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Abstract

Introduction: Recent publications frequently introduce new indexes to measure glycemic variability (GV), quality of glycemic
control, or glycemic risk; however, there is a lack of evidence supporting the use of one particular parameter, especially in
clinical practice.

Methods: A cohort of type 2 diabetes mellitus (T2DM) patients in ambulatory care were followed using continuous glucose
monitoring sensors (CGM). Mean glucose (MG), standard deviation, coefficient of variation (CV), interquartile range,
CONGAI, 2, and 4, MAGE, M value, | index, high blood glucose index, and low blood glucose index (LBGI) were estimated.
Hypoglycemia incidence (<54 mg/dl) was calculated. Area under the curve (AUC) was determined for different indexes
as identifiers of patients with risk of hypoglycemia (IRH). Optimal cutoff thresholds were determined from analysis of the
receiver operating characteristic curves.

Results: CGM data for 657 days from 140 T2DM patients (4.69 average days per patient) were analyzed. Hypoglycemia
was present in 50 patients with 144 hypoglycemic events in total (incidence rate of 0.22 events per patient/day). In the
multivariate analysis, both CV (OR 1.20, 95% CI 1.12-1.28, P < .001) and LBGI (OR 4.83, 95% Cl 2.41-9.71, P < .001) were
shown to have a statistically significant association with hypoglycemia. The highest AUC were for CV (0.84; 95% CI 0.77-0.91)
and LBGI (0.95; 95% CI 0.92-0.98). The optimal cutoff threshold for CV as IRH was 34%, and 3.4 for LBGI.

Conclusion: This analysis shows that CV can be recommended as the preferred parameter of GV to be used in clinical
practice for T2DM patients. LBGl is the preferred IRH between glycemic risk indexes.

Keywords
type 2 diabetes, hypoglycemia, continuous glucose monitoring, glucose variability

Multiple studies'™ have consistently demonstrated reduction
of microvascular complications with intensive therapy aimed
at achieving stricter glycemic control in patients with type 2
diabetes mellitus (T2DM). This intensive therapy, however,
carries an increased risk of hypoglycemia, which in turn can

possible to assess comprehensively blood glucose levels, to
document more accurately the actual incidence of
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lead to an increased risk of arrhythmias, chronic neurological
deterioration and mortality.®

The risk of hypoglycemia in patients receiving treatment
for T2DM is associated with the type of medications received,
the baseline level of glycated hemoglobin (HbA 1¢), advanced
age, renal and hepatic function impairment, multiple comor-
bidities, and polypharmacy.” An additional factor that has
recently received increased attention as a predictor of the risk
of hypoglycemia is glycemic variability (GV). With the
advent of continuous glucose monitoring (CGM), it has been
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hypoglycemia, especially in patients who are asymptomatic,
and to recognize the importance of GV as a trigger factor for
hypoglycemia.®

Monnier et al’s study demonstrated an association
between the incidence of asymptomatic hypoglycemia
and GV in patients with T2DM during management with
oral antidiabetics and/or insulin using the standard devia-
tion (SD) of the blood glucose level as the index to deter-
mine GV.’ There are, however, several additional methods
for determining GV that may have potential utility as pre-
dictors of hypoglycemia, especially nocturnal hypoglyce-
mia'® and other outcomes in diabetes.” The most
frequently GV indexes used are CV (coefficient of varia-
tion), MAGE (mean amplitude of glycemic excursions),
IQR (interquartile range), CONGA (continuous overlap-
ping net glycemic action), and the MODD (mean of daily
differences). These methods were designed to measure
GV based on the magnitude of glycemic excursions, the
time of exposure to glycemic excursions, or both, but
most of them have not been validated for use with CGM
data. Likewise, quality of glycemic control (QGC) indexes
such as the M value, and the J index, and glycemic risk
metrics such as LBGI (low blood glucose index), HBGI
(high blood glucose index), and average daily risk range
have been described. None of these methods have been
adequately standardized; therefore, they are not widely
used clinically, leading to a lack of clarity as to which
method is most appropriate for use."’

The aim of this study is to evaluate the association
between the incidence of hypoglycemia and the GV deter-
mined by different methods and to attempt to determine
which methods of determining GV and glycemic risk best
reflect the incidence of hypoglycemia, seeking to offer the
clinician better tools for decision making in the management
of patients with T2DM.

Methods

A prospective cohort study including patients with T2DM in
outpatient management was conducted at the Diabetes Clinic
of the San Ignacio University Hospital, Renal Health Clinic
in Bogotd, Colombia, and at the Colombian Diabetes
Association. Recruitment was performed between July 2012
and November 2015. The inclusion criteria were as follows:
over 18 years of age, use of oral antidiabetic drugs and/or
insulin, and the presence of at least three episodes of hypo-
glycemia per week in the last three months. Pregnant patients
were excluded. All patients gave informed consent to partici-
pation in the study. The study was approved by the ethics and
institutional research committee.

The initial clinical characteristics of each patient were
determined by direct interview and review of the patient’s
clinical records, including the time since diagnosis of
T2DM, the number and frequency of previous episodes of
general and severe hypoglycemia, the medications and

doses used, and history of macro- or microvascular compli-
cations and comorbidity. The levels of creatinine and the
albumin/creatinine ratio were also recorded in the six
months prior to the study. During the first visit, a HbAlc
measurement was performed using high-performance liquid
chromatography.

A CGM system was placed in each patient using CGMS
iPro 2 equipment (Medtronic, Minneapolis, MN, USA) with
the insertion of the Enlite® glucose sensor (Medtronic). The
equipment was calibrated against four conventional capillary
blood glucose measurement. The patient was instructed to
perform strict preprandial capillary glucose monitoring and
two-hour postprandial glucose monitoring after insertion of
the device (six capillary glucose measurements per day). In
addition, instructions were given for making additional blood
glucose measurements should any symptom or sign sugges-
tive of hypoglycemia be identified by the patient, including
but not limited to dizziness, sweating, palpitations, or drows-
iness, with a specific date and time record, as well as for
determinations of asymptomatic capillary blood glucose lev-
els less than 70 mg/dl. For standardization, capillary blood
glucose measurements were performed using a single-capil-
lary glucose metering system (Abbott FreeStyle Precision
Pro, Alameda, CA) and recorded systematically in a format
designed for data collection.

The use of the CGM system was programmed for a maxi-
mum period of six days. After this time, capillary blood glu-
cose data were obtained on a second visit, and the interstitial
monitoring data were downloaded using the iPro CareLink
Personal version 3.0 (Medtronic) specific software for analy-
sis of the data obtained with the device. These data remained
blind for patients and physicians. The data were exported for
calculations using a software prepared in MATLAB®.
Preprocessing of the records was conducted to discard days
with consecutive 50 or missing data points. Smaller losses
were linearly interpolated. The data obtained from each patient
were organized by calendar day (00:00 to 23:59 hours). Based
on these data, GV was calculated using various metrics,
including the SD, CV, IQR, MODD, CONGA (n=1, 2, and 4
hours), and MAGE (mean MAGEup and MAGEdown using
SD day-by-day and total recording). Quality of glycemic con-
trol was measured using M value and J index. Glycemic risk
indexes calculated were LBGI and HBGI.

According to the recommendations of the American
Diabetes Association and the European Association for the
Study of Diabetes,'” a clinically significant episode of hypo-
glycemia was defined as a blood glucose level below 54 mg/dl
in at least four consecutive interstitial glucose measurements
(ie, for a duration of at least 20 minutes). Likewise, episodes
of hypoglycemia alert with values below 70 mg/dl were iden-
tified. Only CGM tracings with correlation indexes between
capillary and interstitial glucose >0.7 were analyzed.

To evaluate the correlation between the different GV met-
rics, Spearman’s coefficient of correlation was used. In a uni-
variate analysis, the potential factors associated with
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hypoglycemia, including clinical and paraclinical variables,
and the different metrics used to determine the GV, QGC,
and glycemic risk were evaluated. A multivariate analysis
was also performed, including in logistic regression models
each metric individually, the clinical and paraclinical vari-
ables found as statistically significant in univariate analysis,
and some additional variables considered as clinically rele-
vant, such as baseline glycemia and the glomerular filtration
rate. The area under the curve of the different metrics of GV,
QGC, and glycemic risk was determined as identifiers of
patients with risk of hypoglycemia, a sensitivity analysis was
performed to evaluate if the conclusions were valid in differ-
ent subgroups according to treatment received. The sub-
groups generated were insulin only regimens, insulin plus
oral hypoglycemic agents (OHA), or oral treatment with
metformin or DPP4 exclusively. The optimal cutoff point
was determined from analysis of the receiver operating char-
acteristic (ROC) curves, using the Liu method." Stata ver-
sion 14.0 was used in the analysis.

Results

One hundred forty patients were included in the analysis.
The demographic and clinical characteristics of the patients
on admission to the cohort are presented in Table 1. The
mean value of HbAlc was 7.71% + 1.44%. The average per-
centage of time in hypoglycemic ranges (<54 mg/dL) was
1.66% and the average percentage of time in hypoglycemia
alert (<70-54) was 3.44%. The average AUC <54 was 2.92
(mg/dL)*h. The glomerular filtration rate (GFR) was greater
than 60 mL/min in 50.7% of patients and less than 30 ml/min
in 12.8% of patients; 8.6% of patients had an albumin/creati-
nine ratio >300 mg/g.

Of the patients in the study 65 (46.4%) received only
insulin in different regimens (Table 1), whereas 41.4%
received OHA combined with insulin, 11.4% received OHA
exclusively as a treatment for T2DM, and 1 patient received
OHA plus GLP1 (glucagon-like peptide-1). Of the OHAs,
the most frequently used were metformin (46.4%), DPP4
(dipeptidyl peptidase-4) inhibitors (22.8%), and sulfonyl-
ureas (8.6%). The basal insulin used was glargine or NPH
(neutral protamine Hagedorn).

The correlation between the different indexes is presented
in Table 2. High correlation indexes were found between the
SD and each of the GV and QGC metrics (» > .8); however,
the correlation between the SD and LBGI was only moderate
(r=.43). The correlation between the mean glucose and the
various GV metrics was moderate, with values of » between
.Sand.7.

Data were recorded for a total of 657 days, including 140
patients, for an average of 4.69 (+1.48) days and 852 (+426)
samples per patient. Calibration of interstitial glucose mea-
surements was adequate (» > .7). Fifty patients (35.7%) had
at least one episode of hypoglycemia <54 mg/dl during fol-
low-up. A total of 144 episodes were recorded for an
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Table I. Characteristics of Included Patients.
Variable n =140
Sex male, n (%) 66 (47.1)
Age in years, mean (SD) 68.9 (11.2)
BMI (kg/m?), mean (SD) 27.4 (4.2)
Duration of diabetes in years, mean (SD) 15.5 (9.7)
HbAlc (%), mean (SD) 7.71 (1.44)
Creatinine (mg/dl), mean (SD) 1.29 (0.77)
GFR (ml/min), mean (SD) 64.3 (29.4)
Total cholesterol (mg/dl), mean (SD) 167 (44.7)
LDL-C (mg/dl), mean (SD) 92.6 (37.9)
Triglycerides (mg/dl), mean (SD) 142.8 (70.0)
Microvascular complications

Retinopathy, n (%) 48 (34.2)

Nephropathy, n (%) 24 (17.1)

Neuropathy, n (%) 7 (5)
Macrovascular complications, n (%)

Coronary heart disease, n (%) 38 (27.1)
Cerebrovascular disease, n (%) 3(2.0)
Peripheral vascular disease, n (%) 8(5.7)
Neuropathic symptoms, n (%) 70 (50)
Polypharmacy, n (%) 117 (83.5)
Severe hypoglycemic episodes in last 3 20 (14.4)
months, patients, n (%)
Treatment
Basal insulin, n (%) 11 (7.9)
Basal + bolus insulin, n (%) 51 (36.4)
Insulin pump, n (%) 2 (1.43)
Insulin + OHA, n (%) 58 (41.4)
OHA exclusively, n (%) 16 (11.4)
GLPI + OHA, n (%) I (0.71)

Polypharmacy defined as the use of five or more medications. Severe
hypoglycemic episodes defined as glucose <54 mg/dl or <70 mg/dI
requiring assistance from another person.

incidence rate (IR) of 0.22 episodes per patient-day. The IR
of events of hypoglycemia alert (<70 mg/dL) was 0.66 epi-
sodes per patient-day (433 events).

Univariate analysis of each clinical and laboratory factors
potentially associated with hypoglycemia <54 mg/dL is pre-
sented in Table 3. Mean glucose (RR 0.98, 95% CI 0.965-0.997,
P = .022), time since diagnosis (RR 1.04, 95% CI 1.00-1.08,
P =.038), and body mass index (RR 1.04, 95% CI 0.83-0.99,
P = .046) were significantly associated with hypoglycemia.

Comparison among patients with and without episodes of
hypoglycemia <54 mg/dl showed significantly higher values
of all GV indexes among patients with hypoglycemia. There
were no differences for QGC indexes (M value and J index).
Among the glycemic risk indexes, LBGI showed significant
differences between the two groups (Table 4). A similar find-
ing was found in subgroups analysis, according to treatment
received (Table 4).

Univariate and multivariate analyses of each of the GV,
QGC, and glycemic risk metrics as identifiers of patients with
risk of hypoglycemia < 54 mg/dL are presented in Table 5.
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Table 2. Spearman’s Coefficient of Correlation Between Various Indexes of GV, QGC and Glycemic Risk.

I 2 3 4 5 6 7 8 9 10 I 12 13 14

1.MG 1.0000

2.SD .6994 1.0000

3.CV 2461 8244 1.0000

4.1QR .6604 9532 .8069 1.0000

5.CONGA | 5366 .8510 .7580 .7764 1.0000

6. CONGA2 5844 8973 .7878 .8256 .9834 1.0000

7.CONGA 4 6417 9484 8109 .8847 9220 .9642 1.0000

8. MODD 6967 8597 6748 7932 7651 .8093 .8286 1.0000

9. MAGE-T 6644 9594 8045 9041 .8832 9243 9624 8189 1.0000
10. MAGE D 6197 9435 8235 8978 8879 9289 9656 .7967 .9856 1.0000
I'1. M value 9264 8887 .5230 8411 .7177 7690 .8253 .8238 8471 8112 1.0000
12. ) index 9428 8827 .5068 .8344 7151 .7658 8229 8218 .8425 .8047 .9939 1.0000
13. LBGI —-.1978 4318 7077 4317 4326 4399 4458 2878 4186 4596 .0865 .0568 1.0000
14. HBGI 8611 9426 .6344 9073 7576 8130 8771 .8509 9006 .8724 9764 9726 .1886 1.0000

Table 3. Univariate Analysis of Clinical and Paraclinical Factors
Associated With Hypoglycemia <54 mg/dL.

RR 95% ClI P
Clinical variable
Age 1.00 0.97-1.03 .830
Female gender 1.07  0.54-2.15 .840
BMI 091 0.83-0.99 .046
Time since diagnosis (years) 1.04 1.00-1.08 .038
Polypharmacy 1.33  0.51-348 564
Hypoglycemia history
History of severe hypoglycemia by ~ 0.74  0.27-2.08 579
clinic
History of hypoglycemia <54 mg/dl 1.3 0.65-2.63 451
in the last 3 months
History of asymptomatic .10 0.49-2.50 815
hypoglycemia in the last 3 months
Paraclinical variables
HbAlc 091 0.72-1.17 A73
Mean glucose 098  0.96-0.99 .022
Creatinine 0.84  0.52-1.36 491
GFR I 0.99-1.01 .883
Microalbumin/creatinine ratio 099  0.99-1.00 .552

Hypoglycemia history determined by direct interview and review of the
patient’s clinical records. Polypharmacy defined as the use of five or more
medications.

The univariate analysis showed a relationship between hypo-
glycemia and all the metrics of GV; there was no significant
relationship with QGC indexes and HBGI. When the clini-
cally relevant variables (mean values of glycemia, diabetes
duration, BMI, and GFR) were included in the multivariate
analysis, both the GV metrics and the glycemic risk metrics
were significant (P <.0001).

Analysis of the ROC curves of each index as identifier of
patients with risk of hypoglycemia <54 mg/dL showed that,
among the GV metrics, the CV yielded the best AUC (0.84,

95% CI 0.77-0.90; Table 6 and Figure 1). For the glycemic
risk metrics, the best AUC was found for LBGI (0.9525; 95%
CI10.92-0.98). A similar finding was done for events of hypo-
glycemia alert (<70 mg/dL) but with a lower discriminatory
ability. Among the GV metrics, the CV yielded the best AUC
(0.77, 95% CI 0.69-0.86), and LBGI was the best glycemic
risk metric (AUC 0.97; 95% CI 0.94-0.99) (Table 6).

The comparison of AUC (ROC curves) by subgroups
according to received treatment, showed that CV was the
best GV metric for patients receiving insulin exclusively and
for patients treated with insulin plus OHA (AUC 0.81 and
0.85, respectively). For patients receiving metformin or
DPP4 exclusively, all GV metrics had AUC > 0.90. LBGI
was the best glycemic risk index in each subgroup evaluated
with AUCs > 0.94 (Table 7).

The optimal cutoff points for each identifier of patients
with risk of hypoglycemia <54 mg/dL, were determined from
the analysis of the ROC curves, and are presented in Table 6.
A cutoff point of 34% was the optimal for the CV, with a sen-
sitivity of 0.80 and a specificity of 0.78 at cutpoint. For LBGI
was 3.4, with a sensitivity of 0.86 and a specificity of 0.91 at
cutpoint. Using these cut points the percentage of time in
hypoglycemic ranges (<54 mg/dL) was significantly higher
in patients with CV >34% (3.55% vs 0.25%, P <.001), and in
patients with LBGI >3.4 (4.5% vs 0.04%, P < .001). The
average AUC <54 was significantly higher in patients with
CV >34% (5.67 vs 0.86 (mg/dL)*h, P <.001), and in patients
with LBGI >3.4 (7.17 vs 0.50 (mg/dL)*h, P <.001).

Discussion

Determination of HbAlc levels has proven to be useful in
both the diagnosis and monitoring of diabetes, making this
indicator a key tool in clinical control. However, although the
HbAlc value has greater stability in the presence of day-to-
day disturbances and physiological stressors than many other
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Table 4. Determinations of GV, QGC, and GR by Different Methods in Patients With and Without Episodes of Hypoglycemia

<54 mg/dL According to Received Treatment.

Total (n = 140) Insulin only (n = 65) Insulin + OHA (n = 58) Metformin or DPP4 (n = 17)

Metric, With HG Without HG With HG Without HG With HG Without HG With HG Without HG

mean (SD) (n=50) (n=90) P (n=24) (n=41) P n=19) (n=39) P n=7) (n=10) P
MG (mg/dl)  142.0 (30.9)  150.9 (40) .14 145.5 (37.6) 154.2 (36.6) .36 139.9 (27.2)  153.7 (383) .16 135.6 (8.6) 126.5 (17.8) 23
SD 55.9 (15.3) 44.1 (17.3) <.001 57.8 (17.6) 479 (16.2) .02 53.7 (13.1) 44.3 (16.9) .04 55.3 (13.7) 26.8 (13.7) <.00l
cv 39.4 (7.4) 287 (8.2) <.001 39.7 (7.5) 31.0 8.1) <.001 382 (6.3) 28.1 (6.9) <.001 40.8 (9.6) 20.8 (8.7) <.001
IQR 80.8 (27.9) 61.0 (27.3) <.001 84.3 (33.4) 66.1 (26.9) .02 76.9 (20.7) 61.5 (26.1) .03 79.5 (26.3) 37.9 (24.0) .004
CONGA | 37.1 (11.0) 28.5 (10.1) <.001 37.3(11.9) 29.1 (8.6) .002 364 (11.5) 29.5 (11.6) .03 37.7 (6.3) 22.1 (7.2) <.001
CONGA 2 55.0 (15.5) 42.1 (15.1) <.001 55.7 (17.6) 44.1 (14.2) .005 53.6 (14.8) 42.6 (15.9) 014 55.9 (9.7) 311 (11.4) <00l
CONGA 4 71.5(20.3) 55.0 (21.3) <.001 73.2 (24.1) 59.4 (21.1) .02 68.1 (16.1) 55.0 (20.7) 018 74.6 (17.3) 36.4 (15.8) <.00l
MODD 48.3 (14.5) 40.7 (18.1) 013 53.8 (16.5) 447 (17.8) .04 45.1 (11.5) 41.1 (18.1) .37 38.5 (5.4) 23.5(7.6) <.001
MAGE T 127.0 (35.9) 99.9 (41.3) <.001 131.9 (44.2) 109.1 (40.4) .03 120.1 (26.7) 99.6 (39.7) .04 128.6 (25.4) 63.7 (33.6) <.00I
MAGE D 125.0 (35.0) 952 (39.18) <.001 128.5 (41.1) 103.8 (39.3) .02 119.7 (28.4) 94.7 (36.6) O 1279 (29.9) 61.5(32.2) <.00lI
M value 24.0 (18.8) 23.6 (23.6) 914 274 (23.2) 25.8 (25.3) 8l 214 (14.8) 25.2 (23.3) 51 19.4 (8.1) 78(7.1) .006
) index 41.0 (18.6) 40.6 (21.6) .900 43.9 (22.7) 43.2 (224) .90 38.9 (15.6) 41.9 (21.6) .58 36.7 (7.1) 242 (8.9) .007
LBGI 6.97 (3.6) 1.87 (1.2) <.001 6.96 (3.6) 201 (1.2) <.001 6.35 (3.05) 1.87 (1.12)  <.001 8.66 (4.7) 1.27 (1.1) <.001
HBGI 8.22 (5.1) 7.30 (5.8) .356 9.24 (6.3) 8.18 (6.0) .50 7.38 (3.9) 7.54 (5.8) .90 7.02 (2.7) 2.76 (2.9) .009

HG : Hypoglycemia.

Table 5. Univariate and Multivariate Analysis of the Different Metrics of GV, QGC, and Glycemic Risk for Hypoglycemia < 54 mg/dL.

Univariate analysis

Multivariate analysis®

OR 95% ClI P OR 95% ClI P

MG (mg/dL) 0.99 0.98, 1.00 .148 — — —
Glycemic variability SD 1.02 1.02-1.06 <.0001 .13 1.08-1.19 <.0001
indexes Cv .19 1.11-1.26 <.0001 1.20 1.12-1.28 <.0001
IQR 1.03 1.01-1.04 <.0001 1.06 1.04-1.09 <.0001
CONGA | 1.08 1.04-1.12 <.0001 .16 1.10-1.25 <.0001
CONGA 2 1.06 1.03-1.09 <.0001 1.13 1.08-1.19 <.0001
CONGA 4 1.04 1.02-1.06 <.0001 1.09 1.05-1.13 <.0001
MODD 1.02 1.00-1.04 017 1.07 1.04-1.11 <.0001
MAGE T 1.02 1.01-1.03 <.0001 1.04 1.02-1.06 <.0001
MAGE D 1.02 1.01-1.03 <.0001 1.05 1.03-1.07 <.0001
Quality of glycemic M value 1.00 0.98-1.02 914 .19 1.10-1.30 <.0001
control indexes J index 1.00 0.98-1.01 .900 1.38 1.22-1.56 <.0001
Glycemic risk indexes LBGI 3.77 2.28-6.24 <.0001 4.83 2.41-9.71 <.0001
HBGI 1.02 0.97-1.09 .356 1.72 1.35-2.19 <.0001

*Multivariate analysis controlled for glycemia mean, duration of diabetes, BMI, and GFR.
15,16

methods used to estimate blood glucose levels, this advantage
limits its role as a predictor of hypoglycemia,'* which is the
main barrier to achieving adequate glycemic control.

GV has been evaluated in theoretical reviews and in stud-
ies based on both CGM and capillary records using a variety
of mathematical methods. Although GV has been shown to be
associated with the risk of hypoglycemia, it has not been pos-
sible to standardize a particular metric to generate unified rec-
ommendations for wide use within clinical prac’[ice;I1 also,
there are multiple QGC and glycemic risk indexes used, gen-
erating confusion for health professionals. Although there are
precedents in the literature for defining a specific method to
assess GV, most clinical studies limit their evaluation to only
some of the possible metrics, and others only consider

capillary measurements in the mathematical estimation.
Our study is the first in which data obtained from CGM were
used to estimate GV, QGC, and glycemic risk by most of the
available methods and in which the outcome of this estima-
tion was directly compared and correlated with a major clini-
cal outcome (in this case, hypoglycemia) to validate its
applicability in the daily clinical context. The strengths of this
study is that the analysis was performed considering the new
definition of clinically significant hypoglycemia, and the use
of the blinded data of the CGM for patients and physicians, it
eliminates bias from behavioral changes of patients.

In recent decades, a number of research groups have
attempted to determine the ideal method of measuring GV. In
one of the most relevant studies, conducted by Monnier and
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Table 6. Comparison of AUC (ROC Curves) for Various GV, QGC, and Glycemic Risk Indexes.

<54 mg/dL <70 mg/dL
Optimal
Index Area ROC 95% ClI cutoff point Area ROC 95% ClI

Glycemic variability SD 0.7155 0.62812-0.80283 51.1 0.5769 0.46364-0.6901 |
indexes cv 0.8420 0.77482-0.90909 34.02% 0.7781 0.69049-0.86572
IQR 0.7181 0.63162-0.80454 66.5 0.5913 0.48101-0.70158

CONGA | 0.7439 0.65785-0.83005 31.68 0.6235 0.51501-0.73193

CONGA 2 0.7430 0.65799-0.82801 47.78 0.6174 0.50958-0.72513

CONGA 4 0.7342 0.64921-0.81923 61.68 0.6092 0.50073-0.71767

MODD 0.6649 0.57365-0.75620 39.1 0.5437 0.42767-0.65969

MAGE T 0.7174 0.63165-0.80309 112.24 0.5877 0.47737-0.69794

MAGE D 0.7442 0.66120 0.82717 107.57 0.6144 0.50812-0.72077

Quality of glycemic M value 0.5695 0.47237-0.66669 9.95 0.3672 0.25354-0.48088
control indexes J index 0.5484 0.44949-0.64733 29.07 0.3695 0.25737-0.48171
Glycemic risk indexes LBGI 0.9525 0.92038-0.98470 3.38 0.9659 0.93691-0.99495
HBGI 0.6058 0.51011-0.70156 4.04 0.4412 0.32399-0.55836

Optimal cutoff points estimated with Liu method.
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Figure 1. Comparison of ROC curves among different Glycemic variability, quality of glycemic control, and glycemic risk metrics as
identifiers of patients with risk of hypoglycemia. (a) Glycemic variability indexes. (b) Quality of glycemic control indexes: M value, ] index.

(c) Glycemic risk indexes.
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Table 7. Comparison of AUC (ROC Curves) for Various GV, QGC, and Glycemic Risk Indexes by Subgroups According to Received

Treatment.

Insulin only (n = 65)

Insulin + OHA (n = 58)

Metformin or DPP4 (n = 17)

Index Area ROC 95% ClI Area ROC 95% ClI Area ROC 95% ClI

Glycemic variability SD 0.6934 0.55365-0.83308 0.6814 0.53652-0.82637 0.9286 0.78398-1
indexes cv 0.8135 0.70185-0.92515 0.8518 0.74668-0.95692 0.9286 0.78398-1
IQR 0.7008 0.56312-0.83848 0.6884 0.54532-0.83141 0.9286 0.78398-1

CONGA | 0.7460 0.60734-0.88465 0.6773 0.53605-0.81852 0.9429 0.82407-1

CONGA 2 0.7323 0.59315-0.87138 0.6787 0.53646-0.82088 0.9286 0.78398-1

CONGA 4 0.7151 0.57803-0.85217 0.6870 0.54629-0.82767 0.9286 0.78398-1

MODD 0.6728 0.53408-0.81146 0.6247 0.47541-0.77390 0.9429 0.83851-1

MAGET 0.7014 0.56542-0.83733 0.6717  0.53118-0.81231 0.9143 0.74397-1

MAGE D 0.7185 0.58391-0.85316 0.7022 0.56577-0.83866 0.9143 0.74397-1

Quality of glycemic M value 0.5606 0.40861-0.71267 05111 0.35850-0.66366 0.8571 0.65697-1
control indexes J index 0.5400 0.38610-0.69399 0.4875 0.33191-0.64316 0.8857 0.71694-1
Glycemic risk indexes  LBGI 0.9531 0.90668-0.99950 0.9460 0.88739-1.00000 0.9714 0.90413-1
HBGI 0.6087 0.45910-0.75829 0.5485 0.39621-0.70074 0.9143 0.76554-1

colleagues, they evaluated the average blood glucose and its
SD;’ their results showed that the risk of hypoglycemia was
virtually eliminated when the SD was less than 30 mg/dl (1.7
mmol/L). Subsequently, in the work of Saisho et al,'” the cor-
relation between variability and hypoglycemia was again
demonstrated, finding that the best ROC curve correlations
were for SD and MODD, however they did not evaluate CV
as a metric of GV. A study by Jin et al'® that included a sig-
nificant Asian sample of both TIDM and T2DM patients
showed that CV was better correlated than SD with a risk of
blood glucose values below 70 mg/dl regardless of the type
of diabetes. Similar results were reported by Qu et al,' who
found that intraday glucose CV was significantly correlated
with the rate of hypoglycemia events.

The analysis conducted in the present study includes the
greatest number of GV metrics available from CGM data that
might be associated with a relevant clinical outcome, hypo-
glycemia, in a high-risk population of T2DM patients. It
should be noted that when comparing the data obtained in
patients with and without hypoglycemia during the study
period, a statistically significant difference was found in
almost all measures of variability between the two groups of
patients. This demonstrates that although the methods esti-
mate the variability based on different temporal intervals
(interday, intraday, total, etc), there is a consistent relationship
with the occurrence of hypoglycemia, as reported in previous
studies,'”"” is remarkable that this finding was evident even
in the subgroups of patient treated with metformin or DPP4,
as these OHAs have lower risk of hypoglycemia. Even when
all these metrics were highly correlated as it was expected,”
CV was a better metric of GV to identify patients with risk of
events of hypoglycemia <54 mg/dL and of events of hypogly-
cemia alert (<70 mg/dL) in T2DM patients. The ability to dis-
criminate these patients could be explained by the fact that
CV is less affected by average glucose and HbAlc levels than

other GV metrics.”! In addition, CV has been associated with
the presence of cardiovascular autonomic neuropathy in
patients with inadequately controlled T2DM,* is reported in
CGM, and is easy to calculate and to use in general practice.
That is why we propose that the CV represents a key tool for
not only research purposes but also routine clinical use.

A recent study by Monnier et al” proposed the extensive
use of the CV for the estimation of GV in clinical practice, and
proposed a cutoff point of 36% for distinguishing high and
low variability in the framework of stable or unstable dysgly-
cemia. The methodology to define the threshold was different
between that and the present study; in ours, patients with high
hypoglycemia risk (including patients with history of recur-
rent or severe hypoglycemia, and those who were receiving
insulin or insulin secretion management) were evaluated using
ROC curves analysis, whereas in Monnier et al’s study”
patients without risk of hypoglycemia were used as controls
for setting the cutoff point, however our findings suggest a
similar value of 34% as marker of risk of hypoglycemia.

Beside the GV indexes, the present study evaluates most
of QGC and glycemic risk measurements available from
CGM. It is important to emphasize that the intention of these
metrics is different. GV evaluates not only the fluctuations of
glucose around a mean but also the deleterious cellular pro-
cesses attributed to both the hyperglycemic spikes and the
hypoglycemic troughs, while QGC is an hybrid measure of
both variability and mean glycemia, since the intent of the
creators was to determine “the difference between the
observed blood sugar and normal blood sugar”** As
expected, our data showed that QGC indexes had a poor abil-
ity to discriminate patients with risk of hypoglycemia.
Similar results were described by Le Floch and Kessler,”
who found that different glucose variability indexes and
ratios provide complementary pieces of information associ-
ated with high and low glucose values.
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Glycemic risk measurements want to evaluate exclusively
the risk of events of hypoglycemia or hyperglycemia, based
in the characteristics of previous episodes and a mathematic
correction of the skewness of glycemia, but they do not evalu-
ate the fluctuations of glycemia levels by itself. Although
originally developed from self-monitored BG data,”® these
parameters have been adapted to continuous interstitial glu-
cose monitoring and have demonstrated a good ability to
identify patients with risk of hypoglycemia in some settings.”’
Our data are compatible with these findings and demonstrate
that LBGI was the best metric to identify high risk patients,
between all the evaluated indexes.

One of the limitations of our study is that despite the
selection of a population at risk of hypoglycemia, the num-
ber of hypoglycemic events was not very high. Part of the
explanation for this phenomenon is the use of the currently
established cutoff point for the definition of clinically sig-
nificant hypoglycemia (less than 54 mg/dl); this is much
lower than the conventional value that was used in most pre-
vious studies. The lower value has now become the standard
for evaluation, partly because of the data obtained from
CGM and their correlation with the physiological response
to hypoglycemia.'?

Considering the strong correlation of GV with the mean
glucose,” it could be seen as a limitation that in our study we
did not consider the basal levels of HbAlc or the mean glu-
cose to adjust our analysis. However it better reflects the way
how the health professionals use the GV measures and its
thresholds, as they do not use charts with individual values
for each metric and each HbAlc level.

An additional potential limitation is the duration of CGM.
Recent consensus have suggested a minimum of 14 days of
data must be collected for accurate analysis.” However a pre-
vious study evaluating the amount of data required to measure
GV examined 50 days of CGM data from 68 participants and
concluded that 6 days was a sufficient time period to approxi-
mate GV using SD or MAGE;” the study was conducted in
adult participants with TIDM. In the present study we evalu-
ated patients with T2DM who may exhibit a more stable gly-
cemic profile than T1D patients; the average of 4.7 days
duration of CGM should not affect seriously the analysis.

Our study, similar to most of those previously mentioned,
included patients with T2DM. Overall, analyses of this type
have not been performed independently for the consideration of
patients with T1DM, although in the study of Jin et al, an ade-
quate correlation was also found for CV independent of the type
of diabetes and the general risk of hypoglycemia (<70 mg/dl)."®
Further studies are needed to further evaluate the GV metrics in
patients with TIDM or exclusively on insulin therapy.

Conclusion

The present analysis shows a strong correlation of the differ-
ent metrics of GV, and a consistent relationship between GV

indexes and the occurrence of hypoglycemia. CV was the
measure of GV with the best ability to discriminate patients
with risk of hypoglycemia < 54 mg/dL in T2DM. Combined
with the practicality and ease of calculation of this parame-
ter, the findings suggest that the CV of blood glucose levels
is an ideal measure for the evaluation of GV in the context of
clinical practice at all levels of care in T2DM patients. LBGI
was the best glycemic risk index.
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hemoglobin; HBGI, high blood glucose index; HG, hypoglycemia;
IQR, interquartile range; IRH, identifiers of patients with risk of
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glycemic excursions; MAGE T, total mean amplitude of glycemic
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