mediated by changes in IR.

diabetes, fasting plasma glucose, mediation analysis, visit-to-visit variability

« A greater long-term variability in fasting plasma glucose is significantly
associated with an increased risk of incident diabetes.

« The association between fasting plasma glucose variability and incident dia-
betes could be partially mediated by an elevated homeostatic model assess-
ment of insulin resistance.

« Fasting plasma glucose variability should be considered in early prevention

function compared with a sustained hyperglycemia.'**?

Furthermore, the oxidative stress-activated signaling
pathway leads to insulin resistance (IR), which is the
main pathogenic mechanism of diabetes.* Therefore, it
is possible that glycemic variability may facilitate the
development of diabetes via altered insulin sensitivity.
However, no data are available on the potential role of
IR as a mediator in the association between glycemic
variability and incident diabetes.

The purpose of this study was to investigate (a) the
association of VVV of FPG with risks of diabetes and
(b) the mediating effect of changes in IR on this potential
association using a population cohort of community resi-
dents who have participated in several metabolic health
examinations.

2 | METHODS

2.1 | Study population

The present analysis was performed based on an ongo-
ing cohort of Chinese adults in Shanghai. The details
of the cohort have been described previously.'* Briefly,
participants underwent three examination visits. At the
first visit (June and July 2008), 10 185 adults aged
>40 years from Songnan Community participated in
the screening examination. All the subjects completed
a brief survey including FPG, blood pressure (BP), and
lipid levels evaluation. In the second visit (June
through August 2009), participants were randomly
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FIGURE 1 Flow chart of the
study population. FPG, fasting
plasma glucose

n =2883

Participants completed all 3 visits
(baseline in 2008, the second visit in
2009 and the third visit in 2013)

Participants with previously or newly

L4

diagnosed diabetes at the second visit

n =962

Participants with a history of diabetes or
treated with antidiabetic medications at

the third visit
n =35

Missing data on FPG at any of the 3
visits or 2h-PG and fasting serum insulin

A4

at the second or the third visits
n=30

n= 1856

Participants included for analysis

selected from registered permanent residents of the
first visit in a ratio of 1.0 diabetes (with FPG 126 mg/
dl or higher or with a history of diabetes) to 1.2
impaired glucose regulation (with FPG 100 to 125 mg/
dl and without a history of diabetes) to 1.44 normal
glucose regulation (with FPG less than 100 mg/dl and
without a history of diabetes). All the selected partici-
pants completed a detailed survey including a detailed
questionnaire, physical examinations, a standard 75g
oral glucose tolerance test (OGTT), and blood and
urine sampling. In the third visit (between March and
May 2013), individuals who participated in the previ-
ous two visits were invited to have reevaluations of
FPG, OGTT 2 h plasma glucose (OGTT 2 h-PG), and
fasting serum insulin. A total of 2883 adults completed
all three visits.

For the current analysis, participants with previously
or newly diagnosed diabetes at the second visit
(n = 962), with a history of diabetes or treated with anti-
diabetic medications at the third visit (n = 35), or with
missing data on FPG at any of the three visits or OGTT
2 h-PG and fasting serum insulin at the second or the
third visits (n = 30) were excluded. Therefore, 1856 indi-
viduals were eventually included in the current analysis
(Figure 1).

The study protocol was approved by the Committee
on Human Research at Ruijin Hospital, Shanghai Jiao
Tong University School of Medicine. All participants pro-
vided written informed consent.

2.2 | Data collection

Data were collected from local community clinics at the
first, the second, and the third visits.

Detailed information regarding participant demo-
graphics, medical history, family history, and lifestyle fac-
tors (eg, smoking and drinking status) was obtained by a
standard questionnaire. The International Physical Activ-
ity Questionnaire was used to assess physical activity."®
Questions including frequency and duration of mild,
moderate, and vigorous activities in the previous week
were asked. Regular exercise was defined as >150 min/
week moderate-intensity activity, >75 min/week vigorous-
intensity activity, or >150 min/week moderate- and
vigorous-intensity activity.'® Body mass index (BMI) was
calculated as body weight (kg) divided by the square of
body height in meters (kg/m?). Three seated BP measure-
ments were made with 1 min intervals after a 5 min rest,
using an automated electronic device (OMRON Model
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HEM-752, Omron, Dalian, China). The mean value of
three measurements was used for analysis.

After an overnight fast of more than 10 h, venous
blood samples were collected at all three visits. At the
first visit, FPG of all participants was measured. At
the second and the third visits, all participants under-
went a standard 75 g OGTT after an overnight fast.
Blood samples were obtained at 0 h and 2 h during the
test. Laboratory tests measured FPG (all three visits),
OGTT 2 h-PG (the second and the third visits), fasting
serum insulin (the second and the third visits), and
lipid profiles (all three visits). Plasma glucose was
measured using the glucose oxidase method on an
automated analyzer (ADVIA-1650 Chemistry System,
Bayer Corporation, Leverkusen, Germany). Serum
insulin was measured by electrochemiluminescence
assay (Roche Diagnostics, Basel, Switzerland). Lipid
profile including triglycerides (TG), total cholesterol
(TC), high-density lipoprotein cholesterol (HDL-c),
and low-density lipoprotein cholesterol (LDL-c) was
measured by an automatic analyzer (ADVIA-1650
Chemistry System, Bayer Corporation, Leverkusen,
Germany).

2.3 | Measures of glycemic variability
Long-term visit-to-visit FPG variability was evaluated
using four variability measures from all three visits, cal-
culating the following for individual participants:(1) the
SD, (2) the average successive variability (ASV), (3) the
coefficient of variation (CV), and (4) the variability inde-
pendent of the mean (VIM). ASV is the average of abso-
lute difference between successive values of FPG.VIM
was calculated as SD/mean®, where B is the regression
coefficient based on In of FPG-SD over In of mean.***!’

2.4 | Definitions

Incident diabetes was defined according to the 1999
World Health Organization criteria as FPG >126 mg/
dl (7.0 mmol/L) or OGTT 2 h-PG >200 mg/dl
(11.1 mmol/L) or a self-reported previous diagnosis of
diabetes by healthcare professionals.’®'® Homeostatic
model assessment of IR index (HOMA-IR) was calculated
as follows: fasting insulin (pIU/ml) x fasting glucose
(mg/dl)/405.%° Hypertension was defined as systolic blood
pressure (SBP) >140 mm Hg or diastolic blood pressure
(DBP) >90 mm Hg or taking antihypertensive medica-
tions. Dyslipidemia was defined as taking lipid-lowering
medications, TC >240 mg/dl, TG >200 mg/dl, HDL-
¢ < 40 mg/dl, or LDL-c > 160 mg/dl.*!

2.5 | Statistical analysis

Continuous variables are shown as the means + SDs
or medians (interquartile ranges). Categorical variables
are presented as numbers (percentages). Differences
between participants were compared by one-way
ANOVA for continuous variables or y* test for categor-
ical variables. Skewed variables such as TG, fasting
serum insulin, HOMA-IR, and AHOMA-IR (HOMA-IR
at the third visit minus HOMA-IR at the second visit)
were logo-transformed before analysis.

We used multivariable logistic regression models to
evaluate the associations of each measure of FPG vari-
ability (SD, CV, ASV, and VIM) with incident diabetes.
This was done modeling each measure of FPG vari-
ability as a continuous variable as well as tertiles of
each measure of FPG variability with the lowest tertile
serving as the reference. Three models were used.
Model 1 was adjusted for age, sex, waist circumfer-
ence, diabetes family history, current drinking, current
smoking, and regular exercise; model 2 was addition-
ally adjusted for baseline SBP, LDL-c, log,(TG, predia-
betes, antihypertensive medications, lipid-lowering
medications, and mean FPG at three visits; and model
3 was additionally adjusted for AHOMA-IR. p values
for trend across tertiles of FPG variability (SD, CV,
ASV, and VIM) were calculated in regression analyses
using the SD, CV, ASV, and VIM tertiles as an ordinal
variable. Adjusted odds ratios (OR) and corresponding
95% confidence intervals (CIs) were calculated. We also
conducted stratified analyses of associations between
FPG variability and incident diabetes among partici-
pants with increased or decreased HOMA-IR between
the second and the third visits.

In order to explore whether AHOMA-IR affected
the association between VVV in FPG and risk of inci-
dent diabetes, we further conducted causal mediation
analysis. A mediator should be linked to both the
exposure and the outcome. The association between
AHOMA-IR and VVV in FPG was evaluated using
generalized linear regression models (Proc genmod)
and the regression coefficient (p) and 95% CI were cal-
culated for associations of FPG variability (SD, CV,
ASV, and VIM) tertiles and AHOMA-IR. The associa-
tion between AHOMA-IR and incident diabetes was
evaluated using logistic regression models.

R package was used to conduct the mediation analy-
sis of AHOMA-IR on the association between VVV in
FPG and risk of incident diabetes. Logistic regression
models using the ternary VVV in FPG variable as the
exposure, AHOMA-IR as the mediator, and diabetes as
the outcome were examined. A linear regression model
using the ternary VVV in FPG variable as the exposure
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TABLE 1 Characteristics of participants according to the tertiles of the FPG variability (FPG-SD)
T1 T2 T3 P
(0-5.83 mg/dl) (5.83-9.55 mg/dl) (9.55-74.17 mg/dl) value

Participants, n 620 618 618
Age (years) 57.5 + 8.8 57.8 +9.7 58.0 + 8.8 .595
Men, n (%) 211 (34.0) 214 (34.6) 241 (39.0) 139
Family history of diabetes, n (%) 85(13.7) 86 (13.9) 87 (14.1) .985
BMI (kg/m?) 24.6 + 3.3 24.8 +3.7 252+ 3.6 014
Waist circumference (cm) 82.6 + 9.0 83.3+9.8 84.1 +9.3 .022
Lifestyle factors, n (%)

Current smoking 149 (24.0) 142 (23.0) 147 (23.8) .901

Current drinking 97 (15.7) 107 (17.3) 113 (18.3) .459

Regular exercise 34 (5.5) 29 (4.7) 35(5.7) .719
Blood pressure (mm Hg)

SBP 129 + 21 129 + 20 133 + 20 <.001

DBP 79 + 10 78 + 10 81 + 10 <.001
Lipid profile (mg/dl)

TG 100.8 (71.4-141.0)  98.1 (72.2-144.4) 105.3 (72.9-152.6) 156

TC 196.0 + 32.9 197.3 + 33.9 197.0 + 36.5 745

HDL-c 55.0 + 11.0 54.8 +11.6 541 +121 379

LDL-c 93.9 + 25.1 95.3 +24.2 93.8 +25.0 478
Fasting serum insulin, at the second visit (pIU/ml) 6.3 (4.2-8.9) 6.2 (4.2-9.3) 7.0 (4.6-10.4) .001
Fasting serum insulin, at the third visit (pIU/ml) 5.8 (4.4-7.8) 6.0 (4.3-8.2) 7.4 (5.4-10.1) <.001
HOMA-IR at the second visit 1.4 (0.9-2.0) 1.4 (0.9-2.1) 1.6 (0.99-2.4) .001
HOMA-IR at the third visit 1.3 (1.0-1.8) 1.5 (1.0-2.0) 2.0 (1.4-2.8) <.001
A HOMA-IR —0.02 0.11 (—0.42-0.45) 0.43 (—0.12-0.94) <.001

(—0.39-0.30)

FPG at baseline (mg/dl) 884+ 74 872+ 7.7 89.5 +10.1 <.001
FPG variability

SD (mg/dl) 39+ 14 7.7 +1.1 14.1 + 5.7 <.001

CV (%) 4.4+ 1.5 84+ 13 14.5 + 4.7 <.001

ASV (mg/dl) 47 +20 8.7+ 2.4 15.8 + 6.9 <.001

VIM (%) 0.84 + 0.29 1.6 + 0.23 29+1.1 <.001
Hypertension, n (%) 221 (35.7) 215 (34.8) 284 (46.0) <.001
Dyslipidemia, n (%) 141 (22.7) 147 (23.8) 180 (29.1) .021
Medications

Antihypertensive medications at any of the 3 visits, =~ 152 (24.5) 139 (22.5) 209 (33.8) <.001

n (%)
Lipid-lowering medications at any of the 3 visits, n 3(0.48) 6(0.97) 7(1.1) 438

(%)

Note: Data are means + SDs or medians (IQRs) for continuous variables, or numbers (percentages) for categorical variables.

Note: There were 1 missing value for family history of diabetes, 1 missing value for BMI, 2 missing values for SBP, 2 missing values for DBP, and 1 missing
value for hypertension, respectively.

Abbreviations: ASV, the average successive variability; BMI, body mass index; CV, coefficient of variation; DBP, diastolic blood pressure; FPG, fasting plasma
glucose; HDL-c, high-density lipoprotein cholesterol; HOMA-IR, homeostatic model assessment of insulin resistance index; IQR, interquartile range; LDL-c,
low-density lipoprotein cholesterol; SBP, systolic blood pressure; TC, total cholesterol; TG, triglyceride; VIM, variability independent of the mean.
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and AHOMA-IR as outcome was also examined. These
two types of regression models were integrated to obtain
the effect mediated by AHOMA-IR in relation to the
FPG variability-diabetes association. All models were
adjusted for age, sex, waist circumference, diabetes fam-
ily history, current drinking, current smoking, regular
exercise, baseline SBP, LDL-c, log;(,TG, and mean FPG
at 3 visits.

Significance tests were two tailed, with a p value
<0.05 considered as statistically significant. All statistical
analyses were performed using SAS version 9.4 (SAS
Institute Inc, Cary, NC) and R software (version 3.6.1; R
Foundation for Statistical Computing).

3 | RESULTS

3.1 | Characteristics of study
participants

The FPG levels of study participants fluctuated during
the follow-up (Supplementary Figure S1 in Appendix S1).
The characteristics of the participants grouped according
to the tertiles of the FPG variability (FPG-SD) are listed
in Table 1. Overall, the mean age of the study population
was 57.8 + 9.1 years and 35.9% (n = 666) of participants
were men. A total of 8.2% (n = 153) of participants devel-
oped diabetes. Participants in higher tertiles of the FPG-

TABLE 2 Odds ratios and 95% confidence intervals of diabetes risks in association with the VVV in FPG

Incident cases/No.

of participants incidence (%)
Tertiles of SD (mg/dl)
T1 (0-5.83) 17/620 2.7
T2 (5.83-9.55) 26/618 42
T3 (9.55-74.17) 110/618 17.8
P for trend <.001
Each 1 increment
Tertiles of CV (%)
T1 (0-6.47) 21/621 3.4
T2 (6.47-10.29) 32/616 5.2
T3 (10.29-47.20) 100/619 16.2
P for trend <.001
Each 1 increment
Tertiles of ASV (mg/dl)
T1 (0-6.58) 17/635 2.7
T2 (6.58-10.63) 25/594 42
T3 (10.63-66.76) 111/627 17.7
P for trend <.001
Each 1 increment
Tertiles of VIM (%)
T1 (0-1.26) 19/622 3.1
T2 (1.26-2.02) 28/615 4.6
T3 (2.02-13.08) 106/619 17.1
P for trend <.001

Each 1 increment

Cumulative

OR (95% CI)
Model 1 Model 2 Model 3
1(ref.) 1(ref.) 1(ref.)

1.49 (0.80-2.78)
7.45 (4.40-12.63)
<.001

1.24 (1.20-1.28)

1(ref.)
1.49 (0.85-2.63)
5.39 (3.31-8.77)
<.001
1.20 (1.16-1.23)

1(ref.)

1.57 (0.84-2.94)
7.59 (4.48-12.85)
<.001

1.14 (1.11-1.16)

1(ref.)

1.43 (0.79-2.61)
6.33 (3.82-10.49)
<.001

2.67 (2.28-3.13)

1.36 (0.70-2.64)
3.21 (1.80-5.72)
<.001

1.16 (1.11-1.20)

1(ref.)
1.14 (0.62-2.11)
3.11 (1.82-5.30)
<.001
1.15 (1.11-1.20)

1(ref.)
1.17 (0.60-2.28)
3.41 (1.92-6.06)
<.001
1.10 (1.07-1.13)

1(ref.)
1.18 (0.62-2.23)
2.99 (1.72-5.20)
<.001
2.00 (1.66-2.41)

Note: Model 1: adjusted for age, sex, waist circumferences, diabetes family history, alcohol drinking, smoking, regular exercise.
Note: Model 2: adjusted for model 1 plus baseline SBP, LDL-c, log;,TG, prediabetes, antihypertensive medications, lipid-lowering medications, and mean FPG

at three visits.
Note: Model 3: adjusted for model 2 plus AHOMA-IR.

1.29 (0.67-2.49)
2.48 (1.36-4.49)
.001

1.14 (1.09-1.19)

1(ref.)
1.07 (0.58-1.98)
2.38 (1.36-4.17)
<.001
1.13 (1.09-1.18)

1(ref.)
1.12 (0.58-2.19)
2.70 (1.49-4.88)
<.001
1.08 (1.05-1.12)

1(ref.)

1.13 (0.60-2.14)
2.29 (1.29-4.08)
.002

1.84 (1.51-2.26)

Abbreviations: ASV, the average successive variability; CI, confidence interval; CV, coefficient of variation; FPG, fasting plasma glucose; HOMA-IR,
homeostatic model assessment of insulin resistance index; LDL-c, low-density lipoprotein cholesterol; log,oTG, log;, transformed triglycerides; OR, odds ratio;
SBP, systolic blood pressure; VVV, visit-to-visit variability; VIM, the variability independent of the mean.
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SD were more likely to have significantly higher levels of
BMI, waist circumference, BP, fasting serum insulin,
HOMA-IR, AHOMA-IR, and FPG (all p < .05). The pro-
portions of hypertension, dyslipidemia, and antihyperten-
sive medications were significantly higher in those with
higher tertiles of the FPG-SD (all p < .05). Similar find-
ings were observed when three other FPG variability
measurements (FPG-CV, FPG-ASV, and FPG-VIM) were
used (Supplementary Tables S1-S3 in Appendix S1).

3.2 | Association of VVV in FPG with
incident diabetes

Table 2 shows the associations of glycemic variability
with risks of incident diabetes. After adjustment for con-
founding factors including mean FPG at three visits, the
risk of diabetes development increased with increasing
SD tertiles of FPG (p value for trend <.001). When com-
pared with the lowest tertile (0-5.83 mg/dl), participants
in the highest tertile (9.55-74.17 mg/dl) of FPG-SD had a
148% increased risk for diabetes (OR = 2.48; 95% CI,
1.36-4.49). In addition, the risk increased by 14% for each

unit increment in FPG-SD (OR =, 1.14; 95% CI, 1.09-
1.19). Similar results were observed with other measures
of VVV in FPG including FPG-CV, FPG-ASV, and
FPG-VIM.

We further explored the effects of VVV in FPG on
incident diabetes by increasing or decreasing HOMA-IR
between the second and the third visits (Supplementary
Tables S4-S7 in Appendix S1). We found that the
multivariable-adjusted OR for the highest tertile of
FPG-SD was significantly associated with incident dia-
betes in individuals with increased HOMA-IR
(OR = 5.13; 95% CI, 1.72-15.33) but not in those with
decreased HOMA-IR. The highest tertile of FPG-CV,
FPG-ASV, and FPG-VIM were also significantly associ-
ated with diabetes risks only in individuals with
increasing HOMA-IR.

3.3 | Association of AHOMA-IR with
VVV in FPG

The relations of VVV in FPG with AHOMA-IR based on
generalized linear regression models are presented in

TABLE 3 Multivariable-adjusted associations of tertiles of VVV in FPG with AHOMA-IR
B (95% CI)
Model 1 P value Model 2 P value Model 3 P value
Tertiles of SD (mg/dl)
T1 (0-5.83) 1(ref.) 1(ref.) 1(ref.)
T2 (5.83-9.55) 0.10 (0.01-0.20) .038 0.10 (0.00-0.19) .049 0.10 (0.01-0.20) .034
T3 (9.55-74.17) 0.51 (0.41-0.60) <.001 0.52 (0.42-0.62) <.001 0.55 (0.45-0.65) <.001
Tertiles of CV (%)
T1 (0-6.47) 1(ref.) 1(ref.) 1(ref.)
T2 (6.47-10.29) 0.12 (0.03-0.22) .011 0.12 (0.03-0.22) .012 0.12 (0.03-0.22) .011
T3 (10.29-47.20) 0.53 (0.44-0.63) <.001 0.54 (0.44-0.63) <.001 0.54 (0.45-0.64) <.001
Tertiles of ASV (mg/dl)
T1 (0-6.58) 1(ref.) 1(ref.) 1(ref.)
T2 (6.58-10.63) 0.16 (0.06-0.25) .001 0.16 (0.06-0.25) .001 0.16 (0.07-0.26) .001
T3 (10.63-66.76) 0.48 (0.39-0.58) <.001 0.50 (0.40-0.59) <.001 0.51 (0.41-0.61) <.001
Tertiles of VIM (%)
T1 (0-1.26) 1(ref.) 1(ref.) 1(ref.)
T2 (1.26-2.02) 0.10 (0.01-0.20) .036 0.10 (0.00-0.19) .044 0.10 (0.01-0.20) .034
T3 (2.02-13.08) 0.53 (0.43-0.62) <.001 0.54 (0.44-0.63) <.001 0.56 (0.46-0.66) <.001

Note: Model 1: adjusted for age, sex, waist circumferences, diabetes family history, alcohol drinking, smoking, regular exercise.
Note: Model 2: adjusted for model 1 plus baseline SBP, LDL-c, log;oTG, prediabetes, antihypertensive medications, and lipid-lowering medications.

Note: Model 3: adjusted for model 2 plus mean FPG at three visits.

Abbreviations: ASV, the average successive variability; CI, confidence interval; CV, coefficient of variation; FPG, fasting plasma glucose; HOMA-IR,
homeostatic model assessment of insulin resistance index; LDL-c, low-density lipoprotein cholesterol; log,cTG, log;, transformed triglycerides; SBP, systolic
blood pressure; VIM, the variability independent of the mean; VVV, visit-to-visit variability; p, regression coefficient.
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Indirect effect: OR 1.003(1.001-1.010)
Proportion mediated:17.3 %

Direct effect:
OR 1.014(1.008-1.020)

Total effect:
OR 1.017(1.012-1.020)

Indirect effect: OR 1.002(1.001-1.016)
Proportion mediated:13.5 %

Direct effect :
OR 1.015(1.011-1.020)

Total effect:
OR 1.017(1.014-1.020)

FIGURE 2

Indirect effect: OR 1.003(1.001-1.010)
Proportion mediated:16.4 %

Direct effect:
OR 1.015(1.009-1.020)

Total effect:
OR 1.017(1.013-1.020)

........

Indirect effect: OR 1.003 (1.001-1.010)
Proportion mediated:18.0 %

Direct effect:
OR 1.014(1.008-1.020)

Total effect:
OR 1.017(1.012-1.020)

Mediation analysis of AHOMA-IR in the association between VVV in FPG and incident diabetes. Adjusted for age, sex, waist

circumferences, diabetes family history, alcohol drinking, smoking, regular exercise, baseline SBP, LDL-c, log;,TG, prediabetes,

antihypertensive medications, lipid-lowering medications, and mean FPG at three visits. ASV, the average successive variability; CI,

confidence interval; CV, coefficient of variation; FPG, fasting plasma glucose; HOMA-IR, homeostatic model assessment of insulin resistance

index; LDL-c, low-density lipoprotein cholesterol; log;TG, log;, transformed triglycerides; OR, odds ratios; SBP, systolic blood pressure;
VIM, the variability independent of the mean; VVV, visit-to-visit variability

Table 3. After multivariable adjustment including mean
FPG at three3 visits, participants in the highest tertile of
all four FPG variability indices showed significantly ele-
vated AHOMA-IR (all p < .001), compared with those in
the lowest tertile (0-5.83 mg/dl). The highest tertile of
FPG-SD (9.55-74.17 mg/dl) showed significantly elevated
AHOMA-IR (B = 0.55; 95% CI, 0.45-0.65) compared with
the lowest tertile. Similar results were observed with
other measures of VVV in FPG including FPG-CV
(B = 0.54; 95% CI, 0.45-0.64), FPG-ASV (B = 0.51; 95%
CI, 041-0.61), and FPG-VIM (p = 0.56; 95% CI,
0.46-0.66).

3.4 | Association of AHOMA-IR with
incident diabetes

The multivariable logistic regression analysis showed that
AHOMA-IR was significantly and independently associ-
ated with incident diabetes even after full adjustment for
confounders including mean FPG at three visits and
HOMA-IR at the second visit (OR = 1.81; 95% CI, 1.46—
2.25; Supplementary Table S8 in Appendix S1).

3.5 | Mediation analyses

Findings from the mediation analyses are presented in
Figure 2. After adjustment for confounding factors
including mean FPG at three visits, a significant media-
tion was observed for the association between FPG-SD
and diabetes risk by AHOMA-IR (indirect -effect:
OR = 1.003; 95% CI, 1.001-1.010; proportion mediated:
17.3%). Similar results were observed with other mea-
sures of VVV in FPG including FPG-CV (indirect effect:
OR = 1.003; 95% CI, 1.001-1.010; proportion mediated:
16.4%), FPG-ASV (indirect effect: OR = 1.002; 95% ClI,
1.001-1.016; proportion mediated: 13.5%), and FPG-VIM
(indirect effect: OR = 1.003; 95% CI, 1.001-1.010; propor-
tion mediated: 18.0%).

4 | DISCUSSION

In the current study, we found that the high variabilities
in FPG assessed by four indicators (SD, CV, ASV, and
VIM) were associated with increased risks of diabetes in
a Chinese population of community residents aged
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>40 years. The association remained significant after
multivariable adjustment for traditional risk factors
including mean level of FPG at three visits. In addition,
we observed a significant mediation of the association by
changes in HOMA-IR, indicating that changes in insulin
sensitivity might be a potential mechanism underlying
the association between glucose variabilities and diabetes
risks.

Recently, glycemic variability has drawn attention
because it was reported that glycemic variability might be
a better predictor of complications than average glycemic
levels in people with diabetes.”” The Verona Diabetes
Study revealed that mean FPG level was not a predictor
of total mortality after adjustment for long-term variabil-
ity of FPG.*® The post hoc analysis of the ADVANCE
(Action in Diabetes and Vascular Disease: Preterax and
Diamicron MR Controlled Evaluation) trial demonstrated
that VVV in HbAlc as well as VVV in fasting glucose
were significantly associated with macrovascular events,
microvascular events, and all-cause mortality indepen-
dent of cardiovascular risk factors, including cumulative
mean HbAlc or fasting glucose.” Furthermore, a recent
meta-analysis suggested that greater HbAlc variability is
associated with several microvascular and macrovascular
complications and mortality in patients with diabetes
independent of the HbA1c level.**

Unlike these prior studies, our study examined the
association between the long-term glycemic variability
and development of diabetes in a general Chinese popu-
lation. Our findings suggested that the VVV in FPG may
play an important role in the development of diabetes. It
was in line with a recent study using data from the Coro-
nary Artery Risk Development in Young Adults
(CARDIA) showing that higher FPG variability during
young adulthood without diabetes was significantly asso-
ciated with incident diabetes.” As was found in the cur-
rent study, compared with the lowest tertile of FPG-SD,
the highest tertile was associated with a 148% increased
risk for diabetes, after adjustment for confounding factors
including mean FPG at three visits.

There are several potential pathophysiological mecha-
nisms that link glucose variability with incident diabetes.
Previous studies in animals and humans have shown that
intermittent high blood glucose exposure is more detri-
mental than stable hyperglycemia in activation of inflam-
mation, generation of oxidative stress, vascular
endothelial dysfunction, and incident IR, all of which
may promote the development of diabetes.>>® The sig-
nificant medication of the association between FPG vari-
ability and diabetes risk by changes in HOMA-IR, as
found in the current study, provided further evidence
that glucose variability leads to increased diabetes risk
through worsening of insulin sensitivity. To the best of

our knowledge, this study was the first to explore mediat-
ing role of AHOMA-IR in the relation between FPG vari-
ability and incident diabetes.

Findings from the current study have important pub-
lic health and clinical implications. With the develop-
ment of new technologies, glucose variability as an
additional index for glycemic control will be used more
commonly by physicians.?? It is noteworthy that the
International Consensus on Use of Continuous Glucose
Monitoring has recently integrated a glucose variability
(CV) target of <36% as a key metric for defining stable
glucose levels in diabetes.”*? In addition, studies have
suggested that a lower glycemic variability (CV) target of
<33% provides additional protection against hypoglyce-
mia for those receiving insulin or sulfonylureas.’*>'
Therefore, in addition to a regular monitoring of FPG
levels, an evaluation of the FPG variabilities should also
be considered in early prevention of diabetes among the
general population.

Our study has several strengths. A comprehensive
evaluation of FPG variability was assessed by four indica-
tors (SD, CV, ASV, and VIM). An extensive adjustment
for traditional risk factors was done, including adjust-
ment for mean levels of FPG at three visits. In addition,
the potential role of AHOMA-IR as a mediator was first
evaluated in a general population, providing population
data for the underlying mechanism of glycemic variabil-
ity leading to diabetes. Nevertheless, there are also limita-
tions. First, OGTT was not conducted at the first visit,
which limited detailed and further subtyping of glucose
status. Second, AHOMA-IR was assessed between the
second and the third visits, which could smooth possible
changes in HOMA-IR and thus possibly limit its mediat-
ing effect. Third, the long-term glycemic variability was
calculated using FPG levels at all three visits and a pro-
spective analysis with incident diabetes after the third
visit should have been used to better elucidate the poten-
tial causal relationship between glycemic variability and
diabetes. Fourth, our study was conducted in middle-
aged and elderly Chinese adults aged >40 years; there-
fore, the results may not be generalizable to other ethnic
or age groups.

5 | CONCLUSION

Our findings suggest that a greater variability in FPG is
significantly associated with an increased risk of incident
diabetes, independent of mean levels of FPG among
middle-aged and older Chinese adults. The association
could be partially mediated by an elevated HOMA-IR.
Future prospective studies are needed to demonstrate
whether medications or treatment in reducing glycemic
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variabilities is a potential therapeutic target for diabetes
prevention and management.

ACKNOWLEDGEMENTS
This work was supported by the grants from the National

Natural
81970691,
82070880),

Science Foundation of China (81870560,
81941017, 81770842, 81970706, 82022011,
the Shanghai Municipal Government

(18411951800), the Shanghai Shenkang Hospital Devel-
opment Center (SHDC12019101, SHDC2020CR1001A,
SHDC2020CR3069B), the Shanghai Jiaotong University
School of Medicine (DLY201801), and the Ruijin Hospital
(2018CRO02).

DISCLOSURE
The authors have no conflicts of interest to disclose.

ORCID
Tiange Wang @ https://orcid.org/0000-0003-0723-489X

Zhiyun Zhao
Min Xu
Jieli Lu
Yu Xu

https://orcid.org/0000-0001-5950-2732
https://orcid.org/0000-0003-3930-8718
https://orcid.org/0000-0003-1317-0896

https://orcid.org/0000-0003-1045-8309

REFERENCES

1.

Rawshani A, Rawshani A, Franzén S, et al. Mortality and car-
diovascular disease in type 1 and type 2 diabetes. N Engl J Med.
2017;376(15):1407-1418. doi:10.1056/NEJMo0al608664

GBD 2015 Disease and Injury Incidence and Prevalence Collab-
orators. Global, regional, and national incidence, prevalence,
and years lived with disability for 310 diseases and injuries,
1990-2015: a systematic analysis for the Global Burden of Dis-
ease Study 2015. Lancet. 2016;388(10053):1545-1602. doi:
10.1016/S0140-6736(16)31678-6

Ceriello A, Monnier L, Owens D. Glycaemic variability in dia-
betes: clinical and therapeutic implications. Lancet Diabetes
Endocrinol.  2019;7(3):221-230.  doi:10.1016/S2213-8587(18)
30136-0

Sheng CS, Tian J, Miao Y, et al. Prognostic significance of long-
term HbA1c variability for all-cause mortality in the ACCORD
trial. Diabetes Care. 2020;43(6):1185-1190. do0i:10.2337/dc19-
2589

Hirakawa Y, Arima H, Zoungas S, et al. Impact of visit-to-visit
glycemic variability on the risks of macrovascular and micro-
vascular events and all-cause mortality in type 2 diabetes: the
ADVANCE trial. Diabetes Care. 2014;37(8):2359-2365. doi:
10.2337/dc14-0199

Echouffo-Tcheugui JB, Zhao S, Brock G, Matsouaka RA,
Kline D, Joseph JJ. Visit-to-visit glycemic variability and risks
of cardiovascular events and all-cause mortality: the ALLHAT
study. Diabetes Care. 2019;42(3):486-493. doi:10.2337/dc18-1430
Cardoso CRL, Leite NC, Moram CBM, Salles GF. Long-term
visit-to-visit glycemic variability as predictor of micro- and
macrovascular complications in patients with type 2 diabetes:
the Rio de Janeiro type 2 diabetes cohort study. Cardiovasc
Diabetol. 2018;17(1):33. doi:10.1186/s12933-018-0677-0

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Kim JA, Lee JS, Chung HS, et al. Impact of visit-to-visit fasting
plasma glucose variability on the development of type 2 diabe-
tes: a nationwide population-based cohort study. Diabetes Care.
2018;41(12):2610-2616. d0i:10.2337/dc18-0802

Bancks MP, Carson AP, Lewis CE, et al. Fasting glucose vari-
ability in young adulthood and incident diabetes, cardiovascu-
lar disease and all-cause mortality. Diabetologia. 2019;62(8):
1366-1374. doi:10.1007/s00125-019-4901-6

Ghouse J, Skov MW, Kanters JK, et al. Visit-to-visit variability
of hemoglobin Alc in people without diabetes and risk of
major adverse cardiovascular events and all-cause mortality.
Diabetes Care. 2019;42(1):134-141. doi:10.2337/dc18-1396
Quagliaro L, Piconi L, Assaloni R, Martinelli L, Motz E,
Ceriello A. Intermittent high glucose enhances apoptosis
related to oxidative stress in human wumbilical vein
endothelial cells: the role of protein kinase C and NAD(P)H-
oxidase activation. Diabetes. 2003;52(11):2795-2804. doi:
10.2337/diabetes.52.11.2795

Horvath EM, Benko R, Kiss L, et al. Rapid 'glycaemic swings'
induce nitrosative  stress, activate  poly(ADP-ribose)
polymerase and impair endothelial function in a rat model of
diabetes mellitus. Diabetologia. 2009;52(5):952-961. doi:
10.1007/s00125-009-1304-0

Evans JL, Goldfine ID, Maddux BA, Grodsky GM. Are oxida-
tive stress-activated signaling pathways mediators of insulin
resistance and beta-cell dysfunction? Diabetes. 2003;52(1):1-8.
doi:10.2337/diabetes.52.1.1

Ning G, Bi Y, Wang T, et al. Relationship of urinary bisphenol
A concentration to risk for prevalent type 2 diabetes in Chinese
adults: a cross-sectional analysis. Ann Intern Med. 2011;155(6):
368-374. d0i:10.7326/0003-4819-155-6-201109200-00005

Craig CL, Marshall AL, Sjostrom M, et al. International physi-
cal activity questionnaire: 12-country reliability and validity.
Med Sci Sports Exerc. 2003;35(8):1381-1395. do0i:10.1249/01.
MSS.0000078924.61453.FB

Lloyd-Jones DM, Hong Y, Labarthe D, et al. Defining and set-
ting national goals for cardiovascular health promotion and
disease reduction: the American Heart Association's strategic
impact goal through 2020 and beyond. Circulation. 2010;121(4):
586-613. d0i:10.1161/CIRCULATIONAHA.109.192703

Takao T, Matsuyama Y, Suka M, Yanagisawa H, Iwamoto Y.
The combined effect of visit-to-visit variability in HbAlc and
systolic blood pressure on the incidence of cardiovascular
events in patients with type 2 diabetes. BMJ Open Diabetes
Res Care. 2015;3(1):e000129. doi:10.1136/bmjdrc-2015-
000129

Alberti KG, Zimmet PZ. Definition, diagnosis and classification
of diabetes mellitus and its complications. Part 1: diagnosis and
classification of diabetes mellitus provisional report of a WHO
consultation. Diabet Med. 1998;15(7):539-553. doi: 10.1002/(SICI)
1096-9136(199807)15:7<539::AID-DIA668>3.0.CO;2-S.

World Health Orgnization. Definition and Diagnosis of Diabetes
Mellitus and Intermediate Hyperglycemia: Report of a WHO/IDF
Consultation, 2006 [M]. Geneva: WHO Document Production
Services; 2006.

Matthews DR, Hosker JP, Rudenski AS, Naylor BA,
Treacher DF, Turner RC. Homeostasis model assessment: insu-
lin resistance and beta-cell function from fasting plasma glu-
cose and insulin concentrations in man. Diabetologia. 1985;
28(7):412-419. doi:10.1007/BF00280883


https://orcid.org/0000-0003-0723-489X
https://orcid.org/0000-0003-0723-489X
https://orcid.org/0000-0001-5950-2732
https://orcid.org/0000-0001-5950-2732
https://orcid.org/0000-0003-3930-8718
https://orcid.org/0000-0003-3930-8718
https://orcid.org/0000-0003-1317-0896
https://orcid.org/0000-0003-1317-0896
https://orcid.org/0000-0003-1045-8309
https://orcid.org/0000-0003-1045-8309
info:doi/10.1056/NEJMoa1608664
info:doi/10.1016/S0140-6736(16)31678-6
info:doi/10.1016/S2213-8587(18)30136-0
info:doi/10.1016/S2213-8587(18)30136-0
info:doi/10.2337/dc19-2589
info:doi/10.2337/dc19-2589
info:doi/10.2337/dc14-0199
info:doi/10.2337/dc18-1430
info:doi/10.1186/s12933-018-0677-0
info:doi/10.2337/dc18-0802
info:doi/10.1007/s00125-019-4901-6
info:doi/10.2337/dc18-1396
info:doi/10.2337/diabetes.52.11.2795
info:doi/10.1007/s00125-009-1304-0
info:doi/10.2337/diabetes.52.1.1
info:doi/10.7326/0003-4819-155-6-201109200-00005
info:doi/10.1249/01.MSS.0000078924.61453.FB
info:doi/10.1249/01.MSS.0000078924.61453.FB
info:doi/10.1161/CIRCULATIONAHA.109.192703
info:doi/10.1136/bmjdrc-2015-000129
info:doi/10.1136/bmjdrc-2015-000129
info:doi/10.1007/BF00280883

XU ET AL.

21.

22.

23.

24.

25.

26.

217.

Expert Panel on Detection, Evaluation, and Treatment of
High Blood Cholesterol in Adults. Executive summary of
the third report of the National Cholesterol Education
Program (NCEP) expert panel on detection, evaluation,
and treatment of high blood cholesterol in adults (adult treat-
ment panel III). Jama. 2001;285(19):2486-2497. doi:10.1001/
jama.285.19.2486

Ceriello A. Glucose variability and diabetic complications: is it
time to treat? Diabetes Care. 2020;43(6):1169-1171. doi:
10.2337/dci20-0012

Muggeo M, Zoppini G, Bonora E, et al. Fasting plasma glucose
variability predicts 10-year survival of type 2 diabetic patients:
the Verona Diabetes Study. Diabetes Care. 2000;23(1):45-50.
doi:10.2337/diacare.23.1.45

Gorst C, Kwok CS, Aslam S, et al. Long-term glycemic variabil-
ity and risk of adverse outcomes: a systematic review and
meta-analysis. Diabetes Care. 2015;38(12):2354-2369. doi:
10.2337/dc15-1188

Richardson VR, Smith KA, Carter AM. Adipose tissue inflam-
mation: feeding the development of type 2 diabetes mellitus.
Immunobiology. 2013;218(12):1497-1504. doi:10.1016/j.
imbio.2013.05.002

Li W, Maloney RE, Aw TY. High glucose, glucose fluctuation
and carbonyl stress enhance brain microvascular endothelial
barrier dysfunction: implications for diabetic cerebral micro-
vasculature.  Redox  Biol.  2015;5:80-90. doi:10.1016/j.
redox.2015.03.005

Yuan T, Yang T, Chen H, et al. New insights into oxidative
stress and inflammation during diabetes mellitus-accelerated

28.

29.

30.

31.

Journal of Diabetes m_'wl LEY-L2
atherosclerosis. Redox Biol. 2019;20:247-260. doi:10.1016/j.
redox.2018.09.025

Chang CM, Hsieh CJ, Huang JC, Huang IC. Acute and chronic
fluctuations in blood glucose levels can increase oxidative
stress in type 2 diabetes mellitus. Acta Diabetol. 2012;49(Suppl
1):S171-S177. d0i:10.1007/s00592-012-0398-x

Danne T, Nimri R, Battelino T, et al. International consensus
on use of continuous glucose monitoring. Diabetes Care. 2017,
40(12):1631-1640. doi:10.2337/dc17-1600

Battelino T, Danne T, Bergenstal RM, et al. Clinical targets for
continuous glucose monitoring data interpretation: recommen-
dations from the international consensus on time in range.
Diabetes Care. 2019;42(8):1593-1603. d0i:10.2337/dci19-0028
Monnier L, Colette C, Wojtusciszyn A, et al. Toward defining
the threshold between low and high glucose variability in dia-
betes. Diabetes Care. 2017;40(7):832-838. doi:10.2337/dc16-1769

SUPPORTING INFORMATION
Additional supporting information may be found in the
online version of the article at the publisher's website.

How to cite this article: Xu J, Li L, Huang S,

et al. Impact of visit-to-visit fasting plasma glucose
variability on the development of diabetes: The
mediation by insulin resistance. Journal of
Diabetes. 2022;14(3):205-215.
doi:10.1111/1753-0407.13253


info:doi/10.1001/jama.285.19.2486
info:doi/10.1001/jama.285.19.2486
info:doi/10.2337/dci20-0012
info:doi/10.2337/diacare.23.1.45
info:doi/10.2337/dc15-1188
info:doi/10.1016/j.imbio.2013.05.002
info:doi/10.1016/j.imbio.2013.05.002
info:doi/10.1016/j.redox.2015.03.005
info:doi/10.1016/j.redox.2015.03.005
info:doi/10.1016/j.redox.2018.09.025
info:doi/10.1016/j.redox.2018.09.025
info:doi/10.1007/s00592-012-0398-x
info:doi/10.2337/dc17-1600
info:doi/10.2337/dci19-0028
info:doi/10.2337/dc16-1769
info:doi/10.1111/1753-0407.13253

	Impact of visit-to-visit fasting plasma glucose variability on the development of diabetes: The mediation by insulin resistance
	1  INTRODUCTION
	2  METHODS
	2.1  Study population
	2.2  Data collection
	2.3  Measures of glycemic variability
	2.4  Definitions
	2.5  Statistical analysis

	3  RESULTS
	3.1  Characteristics of study participants
	3.2  Association of VVV in FPG with incident diabetes
	3.3  Association of DeltaHOMA-IR with VVV in FPG
	3.4  Association of DeltaHOMA-IR with incident diabetes
	3.5  Mediation analyses

	4  DISCUSSION
	5  CONCLUSION
	ACKNOWLEDGEMENTS
	  DISCLOSURE
	REFERENCES


