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Abstract

Background

Few studies have analyzed the relationship between glucose variability (GV) and adverse
health outcomes in patients with differences in glycemic status. The present study tests the
hypothesis that GV predicts all-cause mortality regardless of glycemic status after simple
adjustment (age and sex) and full adjustment (age, sex, cardiovascular disease, hyperten-
sion, use of aspirin, statins, GLP-1 receptor agonists, SGLT-2 inhibitors and DPP-4 inhibi-
tors, baseline FPG and average HbA1c).

Methods

Prospective cohort study with 795 normoglycemic patients, 233 patients with prediabetes,
and 4,102 patients with type 2 diabetes. GV was measured using the coefficient of variation
of fasting plasma glucose (CV-FPG) over 12 years of follow-up. The outcome measure was
all-cause mortality.

Results

A total of 1,223 patients (657 men, 566 women) died after a median of 9.8 years of follow-
up, with an all-cause mortality rate of 23.35/1,000 person-years. In prediabetes or T2DM
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patients, the fourth quartile of CV-FPG exerted a significant effect on all-cause mortality
after simple and full adjustment. A sensitivity analysis excluding participants who died during
the first year of follow-up revealed the following results for the highest quatrtile in the fully
adjusted model: overall, HR (95%Cl) = 1.54 (1.26—1.89); dysglycemia (prediabetes and
T2DM), HR =1.41 (1.15-1.73); T2DM, HR = 1.36 (1.10-1.67).

Conclusion

We found CV-FPG to be useful for measurement of GV. It could also be used for the prog-
nostic stratification of patients with dysglycemia.

Introduction

Glycemic control among dysglycemic patients is usually assessed based on glycosylated hemo-
globin (HbA1c), which reflects average blood glucose over previous months but does not
inform about oscillations in blood sugar over time. Two patients with the same HbAlc may
experience different glycemic excursions. For this reason, measurement of glycemic variability
(GV) has been proposed as a tool for glucose monitoring in patients with type 1 diabetes
(T1DM) and type 2 diabetes (T2DM) with severe insulin insufficiency [1] or associated condi-
tions such as kidney failure. GV is defined as the oscillation of blood glucose levels outside the
normal range. It can be classified into short-term variability (variations within the same day or
between days) and long-term variability (oscillations between different clinical visits). The for-
mer is based on determinations obtained by continuous glucose monitoring and the latter on
determinations of basal plasma glucose, HbA1lc, or postprandial glucose obtained at different
visits to the hospital or primary care center. The most widely used long-term GV measures are
standard deviation and coefficient of variation, which are easy to calculate and interpret.

Many studies have evaluated whether fluctuations in glycemia are directly related to the
incidence of diabetes complications. In their meta-analysis, Nalysnyk et al [2] found a link
between GV, as measured by the coefficient of variation of fasting plasma glucose, and the risk
of both microvascular and macrovascular complications, as well as mortality, among patients
with T2DM. Specifically, an association with the development or progression of diabetic reti-
nopathy, cardiovascular events, and mortality was evidenced in 9 of the 10 studies included.
Similar findings were reported in a second meta-analysis evaluating variability in HbAlc [3],
although most studies were retrospective and were poorly adjusted for potential confounders.
Glycemic fluctuations have been reported to increase oxidative stress [4], inflammatory
response, and endothelial damage, all of which would lead to vascular complications [5].

By contrast, the recent meta-analysis by Alatawi and Mirghani [6] included seven studies,
of which four demonstrated an association between myocardial infarction and GV and three a
neutral effect. Indeed, in their meta-analysis of studies on patients with DM, Smith-Palmer
et al [7] showed that the association between GV and myocardial infarction was observed only
among patients with TIDM.

Although GV is observed mainly in patients with diabetes, it also affects patients with predi-
abetes and normal blood glucose [8]. However, few studies have analyzed the relationship
between GV and adverse health outcomes (cardiovascular events and mortality) among
patients with differences in glycemic status, and even fewer have been performed in southern
European countries with healthier lifestyles [9]. This lack of information could be due to the
lower frequency of all-cause and cardiovascular mortality in southern Europe than in central
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and northern Europe. However, the progressive aging of the population of southern Europe
and the co-occurrence of dysglycemia at older ages require further studies in this line of
research. We tested the hypothesis that GV predicts all-cause mortality regardless of glycemic
status, after adjusting for established cardiovascular disease. If this hypothesis is confirmed,
GV should be incorporated into the prognostic stratification of patients with dysglycemia.

Methods
Study population

We prospectively included 3,438 patients with T2DM from the first recruitment (year 2007)
and 726 from the second recruitment (year 2011) of the MADIABETES cohort. These patients
constitute the Spanish T2DM cohort with the highest number of person-years of follow-up.
MADIABETES is also one of the few Spanish cohorts comprising primary care patients. Find-
ings for the variables recorded—age, sex, time since diagnosis of diabetes, hypertension, dysli-
pidemia, and microvascular complications—are similar to those of Spanish hospital-based
studies [10, 11] and the data reported by Bodicoat et al [12]. Likewise, 1,485 patients were
included from the SPREDIA (Screening prediabetes and type 2 diabetes) cohort [13], which
was initiated in 2010 and comprised 161 people with T2DM, 78 with previously unknown dia-
betes, 265 with prediabetes (impaired glucose tolerance [IGT]), and 981 with normal glycemia
values. The main aim of the SPREDIA cohort study was to evaluate the performance of the
Finnish Diabetes Risk Score (FINDRISC) and a simplified FINDRISC score (MADRISC) in
screening for undiagnosed type 2 diabetes mellitus and dysglycemia. Given that 519 patients
were excluded for having <3 fasting plasma glucose (FPG) measurements during follow-up,
this analysis was based on 5,130 patients (Fig 1).

Study variables

Patient follow-up started in 2007 and ended in 2019. Mortality data from the year 2020 were
not included since values were substantially higher than expected because of COVID-19. As a
dynamic cohort, not all patients completed the 12 years of follow-up, and the median follow-
up for assessment of mortality was 9.8 years. Follow-up was terminated because of one of the
following three circumstances: end of follow-up (12/31/2019), loss to follow-up through
change of residence, and date of death. Mortality data were obtained from the Ministry of
Health (National Institute of Deaths Registry [INDEF]), which includes the date of death but
not its cause. There were no losses to follow-up with respect to mortality, because, regardless
of whether the patient moved to a new city, mortality is recorded at national level and is based
on the patient’s identification data. These include the national identity card number, which is
unique for each Spanish citizen.

In addition, demographic, anthropometric, clinical, and laboratory data were obtained
from the family physician responsible for each patient and, when necessary, from the elec-
tronic primary care clinical records (AP-Madrid® software), which have been validated for
research purposes [14] and are widely used in morbidity and mortality studies [15].

Participants not previously diagnosed with DM at baseline underwent a standard 75-g oral
glucose tolerance test (OGTT), which was performed according to World Health Organization
(WHO) recommendations [16]. The test includes FPG and glucose measurements over time;
the glucose oxidase method was used to determine blood glucose levels. In patients who under-
went an OGTT, the FPG was taken after eight hours of fasting and before glucose intake. Gen-
eral practitioners requested FPG measurements under conditions of usual clinical practice,
and patients with less well-controlled disease tended to have a significantly higher number of
annual blood glucose measurements. When this was the case, participating physicians
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3,438 T2DM patients from the
MADIABETES cohort (first
recruitment, 2007)

1,485 persons from the
SPREDIA cohort, 2010

726 T2DM patients from the
MADIABETES cohort (second
recruitment, 2011)

5,649 persons from the
MADIABETES and SPREDIA
cohorts

»| 519 subjects were excluded
because of <3 FPG
determinations during follow-

y

5,130 persons with at least 3
FPG determinations up

[795 NG; 233 Pre-DM; 4,032 T2DM;
70 newly diagnosed DM])

J

Median 9.4 years of follow-up
according to
quartiles of the coefficient of
variation of FPG levels

Outcomes
All-cause mortality
Cox-regression analysis

Fig 1. Flow chart of study participants. FPG: fasting plasma glucose; NG: normoglycemia; Pre-DM: prediabetes;
T2DM: type 2 diabetes mellitus.

https://doi.org/10.1371/journal.pone.0271632.g001

included only the last blood glucose measurement for the year in the data collection notebook.
The median number of glucose measurements was eight. GV was only measured when at least
three glucose measurements were collected.

Glycemic status was defined using the oral glucose tolerance test (OGTT) [17] as follows:
normoglycemia (OGTT <140 mg/dl), prediabetes (OGTT 140-199 mg/dl), and newly diag-
nosed DM (participants with no previous diagnosis of DM at baseline and an OGTT >200
mg/dl).

Pre-existing cardiovascular disease was defined as a history of myocardial infarction, stroke,
or peripheral vascular disease.

Statistical analyses

As previously mentioned, the coefficient of variation of FPG (CV-FPG) was obtained in
patients with at least three FPG values during follow-up (80.9%, 87.5%, and 93% in patients
with normoglycemia, IGT, and T2DM, respectively) and calculated, for each patient, as the
ratio of the standard deviation to the mean FPG multiplied by 100 (CV = SD/mean x 100, in
%). A certain degree of GV is reasonable in subjects with normal glucose tolerance and even
more so in those with diabetes or impaired glucose regulation in blood. Therefore, it is crucial
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to identify the limit beyond which GV acquires pathological significance (association with
mortality). For this reason, patients were categorized according to quartiles of CV-FPG, both
in the overall sample and in the subsamples of patients with T2DM and patients with T2DM
plus IGT, given that CV-FPG varies with each glycemic status category. The values of these
quartiles for the total sample were as follows: Q1: <9.047; Q2: 9.048 to 15.232; Q3: 15.233 to
24.438: Q4: >24.439. For the subsample of patients from MADIABETES and SPREDIA
(T2DM patients), the values were as follows: Q1: <12.3287; Q2: 12.3288 to 18.6246; Q3:
18.6247 to 27.0836; Q4: >27.0836.

Data are presented as proportions, means (standard deviation, SD), or, in the case of vari-
ables that did not conform to a normal distribution, medians (interquartile range). The ¢ test
was used to compare two means, whilst the %> test was used for two or more proportions. An
analysis of variance (ANOVA) was performed to compare continuous variables among the
four quartiles of CV-FPG.

The mortality rate was calculated by considering the total number of deaths during follow-
up divided by the total number of person-years.

Univariate survival analysis was performed using the Kaplan-Meier method and log-rank
test. Multivariate survival analysis was conducted using Cox regression. In the first analysis
with all subjects, the hazard ratios (HRs) and 95% confidence interval (CI) were calculated
based on the following models: model 1, adjusted for age and sex; model 2, further adjusted for
history of cardiovascular disease; model 3, further adjusted for glycemic status, hypertension,
and use of statins, aspirin and antidiabetic-drugs in patients with T2DM; and model 4, further
adjusted for baseline FPG in all samples and for baseline FPG plus average HbAlc (when at
least two measurements were taken) in the T2DM sample. The interaction between CV-FPG
and sex was assessed using a likelihood ratio test of their product terms in the full model for
each glycemic status.

Lastly, a sensitivity analysis was performed excluding participants who died during the first
year of follow-up to avoid the possible influence of the severity of underlying illnesses.

The analyses were performed with SPSS version 21.0 (IBM Corp., Armonk, NY, USA); a
2-sided p value < 0.05 was considered statistically significant.

Ethics statement

The study was conducted according to the guidelines of the Declaration of Helsinki and
approved by the Institutional Review Board of Ramon y Cajal Hospital (Madrid) for the
MADIABETES cohort (approval identification code:2017/335) and the Institutional Review
Board of Carlos I1I Hospital (Madrid) for the SPREDIA cohort (approval identification code:
P07/2012). A written informed consent was obtained from all subjects involved in the study.

Results

During follow-up, a total of 1,223 patients (657 men, 566 women) died, with an all-cause mor-
tality rate of 23.35/1,000 person-years (26.07/1,000 in men and 20.83/1,000 in women). The
mortality rates according to glycemic status are shown in Fig 2. Table 1 shows the baseline
socio-demographic, anthropometric, and clinical findings for survivors and patients who died
after a median of 9.8 years of follow-up. Compared with the survivors, patients who died were
more likely to be male, older, ex-smokers, and hypertensive. They also had dyslipidemia and
more frequently had a history of cardiovascular disease. They also had a lower mean body
mass index, higher mean systolic blood pressure, and higher mean FPG.
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Fig 2. Mortality rates according to glycemic status. NG: normoglycemia; IGT: impaired glucose tolerance; T2DM:
type 2 diabetes mellitus.

https://doi.org/10.1371/journal.pone.0271632.9002

In Table 2 we summarize the baseline treatments received by study participants, finding sig-
nificantly higher use of statins, aspirin and insulin among patients who had died than among

Survivors.

Table 3 presents the baseline characteristics of all study participants according to the quar-
tiles of the CV-FPG. A significant linear trend (p<0.05) across the baseline quartiles was
observed for the following variables: male sex, smoking status, dyslipidemia, hypertension, gly-
cemic status, cardiovascular disease, and use of statins and aspirin.

Table 1. Baseline socio-demographic, anthropometric, and clinical data of study participants overall and by survival status.

Variables All patients (N = 5,130) Dead (N = 1,223) Survivors (N = 3,907) p value
Age, mean (SD) 66.6 (101) 74.5 (8.7) 64.1(9.2) <0.001
Sex male, n (%) 2,474 (48.2) 657 (53.7) 1,817 (46.5) <0.001
Never smoked, n (%) 2,619 (51.1) 694 (56.7) 1,925 (49.3) <0.001
Ex-smoker, n (%) 1,386 (27) 346 (28.3) 1,040 (26.6)

Active smoker, n (%) 1,125 (21.9) 183 (15) 942 (24.1)

BMI, mean (SD) 30.2 (5.1) 29.7 (5.2) 30.4 (5.1) <0.001
Baseline SBP, mean (SD) 131.7 (11.3) 133 (10.8) 131.2 (11.4) <0.001
Baseline DBP, mean (SD) 75.7 (6.9) 73.4 (6.5) 76.4 (6.8) <0.001
T2DM, n (%) 4,102 (80.0) 1,199 (98) 2,903 (74.0) <0.001
Prediabetes (IGT), n (%) 233 (4.5) 8(0.7) 225(5.8)

Normoglycemia, n (%) 795 (15.5) 16 (1.3) 779 (19.9)

History of CVD, n (%) 849 (16.5) 400 (32.7) 449 (11.5) <0.001
Hypertension, n (%) 3,596 (70.1) 1,015 (83) 2,581 (66.1) <0.001
Dyslipidemia, n (%) 2,669 (52) 678 (55.4) 1,991 (51) 0.006

Baseline FPG level, mean (SD) 127.9 (31) 134.8 (30.2) 125.8 (31) <0.001

BMI: body mass index; SBP: systolic blood pressure; DBP: diastolic blood pressure; T2DM: type 2 diabetes mellitus; IGT: impaired glucose tolerance; CVD:

cardiovascular disease; FPG: fasting plasma glucose

https://doi.org/10.1371/journal.pone.0271632.t001
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Table 2. Baseline treatments of study participants overall and by survival status.

Variables All patients (N = 5,130) Dead (N = 1,223) Survivors (N = 3,907) p value
Statin use, n (%) 3,142 (61.2) 819 (67) 2,323 (59.5) <0.001
Aspirin use, n (%) 2,611 (50.9) 844 (69) 1,767 (45.2) <0.001
Metformin use, n (%) 2,128 (47.8) 464 (48.2) 1,664 (47.7) 0.784
Sulfonylurea use, n (%) 864 (19.4) 202 (21) 662 (19) 0.163
Insulin use, n (%) 982 (22.1) 354 (36.8) 628 (18) <0.001
GLP-1_receptor agonist use, n (%) 31 (0.6) 3(0.2) 28 (0.7) 0.063
SGLT-2 inhibitor use, n (%) 48 (0.9) 1(0.1) 47 (1.2) <0.001
DPP-4 inhibitor use, n (%) 182 (3.5) 51 (4.2) 131 (3.4) 0.178

GLP-1: glucagon like-peptide 1; SGLT-2: sodium-glucose co-transporter-2; DPP-4: dipeptidyl peptidase 4.

https://doi.org/10.1371/journal.pone.0271632.1002

Table 3. Baseline factors of 5,130 subjects with differences in glycemic status grouped by CV-FPG quartile.

As shown in Fig 3, crude mortality was higher in the top quartile of CV-FPG than in the
other quartiles (p< 0.001) during the 12-year follow-up period.
Table 4 shows all-cause mortality in total study participants according to quartiles of
CV-FPG. Compared with patients in the lowest quartile, age- and sex-adjusted HRs (95%
CI) in the third and highest CV-FPG quartiles were 1.31 (1.07-1.60) and 1.87 (1.54-2.26),
respectively. However, findings for the second quartile were not significant (HR [95%CI]

Variables CV-FPG Quartile

1 (lowest) 2 3 4 (highest) p value
Range <9.047 9.048-15.232 15.233-24.438 >24.439
N 1,282 1,283 1,283 1,282
Anthropometric and clinical variables
Male sex, n (%) 570 (44.5) 628 (48.9) 635 (49.5) 641 (50) 0.01*
Age, mean (SD) 64.7 (8.3) 66.8 (9.6) 67.7 (10.2) 67.2 (11.7) <0.01
BMI, mean (SD) 29.0 (4.9) 30.4 (4.9) 30.5 (5.0) 30.7 (5.4) <0.01
Baseline SBP, mean (SD) 129.2 (12.2) 131.8 (10.8) 132.3 (10.5) 133.1 (11.2) <0.01
Baseline DBP, mean (SD) 76.1 (7.4) 76.0 (6.7) 75.4 (6.6) 75.3 (6.8) 0.01
Smoking, n (%) 364 (28.4) 273 (21.3) 231 (18.0) 257 (20.0) <0.01*
Hypertension, n (%) 680 (53) 934 (72.8) 995 (77.6) 987 (77) <0.01*
Dyslipidemia, n (%) 633 (49.4) 675 (52.6) 650 (50.7) 711 (55.5) <0.01*
Glycemic status
Normoglycemia, n (%) 609 (47.5) 156 (12.2) 21(1.6) 9(0.7) <0.01*
Prediabetes (IGT), n (%) 148 (11.5) 65 (5.1) 14 (1.1) 6 (0.5)
Type 2 DM, n (%) 525 (41.0) 1,062 (82.8) 1,248 (97.3) 1,267 (98.8)
Cardiovascular Disease
Previous myocardial infarction, n (%) 59 (4.6) 108 (8.4) 153 (11.9) 161 (12.6) <0.01*
Previous stroke, n (%) 33 (2.6) 72 (5.6) 98 (7.6) 107 (8.3) <0.01*
Primary prevention, n (%) 1,181 (92.1) 1.091 (85.0) 1,028 (80.1) 981 (76.5) <0.01*
Medication profile
Statin use, n (%) 574 (44.8) 798 (62.2) 873 (68.0) 897 (70.0) <0.01*
Aspirin use, n (%) 335 (26.1) 626 (48.8) 794 (61.9) 856 (66.8) <0.01*

*p value for linear trend across baseline CV-FPG quartiles.

CV-FPG: coefficient of variation of fasting plasma glucose; BMI: body mass index; SBP: systolic blood pressure; DBP: diastolic blood pressure; T2DM: type 2 diabetes

mellitus; IGT: impaired glucose tolerance

https://doi.org/10.1371/journal.pone.0271632.t003

PLOS ONE | https://doi.org/10.1371/journal.pone.0271632  July 25, 2022

7/15


https://doi.org/10.1371/journal.pone.0271632.t002
https://doi.org/10.1371/journal.pone.0271632.t003
https://doi.org/10.1371/journal.pone.0271632

PLOS ONE

Glycemic variability and all-cause mortality in patients with differences in glycemic status

0,84

)
1

Proportion alive

0,0

Quartiles
CV-FPG

04
—+Q1-censored
- Q2-censored
Q3-censored
—+— Q4-censored

T T

Follow-up years

Fig 3. Crude all-cause mortality according to quartiles of the coefficient of variation of fasting plasma glucose
levels (5,130 subjects with normoglycemia, prediabetes, or TZ2DM).

https://doi.org/10.1371/journal.pone.0271632.g003

Table 4. Hazard ratios of all-cause mortality grouped by CV-FPQG in patients with normoglycemia, IGT and T2DM.

Normoglycemia, IGT and T2DM (n = 5,130) CV-FPG quartile

1 (lowest) 2 3 4 (highest)
N 1,282 1,283 1,283 1,282
All-cause mortality, n (%) 137 (11.2) 238 (19.5) 365 (29.8) 483 (39.5)
Person-years 11,370 13,270 14,020 13,710
Mortality rate (per 1,000 person-years) 12.05 17.94 26.03 35.23
Model 1 1 1.03 (0.83-1.27) 1.31 (1.07-1.60)* 1.87 (1.54-2.26)**
Model 2 1 0.98 (0.79-1.21) 1.23 (1.01-1.50)* 1.71 (1.41-2.08)**
Model 3 1 0.84 (0.68-1.05) 1.04 (0.85-1.27) 1.44 (1.18-1.76)""
Model 4 1 0.85 (0.70-1.05) 1.01 (0.82-1.24) 1.13-1.71)*

Model 1: adjusted for age and sex. Model 2: adjusted for age, sex, and history of cardiovascular disease. Model 3: adjusted for variables in model 2 plus glycemic status,

hypertension, use of aspirin and statins. Model 4: Model 3 plus baseline FPG

“p <0.05
*p < 0.001.

CV-FPG: Coefficient of variation of fasting plasm glucose

https://doi.org/10.1371/journal.pone.0271632.t1004
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Table 5. Hazard ratios of all-cause mortality grouped by CV-FPG in T2DM patients.

T2DM (n = 4,102)

CV-FPG quartile

1 (lowest) 2 3 4 (highest)
N 1,025 1,026 1,026 1,025
All-cause mortality, n (%) 227 (22.1) 249 (24.3) 310 (30.2) 413 (40.3)
Person-years 10,573 11,345 11,253 10,887
Mortality rate (per 1,000 person-years) 21.47 21.95 27.55 37.94
Model 1 1 0.91 (0.76-1.09) 1.19 (1.01-1.41)* 1.52 (1.25-1.86)**
Model 2 1 0.82 (0.66-1.02) 1.02 (0.83-1.25) 1.42 (1.16-1.73)**
Model 3 1 0.82 (0.66-1.02) 1.02 (0.83-1.25) 1.41 (1.16-1.73)**
Model 4 1 0.82 (0.66-1.02) 0.99 (0.80-1.22) 1.37 (1.11-1.68)"

Model 1: adjusted for age and sex. Model 2: adjusted for age, sex, and history of cardiovascular disease. Model 3: adjusted for variables in model 2 plus hypertension, use
of aspirin and statins. Model 4: Model 3 plus use of GLP-1 receptor agonists, SGLT-2 inhibitors and DPP-4 inhibitors, baseline FPG and average HbA1lc (when at least
two measurements) *p < 0.05

**p < 0.001.

CV-FPG: Coefficient of variation of fasting plasm glucose; GLP-1: glucagon like-peptide-1; SGLT-2:sodium-glucose co-transporter-2; DPP-4: dipeptidyl peptidase 4

https://doi.org/10.1371/journal.pone.0271632.1005

=1.03 [0.83-1.27]). After further adjustment for history of cardiovascular disease (model
2), the effect of CV-FPG was attenuated, although it remained statistically significant for
the third and fourth quartiles (HR [95%CI] = 1.23 [1.01-1.50] and 1.71 [1.41.2.08], respec-
tively). Further adjustment (model 3 and 4) revealed a significant effect only for the high-
est quartile.

Table 5 shows the results of the main analysis only in patients with T2DM; the results are
very similar, with significant HRs for the fourth quartile in all models and the third quartile in
model 1. No significant interaction with sex was found (p = 0.957).

Lastly, Table 6 (prediabetes [IGT] or T2DM) also shows the significant effect of the fourth
quartile on all-cause mortality in all models.

The results of the sensitivity analysis were consistent with previous findings. Therefore, the
results for the highest quartile in the most adjusted model were as follows: overall, HR (95%
CI) = 1.54 (1.26-1.89); dysglycemia (prediabetes and T2DM), HR = 1.41 (1.15-1.73); and
T2DM, HR = 1.36 (1.10-1.67).

Table 6. Hazard ratios of all-cause mortality grouped by CV-FPG in patients with IGT and T2DM.

IGT and T2DM (n = 4,335)

CV-FPG quartile

N

All-cause mortality, n (%)
Person-years

Mortality rate (per 1,000 person-years)
Model 1

Model 2

Model 3

Model 4

1 (lowest) 2
1,084 1,084
205 (18.9) 246 (22.7)
10,684 11,825
19.19 20.80
1 0.89 (0.72-1.11)
1 0.86 (0.69-1.07)
1 0.86 (0.69-1.06)
1 0.85 (0.68-1.06)

3
1,084
325 (30.0)
11,889
27.34
1.13 (0.92-1.39)
1.08 (0.88-1.32)
1.07 (0.87-1.31)
1.03 (0.83-1.27)

4 (highest)
1,083
431 (39.8)
11,503
37.47
1.61 (1.32-1.96)"
1.49 (1.22-1.82)"
1.48 (1.22-1.81)"
1.41 (1.15-1.73)*

Model 1: adjusted for age and sex. Model 2: adjusted for age, sex, and history of cardiovascular disease. Model 3: adjusted for variables in model 2 plus hypertension, use
of aspirin and statins. Model 4: Model 3 plus baseline FPG *p < 0.001.
CV-FPG: Coefficient of variation of fasting plasm glucose

https://doi.org/10.1371/journal.pone.0271632.t006
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Discussion

To our knowledge, this is the first large cohort study performed in southern Europe to investi-
gate the association between GV and all-cause mortality in patients with differences in glyce-
mic status. This is the main difference with respect to previous, similar studies [18], given that
we studied the GV in different metabolic situations (normoglycemia, impaired glucose toler-
ance [IGT], and diabetes mellitus).

Our findings show that the highest degree of GV, expressed as the highest quartile of the
CV-FPG, behaves as a long-term predictor of all-cause mortality in patients with T2DM and
the subgroup with prediabetes or T2DM for any adjusted model. In addition, the third quartile
proved to be a predictor of mortality exclusively for the age- and sex-adjusted model in
patients with T2DM.

Although there are different ways of measuring GV, the CV-FPG and mean amplitude of
glycemic excursions (MAGE) are considered the most useful for research purposes [19]. Other
studies have found similar results to ours with the CV-FGP. For example, the Verona Diabetes
Study [20] enrolled 1,409 T2DM patients aged 56-74 years with a 10-year follow-up of mortal-
ity. In the multivariate analysis, the relative risk for all-cause death associated with the highest
versus lowest tertile of the CV-FPG was 1.68 (95%ClI, 1.29-2.18). The crude Kaplan-Meier
analysis showed that survival was longer in patients in the lower tertile of CV-FPG (p = 0.001)
than in patients of the other two tertiles, for whom differences were not significant. A subse-
quent analysis in 1,319 T2DM patients of the Verona Diabetes Study [21] showed differences
between the age groups. The group aged >65 years had an adjusted HR for CV-FPG of 1.56
(1.17-2.08), and the younger group had a non-significantly adjusted HR of 1.34 (0.79-2.27).
These differences are not surprising, given that the lower incidence of mortality and the
smaller size in the younger group might have diminished the statistical power and thus pre-
cluded identification of significant results. Therefore, in our study, we preferred to adjust for
age and not to stratify.

In a retrospective cohort study of 5,008 T2DM patients from Taiwan [22], the fully adjusted
HR of all-cause mortality for the highest versus lowest tertile of annual CV-FPG was 5.53 (95%
CI, 3.85-7.94). The association was considerably stronger than in our study, probably because
participants were exclusively patients with T2DM treated in hospital, thus leading to selection
bias.

In critically ill patients receiving intravenous insulin the coefficient of GV was indepen-
dently associated with 30-day mortality (OR = 1.23 for every 10% increase, p<0.001), even
after adjustment for hypoglycemia, age, disease severity, and comorbidities. The association
was observed both in non-diabetics (OR = 1.37, p<0.001) and in diabetics (OR = 1.15,

p =0.001) [23]. The effect on mortality has been attributed to hypoglycemia, especially in criti-
cally ill patients, although our study ruled out this possibility, as it was adjusted for the pres-
ence of hypoglycemia (defined as <60 mg/dL). However, in chronic T2DM patients, the effect
of GV on all-cause mortality is due to its association with 8-iso prostaglandin F20, a marker of
oxidative stress and a potential mediator of organ dysfunction [4].

The association between mortality and GV could be due to an increase in the incidence of
cancer, given the known association between marked GV and a dose-dependent high risk of
future malignancies among people without diabetes [24]. Furthermore, both dysglycemia and
overt atherosclerosis increase the risk of cancer [25].

A retrospective Chinese study [26] of 8,871 patients with T2DM followed for 7 years
showed no association between CV-FPG and all-cause mortality after adjustment for baseline
FPG. Furthermore, after stratifying by HbAlc, the HR of the highest CV-FPG quartile was
only significant among those with HbAlc >7% (HR = 1.63; 95%CI, 1.25-2.13). In contrast,
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our study included baseline FPG in the fully adjusted models; therefore, the significant results
were independent of the degree of glycemic control.

Study results can be influenced by the method used to measure GV. In this regard, the
ADVANCE trial [27] in T2DM patients analyzed the visit-to-visit GV using the SD of HbAlc
(SD-HbA1c) and of glucose (SD-FPG). There were significant linear associations between
SD-HbA1c and combined macro-and microvascular events, major macrovascular events, and
all-cause mortality after adjusting for mean HbAlc during the first 24 months and other con-
founders. SD-FPG, adjusted for mean FPG during the first 24 months and other factors, was
also continuously associated with combined macro- and microvascular events, major macro-
vascular events, and major microvascular events, but not for all-cause mortality. In our case,
we could not compare the results with variability in HbAlc, because this measurement was
recorded in very few patients with normoglycemia.

In contrast, in an observational analysis of the ALLHAT study [28] (4,982 hypertensive par-
ticipants, 35.3% diagnosed with DM and 25.6% with a history of cardiovascular disease), the
fully-adjusted HR (95% CI) for all-cause mortality was 2.22 (1.22-4.04) for the highest versus
lowest quartile of SD-FPG (>26.4 vs. <5.5 mg/dL). A Taiwanese retrospective cohort study in
T2DM patients [29] followed for at least 2 years showed that variability in HbA1c, as measured
using SD-HbA1c or CV-HbAlc, was a significant risk factor for all-cause mortality, yielding a
higher HR with SD-HbA1c¢ than with CV-HbAlc (1.99 vs. 1.06, both with p<0.05) after full
adjustment for use of statins, as in the present study.

Our study is characterized by a series of strengths, including its prospective design and
the large number of patients with diabetes, prediabetes, and normoglycemia, as well as its
long-term follow-up. In addition, to our knowledge, ours is the first study to examine the
relationship between variability in FPG and all-cause mortality in patients with differ-
ences in glycemic status in southern European countries. This aspect is especially relevant,
given the possible lower effect of GV on all-cause mortality in countries with healthier life-
styles [9] and better glycemic control than other countries participating in the EUROAS-
PIRE IV survey [30].

However, our study is also subject to a series of limitations. First, given that we included
patients with differences in glycemic status, the analyses could not be adjusted for duration of
diabetes, mean HbA ¢, diabetic nephropathy, diabetes treatments, or microalbuminuria, as in
other studies. Second, we did not have information on the cause of death, which would have
enabled us to verify that mortality is, to a large extent, accounted for by cardiovascular disease,
given the known association between GV and macrovascular complications. Third, we did not
record hypoglycemia episodes and were therefore unable to assess their association with mor-
tality. Fourth, we could not study GV measured with CV-HbA ¢, given that few persons with
normoglycemia or IGT had at least three HbAlc measurements during follow-up. Fifth, as
data were from two sources, namely, the MADIABETES and SPREDIA cohorts, they may
have been subject to a certain degree of heterogeneity.

Lastly, given the observational nature of the present study, individuals with higher GV and
lower GV were dissimilar. Therefore, to obtain an accurate picture of the association between
GV and all-cause mortality, it was necessary to adjust for differences in both groups in the
multivariate analysis. Propensity score matching (PSM) would be a more appropriate alterna-
tive that would yield less biased results than standard methods such as Cox regression. How-
ever, one of the drawbacks of PSM is the loss of sample in terms of size. In addition, PSM
should not be used in practice because our sample size was insufficiently large. Given that pro-
pensity scores can only control for observed confounders, they cannot be counted upon to bal-
ance unobserved covariates.
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Conclusion

Our results and those of other, similar studies show that the prognostic stratification of
patients with some degree of dysglycemia should incorporate measurement of GV. CV-FPG
proved useful for measuring GV in our study. However, the best method for assessing GV
under conditions of daily clinical practice remains to be defined. In addition, it remains
unclear whether the consequences of GV for mortality can justify using drugs for control of
GV, especially in prediabetic patients.
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