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Introduction: Elevated short-term blood pressure (BP)
variability (BPV) has been associated with a poorer
cardiovascular prognosis. The glycation profile is related to
BPV in diabetic and prediabetic individuals. However, little
is known about the relationship between glycation levels
and BPV in hypertensive patients with optimal glycemic
control.

Objectives: This observational study aimed to elucidate
the relationship between glycated hemoglobin (HbA1c)
levels and short-term BPV in young and middle-aged
hypertensive patients over 18 years with HbA1c levels
below 5.7%.

Methods: We collected and analyzed data on 24-h
ambulatory BP monitoring, demographic, epidemiological,
clinical, and laboratory variables from 143 hypertensive
patients. BPV was measured as the standard deviation
(SD) and average real variability (ARV) in millimeters of
mercury, as well as the dimensionless coefficient of
variation (CV).

Results: Depending on the index, each one unit increase
in nighttime SD and CV indices was associated with a
17–24% higher likelihood of elevated HbA1c levels (higher
than 5.2%). Regarding BPV dipping, each 1% decrease
in nighttime SD and CV dipping was associated with a
10–20% higher risk of increased HbA1c levels.
Additionally, each 1% decrease in nighttime ARV DBP
dipping was also associated with a 10% higher risk of
elevated HbA1c levels. A one-standardized-unit increase in
the overall combined BPV index, as a pooled measure of
BPV, was associated with a 45% higher likelihood of
raised HbA1c levels.

Conclusion: Even within the optimal range, elevated
HbA1c levels may reflect an underlying increase in BPV,
which may be particularly relevant given the prognostic
implications of short-term BPV.

Graphical abstract: http://links.lww.com/HJH/C716
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Abbreviations: 24-hDBP, 24-h average DBP; 24-hSBP, 24-
h average SBP; ABPM, ambulatory blood pressure
monitoring; AGEs, advanced glycation end products; ARV,
average real variability; BP, blood pressure; BPV, blood
pressure variability; CV, coefficient of variation; dDBP,
daytime DBP; dSBP, daytime SBP; HbA1c, glycated
hemoglobin; MACE, major cardiovascular events; nDBP,
nighttime DBP; nSBP, nighttime SBP; PCA, principal
component analysis; RAAS, renin–angiotensin–aldosterone
system; SD, standard deviation
BACKGROUND
E
levated blood pressure (BP) is the leading cause of
death worldwide [1]. Ambulatory BP monitoring
(ABPM) has shown that 24-h SBP and DBP levels

are more reliable predictors of prognosis than conventional
measurements. Additionally, nighttime BP indices have
proven to be stronger predictors of major cardiovascular
events (MACE) compared to daytime readings [2].

Beyond average BP levels, fluctuations in BP also carry
significant prognostic implications [3]. BP variability (BPV)
can be categorized chronologically into very short-term
DOI:10.1097/HJH.0000000000004029
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(seconds tominutes), short-term (24h), and long-term (days
to years). Short-term BPV is particularly important as it
reflects daily BP dynamics in response to external factors,
such as postural changes, wake–sleep cycles, physical activ-
ity, emotional stress, and treatment adherence; as well as
internal factors, including arterial wall biomechanics and
autonomic function [4]. Short-term BPV has been associated
with all-causemortality, cardiovascular death, andMACE [3].
In terms of subclinical organ damage, short-term BPV has
been linked to higher levels of left ventricular mass, arterial
stiffness, carotid atherosclerosis, and renal dysfunction, sug-
gesting it as a potential therapeutic target [5–7].

Hyperglycemia and oxidative stress, characterized by an
imbalance favoring pro-oxidant species over antioxidant
defense systems, enhance glycation processes that have
been shown to impact metabolism and hemodynamics in
diabetes mellitus (DM) complications [8]. Glycation is a
nonenzymatic process in which sugars, primarily glucose,
covalently bind to organic molecules, altering their structure
and function. The final stage of this process leads to the
formation of advanced glycation end-products (AGEs),
which directly and indirectly contribute to endothelial dys-
function, chronic inflammation, and arteriosclerosis [9,10].

Multiple studies have demonstrated a link between an
unfavorable glycation profile and abnormalities in both
average BP levels and BPV in diabetic and prediabetic
patients [11,12]. Emerging evidence has also highlighted
the impact of glycation processes on nighttime BP levels in
nondiabetic and prediabetic individuals [13,14]. However,
there is still limited understanding of whether the glycation
profile and BPV are related in hypertensive patients with
optimal glycation levels. To address this, we evaluated the
relationship between glycated hemoglobin (HbA1c) levels
and BPV indices in young and middle-aged hypertensive
patients with strictly normal HbA1c levels.

MATERIAL AND METHODS

Study design, setting, and participants
This was an observational, cross-sectional study conducted
in the Department of Internal Medicine at the University
Hospital of Santiago de Compostela during the first half of
2023. We assessed the relationship between HbA1c, as a
relevant marker of glycation, and a set of independent
variables, including clinical-anthropometric aspects, labo-
ratory parameters, and BP indices. The inclusion criteria
were outpatients aged 18–70 years with HbA1c levels be-
low 5.7% and a confirmed diagnosis of essential hyperten-
sion, based on 24-h ABPM results according to the
European Society of Hypertension (ESH) guidelines. Exclu-
sion criteria included current smoking (within 6months
prior to recruitment), high-risk alcohol consumption (de-
fined as more than 10 g per day for women and 20 g per day
for men), and the presence of DM and pre-DM [15–17].

Clinical and laboratory baseline variables
We collected data on participants’ age, sex, alcohol con-
sumption (categorized as nondrinker vs. low-risk drinker),
history of tobacco use (categorized as no/yes), and physical
activity, following ESH guidelines [15]. BMI was calculated
as weight divided by height squared (kg/m2). Waist
Journal of Hypertension
circumference (WC) was measured just above both iliac
crests using a standardized tape measure and recorded in
centimeters [18,19]. Blood samples were obtained at 8 a,m,
after a 12-h overnight fast, ensuring at least 12 h had passed
since the last dose of antihypertensive medication. HbA1c
levels were quantified using high-performance liquid chro-
matography with the HbNEXT system (Menarini Diagnos-
tics, Barcelona, Spain).

Parameters of 24-h ambulatory blood pressure
monitoring collection
We followed the methodology used in our previous studies,
consistently adhering to the recommendations outlined in
major consensus documents [15,20–22]. Patients underwent
24-h ABPM in compliance with STRIDE BP standards, using
one of the following validated oscillometric devices: Space-
Labs 90207 (Space-Labs Inc., Redmond, Washington, USA),
Microlife WatchBP O3 (Microlife Corporation, Widnau,
Switzerland), and Cardioline Walk 200b (AB Medica Group,
S.A., Barcelona, Spain) [20]. BP readings were taken every
20min during the daytime and every 30min at night, with
time periods based on patients’ self-reports. The test was
considered reliable if more than 70% of the expected meas-
urements were valid. On the day of monitoring, patients
completed a formdetailing their sleep times,medication use,
and any issues experienced during the recording process.
When the patient explicitly reported disrupted sleep during
the test, the 24-h ABPM was repeated.

The following average indices were obtained: 24-h SBP
(24-hSBP), daytime SBP (dSBP), and nighttime SBP (nSBP);
24-h DBP (24-hDBP), daytime DBP (dDBP), and nighttime
DBP (nDBP). Similarly, short-term BPV indices were calcu-
lated for 24-h, daytime, and nighttime SBP andDBP standard
deviation (24-hSBP-SD, dSBP-SD, nSBP-SD, 24-hDBP-SD,
dDBP-SD, nDBP-SD), coefficient of variation (24-hSBP-CV,
dSBP-CV,nSBP-CV, 24-hDBP-CV,dDBP-CV,nDBP-CV), and
average real variability (24-hSBP-ARV, dSBP-ARV, nSBP-
ARV, 24-hDBP-ARV, dDBP-ARV, nDBP-ARV) according to
the literature [3,23,24]. As for the relationship between day-
time and nighttime BP levels, nSBP dipping and nDBP
dipping were calculated as the ratio of the difference be-
tween daytime and nighttime indices, to the daytime index,
expressed as a percentage. Regarding the relationship be-
tween daytime and nighttime BPV (nighttime BPV dipping),
nSBP-SD, nDBP-SD, nSBP-CV, nDBP-CV, nSBP-ARV and
nDBP-ARV dipping were also calculated as the ratio of the
difference between daytime and nighttime indices, to the
daytime index, expressed as a percentage [25,26].

Glycation profile: glycated hemoglobin levels
To evaluate the relationship between HbA1c levels and the
remaining variables, we divided the patients into two
categories based on an optimal cutoff point for HbA1c
levels in order to facilitate the analysis and interpretability
of the results. In a preliminary analysis of the sample, we
did not identify optimal cutoff points for 24-h or daytime
BPV indices. However, HbA1c values of 5.15 and 5.25%
emerged as the optimal cutoffs for distinguishing differ-
ences between the groups in nocturnal DBP and SBP
variability indices, respectively. This led us to select a
general HbA1c cutoff of 5.2%, equivalent to the 25th
www.jhypertension.com 1149
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percentile (p25) [27]. To avoid losing information in the
analysis, we also studied the continuous relationship be-
tween the BP indices and HbA1c levels.

Ethical statement
This study was conducted in accordance with the ethical
principles outlined in the Declaration of Helsinki and the
standards of good practice (NBP) in research. Before partici-
pation, all patients received comprehensive information
about the study to ensure their understanding and voluntary
consent, and written informed consent was obtained. The
studyprotocolwas formally approvedby theResearchEthics
Committee of Santiago-Lugo, underscoring our commitment
to ethical standards in biomedical research (code 2021/401).

Statistical analysis
Statistical analysis was performed using SPSS 22.0 (SPSS
Inc., Chicago, Illinois, USA). Descriptive analyses were
conducted, with qualitative variables expressed as number
(percentage) and quantitative variables as median (inter-
quartile range).

For the univariate analysis, qualitative and quantitative
variables were compared using the chi-squared test and the
Mann–Whitney U test, respectively. To explore linear rela-
tionships between HbA1c levels and BPV indices, a partial
correlation analysis was conducted, with results reported as
Spearman’s correlation coefficients. A P value of less than
0.05 was considered statistically significant.

Multivariate analysis was performed using binary logistic
regression, with HbA1c levels dichotomized (above or
below 5.2%). Predictor variables were the BPV indices.
Before constructing the final multivariate model for each
BPV index, a bivariate analysis was conducted using binary
logistic regression to identify potential interactions with
other covariates. Interaction terms were considered rele-
vant if their coefficients were statistically significant. Con-
founding variables were identified as those that altered the
odds ratio by 10% or more. The selection of the optimal
model for each BP index involved a thorough evaluation,
including the omnibus test of model coefficients for initial
validation, the Hosmer–Lemeshow test for goodness of fit,
and adherence to the assumptions of binary logistic regres-
sion. In the final models, only coefficients with statistical
significance (P< 0.05) were deemed relevant.

Principal component analysis (PCA) was applied to
reduce the dimensionality of BPV individual indices, aiming
to minimize the risk of multicollinearity and explore vari-
ability patterns. This methodology decomposes the data
matrix into orthogonal principal components (PCs) that
maximize explained variance in descending order. From
the generated PCs, those with the highest cumulative vari-
ance were selected based on Kaiser’s criterion (eigenvalues
>1) and the ecree plot. Factor loadings were calculated to
evaluate each variable’s contribution to the selected PCs,
enabling the interpretation of their influence on the data
structure. We employed open-source Python resources
available at https://anaconda.org/ [28]. The PCA principles
have been applied by solving the characteristic equation
and polynomial, with the methodology detailed in Supple-
mentary Appendix 1, http://links.lww.com/HJH/C708 [29].
First, the individual BPV indices that yielded relevant results
1150 www.jhypertension.com
(P< 0.05) in the multivariate analysis were included in a
PCA to build the best overall combined BPV index. Then,
the individual indices of SD, CV, and ARV were included in
a PCA to construct the combined SD, CV, and ARV indices,
respectively, in order to assess the performance of each
group of BPV indices for HbA1c levels.

The sample size was calculated using the EPIDAT soft-
ware, available at https://www.sergas.es/Saude-publica/
EPIDAT?idioma=es. The calculations were based on the
objective of detecting a standardized mean difference of 0.5
in the evaluated BP indices between the groups, as a
common benchmark in many areas of biomedical research,
often considered a ‘medium’ effect size according to
Cohen’s conventions, with a 95% confidence level and a
statistical power of at least 80% [30].

RESULTS

Sample overview and general results
A total of 143 well controlled hypertensive patients partici-
pated in the study, with a median age of 55 years, of whom
82 (57%) were women. Nearly half of the participants
engaged in moderate physical activity, while one-fifth
reported low-risk alcohol consumption and one-quarter
had a history of former smoking. All patients adhered to
lifestyle recommendations, and just under 80% of the
patients were receiving antihypertensive medications, with
drugs targeting the renin–angiotensin–aldosterone system
(RAAS) being themost commonly used. The detailed results
are provided in Table 1.

Relationship between glycated hemoglobin
levels and 24-h ambulatory blood pressure
monitoring indices: univariate analysis
Patients with HbA1c levels above 5.2% were generally
older, taking antihypertensive medications, and had higher
fasting plasma glucose (FPG) levels. The group with lower
HbA1c levels included 10% more women and patients with
moderate physical activity, although these differences did
not reach statistical significance. No relevant differences
were observed between the groups regarding laboratory
variables (Table 1).

Regarding24-hBP indices, the groupswere comparable in
24-h, daytime, and nighttime SBP and DBP. We found no
relevant differences between the groups regarding 24-h and
daytime BPV. However, patients with higher HbA1c levels
showed a greater nighttime systolic and diastolic BPV for SD,
CV and ARV indices. In terms of nighttime BP dipping, no
differences were observed between the groups. Neverthe-
less, patients with higher HbA1c levels exhibited a blunted
decrease in nighttime systolic and diastolic BPV for SD, CV
andARV indices.The results are illustrated inFig. 1.Adetailed
breakdown of all findings is provided in Table 2 and Sup-
plementary Table 1, http://links.lww.com/HJH/C712.

Partial correlation analysis between glycated
hemoglobin levels and blood pressure
variability indices
According to BPV indices, we found that HbA1c levels were
positively correlated with nSBP-SD (r¼ 0.228, P¼ 0.006),
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TABLE 1. General results and group comparisons based on glycated hemoglobin levels

Variables Total Groupsa

(n¼143) HbA1c (%) � 5.2 (n¼47) HbA1c (%) > 5.2 (n¼96) P value

Age (years)y 55 (17) 48 (11) 59 (15) <0.001

Sex (women) z 82 (57) 31 (66) 51 (53) 0.155

Alcohol intakeb z 28 (20) 9 (19) 19 (20) 0.999

Former smokersc z 49 (34) 14 (30) 35 (37) 0.459

Physical activityd z 65 (46) 25 (54) 40 (42) 0.208

BMI (kg/m2) y 27.5 (7) 26.8 (9) 28.1 (7) 0.128

WC (cm) y 101 (20) 96 (23) 102 (20) 0.128

AHT drugs z 112 (78) 31 (66) 81 (84) 0.017

RAAS blockers z 77 (54) 23 (49) 54 (56) 0.476

Diuretics z 36 (25) 12 (26) 24 (25) 0.999

CCBs z 61 (43) 19 (40) 42 (44) 0.723

B-blockers z 21 (15) 5 (11) 16 (17) 0.453

Hb (g/dl) y 14.5 (1.8) 14.1 (1.8) 14.5 (1.7) 0.089

FPG (mg/dl) y 97 (15) 93 (16) 99 (13.5) 0.017

HbA1c (%) y 5.3 (0.3) 5.1 (0.2) 5.5 (0.3) <0.001

Creatinine (mg/dl)y 0.81 (0.3) 0.83 (0.2) 0.80 (0.3) 0.595

TG (mg/dl) y 83 (64) 82 (70) 83 (59) 0.574

TC (mg/dl) y 191 (43) 187 (42) 192 (46) 0.817

Results expressed as y refer to the median and interquartile range, and results expressed as z refer to the number and percentage. AHT, arterial hypertension; BMI, body mass index;
CCBs, calcium channel blockers; FPG, fasting plasma glucose; HbA1c, glycated hemoglobin; Hb, hemoglobin; RAAS, renin–angiotensin–aldosterone system; TC, total cholesterol; TG,
triglycerides; WC, waist circumference.
aPatient groups according to HbA1c levels.
bLow-risk alcohol consumption defined as less than 10 and 20g per day for women and men, respectively.
cFormer smokers for more than 6months at the time of recruitment.
dModerate physical activity equivalent to 150min of moderate-intensity walking per week.

BP variability and glycation profile in nondiabetic individuals
and nDBP-SD (r¼ 0.204, P¼ 0.015), with similar results
for the CV indices. However, nighttime BPV indices based
on ARV did not show a relevant correlation with HbA1c
levels. Partial correlation analysis showed that age and
waist circumference influenced the correlations of night-
time SD and CV indices with HbA1c levels. The overall
correlation results are illustrated in Fig. 2, and the detailed
partial correlations are provided in Supplementary Table
2, http://links.lww.com/HJH/C713.

In terms of nighttime BPV dipping, HbA1c levels were
negatively correlated with nSBP-SD dipping (r¼�0.194,
P¼ 0.020) and nDBP-SD dipping (r¼�0.239, P¼ 0.004),
with similar results for the CV indices. Regarding nocturnal
ARV parameters, only nDBP-ARV dipping showed a rele-
vant correlation with HbA1c levels (r¼�0.211, P¼ 0.012).
Partial correlation analysis revealed that sex and waist
circumference were influential factors in the correlation
between HbA1c and nSBP-CV dipping. For the remaining
BPV dipping indices (nSBP-SD, nDBP-SD, nDBP-CV, and
nDBP-ARV dipping) the partial correlation analysis did not
influence the results identified in the unadjusted analysis
(Fig. 2, Supplementary Table 2, http://links.lww.com/HJH/
C713).
Association between individual blood pressure
variability parameters and combined blood
pressure variability indices based on principal
component analysis with glycated hemoglobin
levels: multivariate analysis
Binary logistic regression analysis examining the rela-
tionship between HbA1c levels (cutoff point 5.2%) and
Journal of Hypertension
nighttime BPV confirmed that patients with higher
HbA1c levels were more likely to show an increased
nighttime BPV and reduced BPV dipping. Regarding
BPV, each 1 unit increase in nighttime SD and CV indices
was associated with an approximately 17–24% higher
likelihood of elevated HbA1c levels, without relevant
results for ARV indices. According to BPV dipping, each
1% decrease in nighttime SD and CV dipping was
associated with a 10–20% higher risk of elevated HbA1c
levels. Additionally, each 1% decrease in nDBP-ARV dipping
was also associated with a 10% increased risk of high HbA1c
levels. The detailed results are provided in Table 3.

The PCA technical results of the overall combined BPV
index are detailed in Fig. 3, while the findings of the other
combined BPV indices are shown in Supplementary Figure
1, http://links.lww.com/HJH/C709, Supplementary Figure
2, http://links.lww.com/HJH/C710, and Supplementary
Figure 3, http://links.lww.com/HJH/C711. Multivariate
analysis (Table 3, bottom) revealed a stronger association
between the overall combined BPV index and HbA1c levels
(cutoff point 5.2%) compared to individual BPV indices.
Indeed, a one-standardized-unit increase in the overall
combined BPV index was associated with a 45% higher
likelihood of elevated HbA1c levels. The PCAs performed
on the sets of SD, CV, and ARV indices demonstrated that
the combined SD and CV indices outperformed the com-
bined ARV index in their association with HbA1c levels.
Indeed, a one-standardized-unit increase in the combined
SD and CV indices was associated with over a 50% higher
likelihood of elevated HbA1c levels. The ROC curves in
Fig. 4 illustrate the performance of the combined BPV
indices for HbA1c levels.
www.jhypertension.com 1151
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FIGURE 1 Comparison of blood pressure variability between patients with glycated hemoglobin levels below (blue) and above (green) 5.2%. (a) SD indices; (b) CV indices;
(c) ARV indices; (d) nighttime BPV dipping. Results marked with �� reached a P value of less than 0.05. The numerical values of all indices are shown in Supplementary
Table 1, http://links.lww.com/HJH/C712. %, percentage; 24-hDBP, 24-h DBP; 24-hSBP, 24-h SBP; ARV, average real variability; BP, blood pressure; BPV, blood pressure
variability; CV, coefficient of variation; DBP, diastolic BP; dDBP, daytime DBP; dSBP, daytime SBP; HbA1c, glycated hemoglobin; nDBP, nighttime DBP; nSBP, nighttime SBP;
SBP, systolic BP; SD, standard deviation.

TABLE 2. Comparison of groups attending to 24-h ambulatory blood pressure monitoring average indices

Variables Total Groupsa

(n¼143) HbA1c (%) � 5.2 (n¼47) HbA1c (%) > 5.2 (n¼96) P value

24-hSBP (mmHg) y 125 (16) 122 (22) 126 (16) 0.189

dSBP (mmHg) y 129 (17) 127 (23) 129 (16) 0.186

nSBP (mmHg) y 114 (20) 109 (20) 116 (19) 0.135

nSBP dipping (%) y 14.3 (13) 13.8 (14) 14.4 (13) 0.578

24-hDBP (mmHg) y 77 (14) 78 (13) 76 (13) 0.542

dDBP (mmHg) y 80 (14) 82 (13) 80 (15) 0.535

nDBP (mmHg) y 68 (12) 68 (12) 68 (13) 0.928

nDBP dipping (%) y 11.7 (10) 11.4 (10) 11.8 (11) 0.981

24-hHR (bpm) y 71 (11) 73 (10) 69 (12) 0.022

dHR (bpm) y 74 (13) 76 (10) 72 (12) 0.016

nHR (bpm) y 62 (11) 64 (12) 61 (11) 0.120

24-hDBP, 24-h DBP; 24-hHR, 24-h HR; 24-hSBP, 24-h SBP; BP, blood pressure; DBP, diastolic BP; dDBP, daytime DBP; dHR, daytime HR; dSBP, daytime SBP; HbA1c, glycated
hemoglobin; HR, heart rate; nDBP, nighttime DBP; nHR, nighttime HR; nSBP, nighttime SBP; SBP, systolic BP.
aGroups based on HbA1c levels; results expressed as y refer to the median and interquartile range.

Vazquez-Agra et al.
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FIGURE 2 Overall linear correlation analysis for blood pressure variability indices and glycated hemoglobin levels. (a) Correlation between HbA1c levels and nighttime SD
indices; (b) correlation between HbA1c levels and nighttime CV indices; (c) correlation between HbA1c levels and nighttime ARV indices. Equations: nDBP-SD¼�4.69 þ
0.88�HbA1c; nSBP-SD¼�5.1 þ 0.96�HbA1c; nDBP-SD dipping¼ 5.38 þ (�1.01)�HbA1c; nSBP-SD dipping¼ 4.31 þ (�0.81)�HbA1c; nDBP-CV¼ �5.41 þ 1.02�HbA1;
nSBP-CV¼ �4.74 þ 0.89�HbA1c; nDBP-CV dipping¼ 4.75 þ (�0.89)�HbA1c; nSBP-CV dipping¼ 3.99 þ (�0.75)�HbA1c; nDBP-ARV¼ �3.57 þ 0.67�HbA1c; nSBP-
ARV¼�1.86 þ 0.35�HbA1c; nDBP-ARV dipping ¼ 4.88 þ (�0.92)�HbA1c; nSBP-ARV dipping ¼ 0.8 þ (�0.15)�HbA1c. Results marked with �� reached a P value less
than 0.05. The complete results of the linear correlation analysis are presented in Supplementary Table 2, http://links.lww.com/HJH/C713. ARV, average real variability; BP,
blood pressure; CV, coefficient of variation; HbA1c, glycated hemoglobin; nDBP, nighttime DBP; nSBP, nighttime SBP; SD, standard deviation.

BP variability and glycation profile in nondiabetic individuals
DISCUSSION

This study provides one of the first insights into the rela-
tionship between HbA1c levels and BPV indices in other-
wise healthy young and middle-aged individuals. The key
findings can be summarized as follows: elevated HbA1c
levels were associated with increased BPV and a reduced
nocturnal BPV dipping; some of these relationships even
demonstrated a linear correlation between HbA1c and BPV
indices; the combined BPV indices showed a stronger
association with HbA1c levels than the individual BPV
indices they are derived from.
TABLE 3. Results of logistic regressionmodels for the association betw

Predictor B SE

Standard deviation (SD)
nSBP-SD (mmHg) 0.161 0.065

nDBP-SD (mmHg) 0.214 0.083

nSBP-SD dipping (%) �0.018 0.006

nSBP-SD dipping (%) �0.015 0.006

Coeficient of variation (CV)
nSBP-CV 0.182 0.083

nDBP-CV 0.166 0.063

nSBP-CV dipping (%) �0.018 0.006

nDBP-CV dipping (%) �0.013 0.005

Average real variability (ARV)
nSBP-ARV (mmHg) 0.070 0.074

nDBP-ARV (mmHg) 0.167 0.093

nSBP-ARV dipping (%) �0.005 0.006

nDBP-ARV dipping (%) �0.010 0.005

Combined BPV indices
Combined SD index (SU)a 0.413 0.135

Combined CV index (SU)b 0.435 0.138

Combined ARV index (SU)c 0.238 0.135

Overall combined BPV index (SU)d 0.370 0.137

Logistic regression models elucidating the relationship between BPV indices (predictor variables)
143 patients, ensuring no missing data. The variables to be controlled were age, sex, waist circu
test of model coefficients (P value) <0.05; Hosmer–Lemeshow test (P value) >0.05. All compre
Supplementary Table 3, http://links.lww.com/HJH/C714. ARV, average real variability; BP, blood
plasma glucose; HbA1c, glycated hemoglobin; nDBP, nighttime DBP; nSBP, nighttime SBP; SBP,
aThis parameter represents a PCA over the SD indices.
bThis variable represents a PCA over the CV indices.
cThis index represents a PCA over the ARV indices.
dThis parameter represents a PCA over all the individual indices.

Journal of Hypertension
Glycated hemoglobin has been associated with BP levels
and BPV in diabetic and prediabetic patients, always con-
sidering the impact of HbA1c levels exceeding those estab-
lished in clinical practice guidelines [31,32]. However,
glycation intensity exists on a continuum, even at HbA1c
levels below the pathological threshold [27,33,34]. When
combined with factors such as age, central obesity, hyper-
glycemia, and insulin resistance, this process ultimately
leads to oxidative stress-mediated endothelial dysfunction.
This dysfunction affects vasomotor tone, promotes vaso-
constriction, and thereby contributes to elevated BP levels
[35–37]. Furthermore, the formation of AGEs in arterial wall
een glycated hemoglobin levels and each blood pressure predictor

P value Exp(B) 95% CI (lower–upper)

0.014 1.175 1.034–1.335

0.010 1.238 1.053–1.457

0.006 0.982 0.970–0.995

0.008 0.985 0.974–0.996

0.028 1.200 1.020–1.412

0.009 1.181 1.043–1.336

0.003 0.982 0.971–0.994

0.006 0.987 0.977–0.996

0.341 1.073 0.928–1.239

0.073 1.182 0.984–1.419

0.367 0.995 0.983–1.006

0.042 0.990 0.980–0.999

0.002 1.512 1.159–1.972

0.002 1.545 1.179–2.025

0.077 1.269 0.975–1.653

0.007 1.447 1.106–1.893

and HbA1c levels (cutoff point 5.2%) are presented. All models incorporated data from
mference, antihypertensive drugs, FPG, and hemoglobin. For all the models: Omnibus
hensive models including those variables within the final model are detailed in
pressure; BPV, BP variability; CV, coefficient of variation; DBP, diastolic BP; FPG, fasting
systolic BP; SD, standard deviation; SU, standard unit; WC, waist circumference.
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FIGURE 3 Principal component analysis to build an overall combined blood pressure variability index as a composite marker of the individual blood pressure variability
parameters that achieved relevant results. (a) Ecree plot showing the PCs and their eigenvalues; (b) bar chart depicting the explained variance of the PCs; (c) scatterplot
highlighting the most relevant PCs in relation to HbA1c levels; (d) heat map displaying the individual indices loadings for each PC. Among the components obtained from
the PCA, only the first two PCs exhibited eigenvalues greater than 1. Together, these two components account for approximately 80% of the total variance (PC1: 65%,
PC2: 14%) (a and b). When considering HbA1c levels categorized by the predefined cutoff of 5.2%, PC1 emerged as the primary differentiator between the two groups
(c). This finding suggests that PC1 captures the majority of the variability associated with distinctions in HbA1c levels. Furthermore, the loadings of PC1 revealed balanced
contributions from the original variables, indicating that this component proportionally summarizes their variability without disproportionately favoring any specific variable
(d). This balance underscores the robustness of PC1 as a comprehensive summary of the dataset’s multidimensional variability. ARV, average real variability; BP, blood
pressure; CV, coefficient of variation; nDBP, average nighttime DBP; nSBP, average nighttime SBP; PC, principal component; SD, standard deviation.
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proteins, particularly collagen, induces detrimental changes
in their properties and structure, fostering the long-term
development of arteriosclerosis [37,38].

Age and physical activity, among other factors, are key
contributors to the relationship between HbA1c levels and
BPV [39,40]. The decline in metabolic function, pancreatic
reserve, and hematopoietic function, along with changes in
body composition and reduced physical activity associated
with aging, have been shown to significantly influence this
relationship [41–43]. Additionally, age plays a critical role in
the development of chronic vascular damage and arterio-
sclerosis, demonstrating a linear relationship with increased
nocturnal SBP and pulse pressure, among other indices
[44,45]. However, in light of these results, a portion of
glycation’s impact on the arterial tree may be at least
partially independent of other key factors, such as age
and physical activity.
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It is important to emphasize the notable absence of
relevant associations between 24-h and daytime BPV with
HbA1c levels, especially considering that, epidemiological-
ly, all indices typically show some degree of alignment
according to the literature [4,46]. In this regard, the specific
association between nocturnal BPV and HbA1c levels sug-
gests that mechanisms regulating nighttime BPV may be
particularly influenced by glycation intensity, even in
young and middle-aged hypertensive patients with normal
HbA1c levels [47,48]. However, further research is needed.

Additionally, it is well established that the nocturnal
resting phase is associated with a physiological decrease
in day-to-night average BP indices (the dipping BP profile),
due to the predominance of parasympathetic tone, down-
regulation of high-pressure systems, and absence of dis-
ruptions to restorative sleep, among other conditions
[4,49–51]. However, the relationship between day-to-night
Volume 43 � Number 7 � July 2025



FIGURE 4 Receiver-operating characteristics curve for glycated hemoglobin levels
(cutoff point 5.2%) comparing an optimal basal model (age, sex and physical
activity) with (a) the overall combined BPV index and (b) the combined SD, CV,
and ARV indices. Basal model: AUC¼0.754, SE¼0.042, P<0.001, 95% CI
(0.673–0.836), sensibility¼0.66, 1-specificity ¼ 0.21; overall combined BPV index:
AUC¼0.800, SE¼0.037, P<0.001, 95% CI (0.727–0.873), sensibility ¼ 0.73,
1� specificity¼0.21; SD combined index: AUC¼0.807, SE¼0.037, P<0.001,
95% CI (0.735–0.879), sensibility¼0.73, 1� specificity¼0.21; CV combined in-
dex: AUC¼0.807, SE¼0.037, P<0.001, 95% CI (0.734–0.879),
sensibility¼0.71, 1� specificity¼0.21; ARV combined index: AUC¼0.773,
SE¼0.041, P<0.001, 95% CI (0.693–0.853), sensibility¼0.69,
1� specificity¼0.27). ARV, average real variability; AUC, area under the curve;
BP, blood pressure; BPV, blood pressure variability; CV, coefficient of variation;
HbA1c, glycated hemoglobin; SD, standard deviation; SE, standard error.

BP variability and glycation profile in nondiabetic individuals
BPV (specifically, nighttime BPV dipping) remains a largely
unexplored concept. Given that BPV levels also fluctuate
throughout the day, with a physiological decline at night, the
negative correlation between nighttime BPV dipping and
HbA1c levels may indicate a disruption in the circadian
rhythm of BPV, extending beyond the mere presence or
absence of an abnormal circadian BP profile [6,52,53].

The analysis of the combined BPV indices showed that
individual BPV parameters may be complementary and
synergistic in the relationship between BPV and HbA1c,
further underscoring the importance of a multidimensional
approach to studying BPV. This may be because, while SD
and CV exhibit a certain degree of correlation, representing
Journal of Hypertension
global measures of BPV over a given period, ARV specifi-
cally captures variability between successive BP measure-
ments. This characteristic allows ARV to better explain BPV
behavior in relation to the patient’s activity, events, states,
and emotions along the day [54,55].

To end with, the relationship between glycation levels
and BPV indices in young and middle-aged hypertensive
adults remains an ongoing topic of discussion. Based on the
findings, elevated HbA1c levels, even within the optimal
range, may indicate increased BPV. Thus, as BPV may be
considered a potential therapeutic target due to its role as an
independent prognostic factor for major adverse cardiovas-
cular events, measuring glycation levels would be worth-
while, even in nondiabetic and nonprediabetic individuals,
to properly assess cost-effective interventions such as the
early implementation of healthy lifestyle changes and/or
antihypertensive medications.

Limitations and strengths
This was a real-world clinical practice study with limitations
inherent to its observational, cross-sectional design and
consecutive sampling approach. In discussing the results,
we assumed that glycation influences BP parameters based
on existing literature [56,57]. However, the study lacks a
temporal sequence between HbA1c levels and BP indices,
while unmeasured confounding factors could potentially
affect both the glycation profile and BP indices simulta-
neously. The study population consisted of hypertensive
individuals, meaning they do not represent a completely
healthy cohort. Nonetheless, they provide a good repre-
sentation of young and middle-aged patients with essential
hypertension. Additionally, there were notable age differ-
ences between the comparison groups, although we took
careful measures to minimize the impact of this variable
during the analysis phase. Certain clinical variables, partic-
ularly sleep quality and stress levels, among others, have
a significant influence on BP values and BPV [58,59].
Although we repeated the 24-h ABPM when patients ex-
plicitly reported disrupted sleep during the test, we ac-
knowledge the lack of specific characterization of these
variables as a limitation. Regarding the glycation profile, we
assessed HbA1c at a single point in time; therefore, a more
robust approach would have involved evaluating a broader
range of glycation markers, such as fructosamine and
glycated albumin, across multiple time points to gain a
more comprehensive understanding.
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