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Abstract

Objectives: To prospectively examine the ability of some
glycemic variability metrics from continuous glucose
monitoring (CGM) to predict the development of diabetes in
a non-diabetic population.

Methods: A total of 497 non-diabetic patients from the
AEGIS study were included. Participants used a CGM system
(iPro2®) over a six-day period. The following parameters
were analyzed: standard deviation (SD), coefficient of
variation (CV) and mean amplitude of glucose excursion
(MAGE). Six-years follow-up was performed. ROC curves
were constructed to determine the predictive value of
glycemic variability metrics. Sensitivity and specificity
were calculated.

Results: Of the 497 participants, 16 women (4.9 %) and 9
men (5.2 %) developed diabetes. Initial HbA;. and fasting
glucose levels were significantly higher in the participants
who ultimately developed diabetes. Glycemic variability
metrics were also significantly higher in these subjects (SD:
18 vs. 13 mg/dL; CV: 17 vs. 14 %; MAGE: 36 vs. 27 mg/dL;
p<0.001in all cases). SD showed the highest AUC (0.81), with

*Corresponding author: Andrea Valle Rodriguez, Laboratorio de
Bioquimica Clinica del Complejo Hospitalario Universitario de Santiago de
Compostela, Travesia de la Choupana s/n. 15706, Santiago de Compostela,
Spain, E-mail: andrea.valle.rodriguez@sergas.es

Javier Rodriguez Garcia and Santiago Rodriguez-Segade Villamarin,
Laboratorio de Bioquimica Clinica del Complejo Hospitalario Universitario
de Santiago de Compostela, Santiago de Compostela, Spain; and
Departamento de Bioquimica y Biologia Molecular, Universidad de
Santiago de Compostela, Santiago de Compostela, Spain

Felix Camiiia Darriba, Departamento de Bioquimica y Biologia Molecular,
Universidad de Santiago de Compostela, Santiago de Compostela, Spain
Juan B. Ortola Devesa, Laboratorio de Bioquimica Clinica del Complejo
Hospitalario Universitario de Santiago de Compostela, Santiago de
Compostela, Spain

a sensitivity of 80 % and a specificity of 72 % for a cut-off of
14.9 mg/dL. AUCs were higher in men for all metrics.
Conclusions: The metrics obtained by MCG, especially SD,
are effective predictors of progression to type 2 diabetes in a
non-diabetic population. These findings suggest that glyce-
mic variability is useful for the early identification of sub-
jects at a higher risk of developing diabetes.

Keywords: continuous glucose monitoring; diabetes; glyce-
mic variability; HbA;; mean amplitude of glucose excur-
sions; standard deviation

Introduction

Continuous glucose monitoring (CGM) systems are small
devices fitting a subcutaneous sensor that provides detailed
information about glucose variations. This technology al-
lows to asses the magnitude and duration of glucose varia-
tions more accurately than conventional methods [1, 2].
Although CGM is very useful for controlling and monitoring
diabetic patients, its implementation presents some chal-
lenges for health professionals, who may find it difficult to
manage and clinically use the data obtained. In the recent
years, CGM measures, including glycemic variability and time
in range, have been integrated into routine clinical practice
[3]. In 2019, a panel of experts in CGM technologies (clinicians,
researchers and patients with diabetes) published a set of
consensus recommendations to standardize an appropriate
use of time-in-range metrics in clinical practice. A more recent
review established time in range as the gold-standard mea-
sure [4, 5]. Additionally, time in range is widely accepted as a
predictor of complications of diabetes [6].

A range of studies performed in diabetic patients,
treated or not with insulin demonstrate the benefits of CGM,
in loss of weight, improvement of dietary habits and/or
increase in physical activity [7-13]. However, CGM is only
indicated for diabetic patients.

The methods currently available for establishing diag-
nosis of prediabetes provide a snapshot of the glycemic
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status of a subject. However, these methods can be
misleading and/or ineffective in timely detecting, controlling
and managing dysglycemia. Moreover, HbA;. determination
can be falsely elevated or reduced in subjects with hemo-
globinopathies, chronic kidney disease, anemia and other
interfering factors [14-16]. Additionally, test results may be
influenced by ethnic differences in glycosylation rates and
during pregnancy [17-20]. HbA,. values only account for
mean glucose levels over a period of 2-3 months. This pre-
vents the identification of specific disorders or behaviours of
the patient that contribute to dysglycemia, which is essential
for an effective glycemic control.

The use of CGM in subjects at risk (for example, over-
weight/obesity, familial history of T2D) may overcome the
limitations of the methods currently available. CGM pro-
vides significant information in a format that enables clini-
cians and patients to easily identify glycemic patterns and
within-day and between-day glucose variations that may
indicate the presence and/or severity of dysglycemia. Our
previous results in non-diabetic patients reveal that subjects
with normal HbA,. and fasting glucose (FG) levels, that spend
a high percentage of time in glucose levels in prediabetes
and/or diabetes range, also exhibit higher glucose variability
(GV) as compared to subjects with normal glucose levels.
Glucose variability in the former is similar to those of sub-
jects identified as prediabetic according to conventional
criteria [21].

The primary objective of this study was to prospectively
assess whether the use of three glycemic variability metrics
initially determined by CGM in a large representative sam-
ple of a non-diabetic population are associated with a higher
risk for progression to type 2 diabetes. These metrics
included coefficient of variation (CV), standard deviation
(SD) and mean amplitude of glucose excursions (MAGE).
MAGE measures glycemic variability during CGM by
measuring the mean amplitude of glucose fluctuations
exceeding a standard deviation, being associated with a
higher risk for progression to type 2 diabetes.

Materials and methods
Participants and study design

The participants in this study were extracted from the 1,516
cohort of the Estudio de Glicacién e Inflamacion at A Estrada
(AEGIS; NCT01796184 trial at www.clinicaltrials.gov) [22],
initiated in 2012. AEGIS is a prospective, population-based,
epidemiological study assessing the association between
different dysglycemia tests and the risk for progression to
diabetes and cardiovascular disease.

Rodriguez Garcia et al.: Predictive value of continuous glucose monitoring —— 47

Of the 1,516 participants, 1,065 complied with the basic
requirements for CGM (capacity to comply with the proto-
col, refraining from eating out, and absence of allergy to
adhesives or any other disease that may influence the data
collected by CGM). Of the 1,065 subjects, 622 agreed to take
partin the study and underwent CGM over a six-day period.
Of the 622 patients, 497 were included in the statistical
analysis, as they met the following additional criteria [1]:
being clinically stable, not having any acute disease or
history of diathesis or chronic kidney or liver disease [2];
fasting glucose <126 mg/dL and HbA;. < 6.5 % [48 mmol/mol]
when they had the CGM sensor placed and a week after its
removal [3] not using any medication that may influence
glucose metabolism over the CGM period [4]; not being
pregnant [5]; subjects with incomplete CGM readings were
excluded (<2 entire days). Diagnosis of diabetes was
established according to the American Association of Dia-
betes criteria [23].

Continous glucose monitoring (CGM)

A detailed analysis of CGM has been provided elsewhere
[21]. Briefly, on day 0 the selected participants had the CGM
device (iPro2® de Medtronic Minimed, Northridge, CA)
placed by a trained nurse after overnight fasting. One hour
later, blood was drawn to determine fasting glucose and
HbA,. levels. Instructions to use and calibrate CGM device
were provided to the participants, who wore the device for
seven consecutive days without changing their dietary or
physical activity habits. To calibrate the CGM device, par-
ticipants learned to use a glucose test device that provides
similar plasma glucose values (OneTouch Verio Flex® de
LifeScan, Milpitas, CA). Participants were instructed to
calibrate the MCG device at least three times a day (before
meals and at bedtime). They were also asked to keep a
simple record of their physical activity, dietary intake and
hours of sleep. The CGM device was removed on day 7 after
overnight fasting. Blood was drawn to determine fasting
glucose and HbA,..

All 24-h CGM readings were excluded if (a) the absolute
difference between mean relative capillary blood readings
that day and the corresponding CGM values exceeded 18 %;
and (b) the 24-h MCG readings was incomplete (288 readings
between 12 a.m. and 12 p.m.). Participants with less than two
complete 24-h readings were excluded from the study. Mean
24-h glycemia (24 h-GM) was estimated as the mean of the
288 readings in a day; 24-h SD as the standard deviation of
these 288 readings; 24-CV as (24-h SD)/(24 h-GM), and MAGE
(mean amplitude of glycemic excursions) as described by
Hill et al. [24].
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Biochemical analyses

Glucose was determined in serum samples of participants in
fasting conditions by the glucose oxidase-peroxidase
method. Triglycerides, HDL, LDL, total cholesterol and
markers of liver and kidney function were determined by
enzymatic methods in an autoanalyzer (Advia 2400 Siemens
Healthcare Diagnostics, Barcelona, Spain). Capillary glyce-
mia was determined by using glucometers (LifeSpan One-
Touch® Verio® Pro). HbA,. was measured by high-resolution
liquid chromatography in a Menarini Diagnostics HA-8160
analyzer. All HbA,  values were converted into values
aligned with the Diabetes Control and Complications Trial
(DCCT) [25]. According to ADA criteria [23], normal glucose
values were defined as glucose levels <100 mg/dL and HbA;.
levels < 5.7 %. All laboratory tests were performed on the
same day as the blood drawn at the Clinical Biochemistry
Laboratory of Santiago de Compostela Hospital, Spain.

Statistical analysis

All variables showed a normal distribution. Continuous
variables are presented as means + SD or as medians with
interquartile ranges between brackets. Descriptive statistics
were used for the total sample. Statistically significant dif-
ferences were established by Student’s t-test for parametric
variables, or by Mann—-Whitney U test for non-parametric
variables. Matched correlations between variables were
calculated by Pearson r or Spearman’s rho. Two-tailed
p-value with an a level of significance was established at
0.05. All statistical analyses were performed with SPSS v27
Chicago, IL).

Ethics statement

This study was approved by the Ethics Committee for Clinical
Research of Galicia, Spain (CEIC# 2012-025 y CEIC# 2016-240).
Written informed consent was obtained from all partici-
pants, in accordance with the Declaration of Helsinki.

Results

In total, 497 of the 622 participants of this study met the
inclusion criteria (Figure 1). Forty-three subjects were
excluded due to missing or inaccurate data or due to par-
ticipant’s difficulty in operating the device. Subsequently,
another 70 subjects were excluded, of which 66 had a diag-
nosis of diabetes and 4 had received metformin for
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prediabetes. Twelve patients were lost to follow-up (58 %
males). The latter were younger (37 + 18 years) and had a BMI
of 26.4 + 4.3kg/m’. None had metabolic syndrome. Fasting
glucose and HbA;. were 88 + 10 mg/dL and 5.3 + 0.3 %,
respectively.

Participants provided a total of 2,347 entire days on
CGM: 80 % of participants provided 5 days; 14.3 % provided
4 days; 3.4 % provided 3 days, and 2.3 % provided 2 days. Of
the 497 participants, 324 (65.2%) were women and 173
(34.8%) were men. As compared to the female group
(Table 1), men exhibited significantly higher BMI, systolic
and diastolic pressure, triglycerides, LDL-cholesterol and
fasting glucose values (p<0.05), and significantly lower levels
of HDL-cholesterol (p<0.001). No statistically significant dif-
ferences were observed between men and women in base-
line glycemic control values (HbA;.), glycemic variability
values obtained from the CGM (SD, CV and MAGE), or mean
glycemia recorded by the sensor.

As an average, six-years follow-up was performed of
non-diabetic patients (interquartile range 4.9-7.3 years).
The follow-up period was slightly higher (p=0.021) in women
(6.1 (5.0-7.3) years) as compared to men (5.5 (4.5-7.1) years).
Of note, 16 women (4.9 %) and 9 men (5.2 %) progressed to

1516 AEGIS participants

—> 984 excluded
— 451 did not met CGM requirements
— 443 declined to undergo CGM

622 subjects had the sensor placed

—> 125 excluded

66 patients with diabetes

-4

metformin

with  prediabetes and on

— 43 with missing or incomplete data

— 12 subjects lost to follow-up

497 non-diabetic subjects with valid data

324 women 173 men

Figure 1: Patient selection.
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Table 1: Baseline characteristics of participants.

Total Men Women p-Value®
Number of patients 497 173 324
Age, years 46.6 + 139 46.1+14.1 469 +13.8 0.537
Active smoking 112 (22.5) 47 (27.2) 65 (20.1) 0.071
BMI, kg/m? 278+51 288+50 27.2+50 0.01
Obesity 153 (30.8) 67 (38.7) 86 (26.5) 0.005
(BMI >30 kg/m?)
Systolic 125+ 15 130 £ 13 123+15  <0.001
pressure, mmHg
Diastolic 77+8 80+8 75+8  <0.001
pressure, mmHg
eGFR, 1123 +246 111.0+235 113.0+25.2 0.381
mL/min/1,73m?
Total cholesterol, 199 + 36 198 + 36 199 + 35 0.777
mg/dL
Triglycerides, 93 (66-127) 105 87(65-116)  <0.001
mg/dL (73-151)
HDL choles- 61+17 52+ 14 65+ 17  <0.001
terol, mmol/L
LDL choles- 117 £ 30 121 £ 32 115+ 29 0.023
terol, mmol/L
HbA., % 54+03 54+0.3 53+03 0.317
HbA;¢, mmol/mol 350+36 352+34 349+34 0.317
Fasting glucose, 87+ 11 90 + 11 86 +10 0.002
mg/dL
CGN parameters
Mean glucose, 105+8 106 £8 105+8 0.151
mg/dL
SD, mg/dL 135+44 132+43 137+43 0.269
v, % 146+43 144141 147 +44 0.435
MAGE, mg/dL 279+94 279+101 27.9+9.0 0.957

Data are means + SD, medians [IQR] or n [%]. CGM, continuous glucose
monitoring; CV, coefficient of variation; eGFR, estimated glomerular
filtration rate; MAGE, mean amplitude of glucose excursion. ®For
differences between men and women.

diabetes, without significant sex-based differences. Initial
HbA,. and fasting glucose concentrations were significantly
higher in the subjects who ultimately developed diabetes (5.8
vs. 5.3 %; and 102 vs. 86 mg/dL; p<0.001 in both cases) (Ta-
ble 2). The patients who experienced progression to diabetes
exhibited significantly higher glycemic variability (mean SD
18 vs. 13 mg/dL, p<0.001; CV 17 % vs. 14 %, p=0.004; MAGE 36
vs. 27 mg/dL, p<0.001) and higher mean glycemias (115 vs.
105 mg/dL, p<0.001), as compared to those who did not
develop diabetes.

ROC curves were constructed to compare the AUCs
(areas under the curve) for the different parameters of gly-
cemic variability, as measured by CGM. This way, we
assessed the capacity of these parameters to predict the
development of type 2 diabetes and examine the sensitivity
and specificity of these variables. According to the ROC
analysis, SD had the highest AUC both, for the total
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Table 2: Markers of glycemic control and glycemic variability in subjects
who progressed or not to diabetes.

Progressed to diabetes

type 2
Variable No (n=472) Yes (n=25) p-Value?
HbA;, % 5.3(0.3) 5.8 (0.4) <0.001
HbA;., mmol/mol 35(3) 40 (4) <0.001
Fasting glucose, mg/dL 86 (10) 102 (12) <0.001
Mean glucose, mg/dL 105 (8) 115 (9) <0.001
SD, mg/dL 13.3(4.2) 18.4 (5.0) <0.001
v, % 14.4 (4.2) 16.9 (4.4) 0.004
MAGE, mg/dL 27.4(9.2) 35.9(10.3) <0.001

Data are expressed as means + SD, or medians [IQR]. CV, coefficient of
variation; MAGE, mean amplitude of glucose excursion. ®For differences
between subjects who developed or not diabetes type 2.

population (0.81), men (0.87) and women (0.77) (Table 3). In
the non-diabetic population, a cut-off of 14.9 mg/dL for SD
yielded a sensitivity of 80 % and a specificity of 72 %. Taking
men and women separately, AUCs for SD (0.87 vs. 0.77), CV
(0.74 vs.0.62) and MAGE (0.82 vs.0.72) were persistently
higher in men. Of the parameters of variability considered,
SD showed the highest sensitivity for men (88.9 %), whereas
MAGE had the highest specificity for women (78.2 %).

Discussion

This prospective study involving a large sample of non-
diabetic subjects representative of the general population
assessed the role of several parameters of glycemic vari-
ability, as measured by continuous glucose monitoring
(CGM), as predictors of progression to type 2 diabetes over a
6-year follow-up period. Although the different metrics
considered (SD, CV and MAGE) predict the development of
diabetes, SD had the highest AUC on ROC analysis. All AUCs
were higher in men than in women for all the parameters
studied.

Currently, glycemic variability emerges as a useful tool
for evaluating the management of diabetes, as it has
demonstrated to be a predictive factor of complications of
diabetes. Likewise, elevated glycemic variability makes it
difficult to meet the targets of traditional glycemic control
parameters, such as HbA;.. The amplitude of glycemic vari-
abhility is known to be positively correlated with the risk of
developing all chronic complications of diabetes
i.e. neuropathy, retinopathy, chronic kidney disease and
macrovascular problems. This association is primarily
mediated by an increase in inflammation and oxidative
stress, which result from a higher glycemic variability
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Table 3: Sensitivity, specificity and area under the curve for different parameters of glycemic variability to predict diabetes.
Variable AUC(95 % CI) p-Value Cut-off Sensitivity® Specificity?
Total (n=497)
SD, mg/dL 0.81(0.73-0.88) <0.0001 14.9 80.0 72.3
cv 0.67 (0.56-0.77) 0.001 14.7 68.0 59.8
MAGE, mg/dL 0.76 (0.67-0.85) <0.001 34.2 58.0 81.5
Men (n=173)
SD, mg/dL 0.87 (0.78-0.96) <0.001 14.9 88.9 73.0
cv 0.74 (0.61-0.87) <0.001 14.7 88.7 59.5
MAGE, mg/dL 0.82 (0.70-0.94) <0.001 28.1 88.8 60.7
Women (n=324)
SD, mg/dL 0.77 (0.66-0.88) <0.001 15.4 75.0 74.6
@y 0.62 (0.48-0.76) 0.086 15.5 56.0 66.8
MAGE, mg/dL 0.72 (0.60-0.84) <0.01 323 62.5 78.2

AUC, area under the curve; CV, coeficient of variacion; MAGE, mean amplitude of glucose excursion. ®Data are expressed as percentages.

[26, 27]. However, to the best of our knowledge, no pro-
spective studies are available evaluating the role of glycemic
variability metrics as measured by CGM as indicators of
progression to diabetes in our study populations.

The higher proportion of subjects showing higher gly-
cemic variabhility who developed diabetes may be partly
associated with a higher prevalence of situations in these
subjects that favor the development of diabetes. Serum
glucose values are homeostatic variables with a high level of
instability, even in short periods of time. This higher insta-
bility has been suggested [28] to be influenced by different
physiological (for example, glucose intake, emotional stress
or physical exercise) or pathological (for example, inflam-
mation, infections or endocrine disorders) conditions.

Although current guidelines recommend a CV <36 %,
this is applicable to diabetic patients. Therefore, a CV <36 % s
associated with stable glycemia [29]. Interestingly, in the
non-diabetic population, SD had the highest AUC and a
higher sensitivity than CV to predict progression to diabetes.
This could be explained by the fact that fluctuations in mean
blood glucose levels are much smaller in individuals without
diabetes. This study also revealed that MAGE has a lower
sensitivity but a higher specificity to identify subjects that
will progress to diabetes, many of whom may have irregular
dietary habits. It is worth noting that the MAGE index is not
useful for assessing the stability of glycemic values or the
time in hypoglycemia or hyperglycemia. However, this index
is primarily designed to provide information about the de-
gree of glucose level fluctuations between fasting hypogly-
cemia and posprandial hyperglycemia [30].

In conclusion, this prospective study involving six-year
follow-up of around 500 non-diabetic subjects representa-
tive of the general population reveals that participants who
progressed to type 2 diabetes had higher glycemic vari-
abhility, as estimated by different CGM metrics (SD, CV and

MAGE). These findings open the way for new therapeutic
approaches to prevent progression to diabetes.
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