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KEYWORDS Abstract Background and aims: A link between increased blood viscosity and type 2 diabetes
Blood viscosity; has been previously reported. Herein, we investigated the association of blood viscosity with pre-
Hematocrit; diabetes, identified by glycated hemoglobin Alc (HbA1c) according to the new American Dia-
Prediabetes; betes Association criteria, and subclinical atherosclerosis.

HbAlc; Methods and results: The study cohort includes 1136 non-diabetic adults submitted to anthropo-
Cardiovascular risk metrical evaluation, an oral glucose tolerance test and ultrasound measurement of carotid

intima-media thickness (IMT). Whole blood viscosity was estimated using a validated formula
based on hematocrit and total plasma proteins.

After adjusting for age, and gender, individuals with HbA1c-defined prediabetes (HbA1c 5.7—6.4%
[39—47 mmol/mol]) exhibited significantly higher values of hematocrit, and predicted blood viscos-
ity as compared with controls. Increased levels of IMT were observed in subjects with HbA1c-defined
prediabetes in comparison to controls. Predicted blood viscosity was positively correlated with age,
waist circumference, blood pressure, cholesterol, triglycerides, fibrinogen, white blood cell, HbA1c,
fasting and 2-h post-load glucose levels, fasting insulin, IMT and inversely correlated with HDL and
Matsuda index of insulin sensitivity. Of the three glycemic parameters, i.e. HbA1lc, fasting and 2-
h post-load glucose, only HbA1c showed a significant correlation with predicted blood viscosity
(8 = 0.054, P = 0.04) in a multivariate regression analysis model including multiple atherosclerosis
risk factors.

Conclusion: The study shows that individuals with HbA1c-defined prediabetes have increased pre-
dicted blood viscosity and IMT. The HbA1c criterion may be helpful to capture individuals with an
increased risk of diabetes and cardiovascular disease who may benefit from an intensive lifestyle
intervention.

© 2017 The Italian Society of Diabetology, the Italian Society for the Study of Atherosclerosis, the Ital-
ian Society of Human Nutrition, and the Department of Clinical Medicine and Surgery, Federico Il Uni-
versity. Published by Elsevier B.V. All rights reserved.

Introduction

The term prediabetes refers to dysglycemic conditions at
high-risk for developing type 2 diabetes and cardiovas-
cular disease [1]. The most commonly studied categories
of prediabetes are impaired fasting glycemia (IFG) and
impaired glucose tolerance (IGT). Individuals with IFG or
IGT have shown a high conversion rate to type 2 diabetes
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and significant efforts have been devoted to the identi-
fication of lifestyle or pharmacological intervention able
to prevent or delay onset of type 2 diabetes and its
complications in these high-risk categories [2]. Several
prospective studies that used glycated hemoglobin Alc
(HbA1c) levels to predict the progression to type 2 dia-
betes have shown a strong, continuous association be-
tween HbA1c values and subsequent overt diabetes [3,4].
In 2010, the American Diabetes Association (ADA) has
introduced HbA1c as a diagnostic test option for type 2
diabetes and prediabetes in addition to fasting and 2-
h plasma glucose levels during an oral glucose tolerance
test (OGTT) [1]. According to the ADA recommendations
[1], a HbA1c value of 5.7—6.4% (39—47 mmol/mol) iden-
tifies individuals with prediabetes. HbA1lc is an integrated
measure of mean glycemia and offers some practical
advantages over measurements of fasting plasma glucose
or glucose levels during an OGTT including not requiring
fasting, having greater pre-analytical stability, and
showing lower between and within-subject variations as
well as less day-to-day perturbations during periods of
stress and illness. Notably, the three metabolic parame-
ters used as measures of prediabetes, i.e. fasting plasma
glucose, 2-h post-load glucose, and HbAlc, reflect
different aspects of glucose homeostasis with fasting
plasma glucose being a marker of steady-state glucose
metabolism, 2-h post-load glucose being an indicator of
response to glycemic stress, and HbA1c being a marker of
average blood glucose levels over the previous 2-—3
months. As a consequence, it is not surprising that poor
concordance between glucose tolerance groups identified
by fasting plasma glucose, 2-h post-load glucose, and
HbAl1c has been reported in different ethnic groups
[5-7].

There is increasing evidence suggesting that increased
blood viscosity, i.e. the resistance to flow in a blood vessel,
is associated with cardio-vascular risk factors including
dyslipidemia, hyperglycemia, hypertension, smoking,
obesity, and metabolic syndrome [8—12]. Blood viscosity
is inversely correlated to flow and raised blood viscosity
might therefore play a role in determining insulin resis-
tance and type 2 diabetes by limiting delivery of glucose,
and insulin to target tissues such as the skeletal muscle
[13]. Cross-sectional studies have shown significant inde-
pendent association of hematocrit, the most important
parameter of blood viscosity, or blood viscosity itself with
IFG condition, and prospective studies have shown their
associations with incident type 2 diabetes [12,14,15].
These data suggest that an increase in blood viscosity may
contribute to the development of type 2 diabetes in in-
dividuals at high-risk such those having dysglycemic
conditions. However, whether HbA1c-defined prediabetes
is associated with elevated blood viscosity is still unset-
tled. In consideration of the expected increase in the use
of HbA1lc as a screening tool to identify individuals with
dysglycemic conditions, in the present study, we tested
the hypothesis that elevated estimated whole blood vis-
cosity would be cross-sectionally associated with HbA1c-
defined prediabetes and higher levels of carotid intima-
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media thickness (IMT), an indicator of subclinical
vascular damage [16], in a large cohort of well-

characterized nondiabetic adults.

Methods
Study subjects

The study cohort included 1136 White individuals
consecutively recruited at the Department of Systems
Medicine of the University of Rome-Tor Vergata and at the
Department of Medical and Surgical Sciences of the Uni-
versity “Magna Graecia” of Catanzaro, as previously
described [6,7,17]. On the first day, after 12-h fasting,
subjects underwent anthropometrical evaluation,
including body mass index (BMI), and waist circumfer-
ence, and a venous blood sample was drawn for laboratory
determinations. Blood pressure was measured in the
sitting position, after five minutes of quiet rest. On the
second day, after a 12-h fasting, an OGTT was performed
with sampling for plasma glucose and insulin.

High resolution B-mode ultrasound was used to mea-
sure IMT of the common carotid artery using an ATL HDI
3000 ultrasound system (Advanced Technology Labora-
tories, Bothell, WA) equipped with a 7.5 MHz transducer,
as previously described [6].

The study was approved by the local ethics committee
(Comitato Etico Azienda Ospedaliera “Mater Domini”).
Written informed consent was obtained from each subject
in accordance with principles of the Declaration of
Helsinki.

Analytical determinations

Hemoglobin, hematocrit, and white blood cell count were
determined using an automated particle counter (Siemens
Healthcare Diagnostics ADVIA® 120/2120 Haematology
System, Milan, Italy). Glucose, triglycerides, total and high
density lipoprotein (HDL) cholesterol concentrations were
determined by enzymatic methods (Roche, Basel,
Switzerland). HbAlc was measured with high perfor-
mance liquid chromatography using a National Glyco-
hemoglobin Standardization Program (NGSP) certified
automated analyzer (Adams HA-8160 HbA1C analyzer,
Menarini, Italy). Fibrinogen was measured by an auto-
mated nephelometric technology using the BNTMII System
analyzer (Siemens Healthcare, Italy). Plasma insulin con-
centration was measured with a chemiluminescence-
based assay (Immulite®, Siemens Healthcare GmbH,
Erlangen, Germany).

Calculations

Whole blood viscosity at 208 s~! of shear rate was esti-
mated by a previously validated formula that takes into
account hematocrit and plasma proteins [15,18,19]: Pre-
dicted whole blood viscosity = [012 x h] +
[017 x (p — 2.07)], where h is hematocrit (%) and p is
plasma protein concentration (g/dl).

Please cite this article in press as: Marini MA, et al., Hemorheological alterations in adults with prediabetes identified by hemoglobin
Alc levels, Nutrition, Metabolism & Cardiovascular Diseases (2017), http://dx.doi.org/10.1016/j.numecd.2017.04.001




Hemorheological alterations in adults with prediabetes

The Matsuda index of insulin sensitivity was calculated
as follows: 10.000/square root of [FPG x fasting
insulin] x [mean glucose x mean insulin during OGTT] [20].

Individuals were classified as having normal glucose
tolerance (NGT) when fasting plasma glucose was
<100 mg/dl and 2-h post-load plasma glucose was
<140 mg/dl, or IGT when fasting plasma glucose was
<126 mg/dl and 2-h post-load plasma glucose was
140—199 mg/dl [1].

Statistical analysis

Variables with skewed distribution including tri-
glycerides, fasting, and 2-h insulin were natural log
transformed for statistical analyses. Continuous data are
expressed as mean + SD. Categorical variables were
compared by x? test. We used a general linear model
with adjustment for age and gender to test pairwise
differences in anthropometric, metabolic, and hemato-
logical parameters among HbA1lc-defined prediabetes
groups. Pearson correlation coefficient was used to test
the correlation between continuous variables. Relation-
ships between variables were sought by a multiple
linear regression analysis in order to assess their inde-
pendent contribution to hematological parameters. The
variance inflection factor (VIF) was less than 2 in all the
analyses indicating that multicollinearity among vari-
ables was not a problem in the multiple regression
model. Two-sided P value < 0.05 was considered sta-
tistically significant. All analyses were performed using
the statistical package SPSS 22.0 for Windows (SPSS,
IBM®, Chicago, IL).

Results
Cardio-metabolic characteristics

The 1136 participants to the study were stratified into two
groups on the basis of their HbA1lc levels, according to the
ADA recommendation [1]. Of the individuals who were
classified as at increased risk of type 2 diabetes based on
HbA1c levels, 186 (50.8%) had NGT, and 180 (49.2%), had
IGT according to the OGTT results. Poor agreement existed
between HbAlc and 2-h PG criteria for identification of
individuals with pre-diabetes (x coefficient = 0.119),
indeed only 15.8% of individuals had prediabetes based on
both HbA1c and OGTT criteria.

Anthropometric and metabolic characteristics of the
study cohort, according to HbAlc-defined prediabetes
classification are reported in Table 1. Gender, and age
distributions were unevenly scattered among the two
groups: subjects with HbAlc-defined prediabetes were
older and more likely to be men than women (Table 1).
Since, these two parameters are associated with hemor-
heological features, all subsequent analyses were adjusted
for age, and gender. No differences between the two
groups were observed with respect to smoking state.

By design, individuals with HbA1c-defined prediabetes
exhibited higher levels of fasting and 2-h post-load
glucose (Table 1). Individuals with HbAlc-defined pre-
diabetes had a worse metabolic risk profile as compared to
the control group. After adjusting for age, and gender, in-
dividuals with HbAlc-defined prediabetes exhibited
significantly higher values of BMI, waist circumference,
triglycerides, fibrinogen, fasting insulin levels, and lower

Table 1 Anthropometric and metabolic characteristics of the study subjects stratified according to HbA1c levels.

HbAlc <5.7%
(39 mmol/mol)

Variables

HbA1c 5.7—6.4% P
(39—47 mmol/mol)

Number (male/female) 770 (313/457)

Age (yr) 43 + 13
Current smokers (%) 167 (21.7%)
BMI (kg/m?) 293 £ 6.7
Waist circumference (cm) 99.0 + 15.5
Systolic blood pressure (mmHg) 124 + 17
Diastolic blood pressure (mmHg) 77 £ 11
Total cholesterol (mg/dl) 194 + 37
HDL cholesterol (mg/dl) 52 + 14
Triglycerides (mg/dl) 114 + 69
Fibrinogen (mg/dl) 300 £+ 75

HbA1c (%) [mmol/mol]

IGT (%) 159 (20.6%)

Fasting glucose (mg/dl) 89 + 10

2-h glucose (mg/dl) 115 + 29

Fasting insulin (nU/ml) 12+ 8

Matsuda insulin sensitivity index 79 + 51
(mg L?> mmol~! mU~! min~')

Intima-media thickness (mm) 0.69 + 0.18

5.3 £ 0.2 [34 mmol/mol]

366 (211/155) <0.0001
51 +£12 <0.0001*
83 (22.7%) 0.70
319 + 6.8 <0.0001
107.0 + 16.1 <0.0001
128 + 16 0.95

79 +£ 11 0.37
196 + 38 0.45

48 + 12 <0.0001
141 £ 74 <0.0001
311 £ 73 0.04

5.9 + 0.2 [41 mmol/mol] <0.0001
180 (49.2%) <0.0001
98 + 11 <0.0001
134 £+ 30 <0.0001
17 +9 <0.0001
52 +33 <0.0001
0.75 + 0.16 <0.0001

Data are means =+ SD. Triglycerides, fasting and 2-h insulin were log transformed for statistical analysis, but values in the table represent back
transformation to the original scale. Comparisons between the two groups were performed using a general linear model with adjustment for age
and gender. P values refer to results after analyses with adjustment for age, and gender. *P values refer to results after analyses with adjustment
for gender. Categorical variables were compared by x? test. BMI: body mass index; HDL: high-density lipoprotein; IGT: impaired glucose

tolerance.
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values of HDL cholesterol and Matsuda index of insulin
sensitivity as compared with the control group (Table 1).
Moreover individuals with HbA1c-defined prediabetes had
higher levels of IMT in comparison to the control group
(Table 1).

Hemorheological characteristics

Hemorheological features of the two study groups are
presented in Table 2. After adjusting for age, and gender,
individuals with HbA1lc-defined prediabetes exhibited
significantly higher values of white blood cell count, he-
matocrit and predicted whole blood viscosity as compared
to the control group (Table 2 and Fig. 1A,B); while no
significant differences were observed with respect to total
protein and hemoglobin concentrations.

Univariate correlations between predicted blood vis-
cosity, hematocrit, total protein levels and anthropometric
and metabolic variables in the whole study group are
presented in Table 3. Predicted whole blood viscosity was
significantly and positively correlated with age, waist
circumference, systolic and diastolic blood pressure,
cholesterol, triglycerides, fibrinogen, white blood cell
count, HbA1lc, fasting and 2-h post-load plasma glucose
levels, fasting insulin, and inversely correlated with HDL
cholesterol and Matsuda index of insulin sensitivity (Table
3). Similar results were observed for hematocrit.

Importantly, predicted blood viscosity and hematocrit
were positively associated with IMT. Total protein con-
centrations were positively correlated with systolic and
diastolic blood pressure, total cholesterol, triglycerides,
fibrinogen, white blood cell count, fasting insulin, and
negatively associated with age.

To estimate the independent contribution of variables to
predicted whole blood viscosity, hematocrit and total pro-
tein levels, we carried out a multivariable regression anal-
ysisina model including all the above variables significantly
correlated with these hemorheological parameters (Table
4). Comparison of standardized coefficients allowed the
determination of the relative strength of each trait associ-
ation with predicted whole blood viscosity (listed from
strongest to weakest): white blood cell count (8 = 0.145,
P < 0.0001), HDL cholesterol (8 = —0.126, P < 0.0001), tri-
glycerides (8 = 0.109, P = 0.001), total cholesterol
(8 =0.104, P < 0.0001), diastolic blood pressure (8 = 0.087,
P = 0.005), age (3 = 0.066, P = 0.007), fibrinogen
(8 = 0.056, P = 0.02), and HbA1c (8 = 0.054, P = 0.04)
(Table 4). These factors explained 41.1% of the variance of
predicted whole blood viscosity.

We found that the independent contributors of hemat-
ocrit were (listed from strongest to weakest): white blood
cell count (8 = 0.15, P < 0.0001), diastolic blood pressure
(8 =0.13,P = 0.01), insulin sensitivity assessed by Matsuda
Insulin Sensitivity index (8 = —0.12, P = 0.05), age (8 = 0.11,

Table 2 Hemorheological characteristics of the study subjects stratified according to HbA1c levels.

Variables HbAlc <5.7% HbAlc 5.7-6.4% P

(39 mmol/mol) (39—47 mmol/mol)
White blood cell count (x10°/1) 6715 + 1910 7120 + 1862 <0.0001
Hematocrit (%) 41.6 + 4.1 43.1 + 4.6 0.04
Hemoglobin (g/dl) 13.7+ 14 141 + 1.5 0.61
Total protein (g/1) 7.16 £+ 0.45 7.18 + 0.46 0.51
Predicted whole blood viscosity (cP) 5.80 + 0.51 6.05 + 0.57 0.04

Data are means + SD. Comparisons between the study groups were performed using a general linear model with adjustment for age and gender.
P values refer to results after analyses with adjustment for age, and gender.
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Figure 1 Hematocrit levels (A) and predicted whole blood viscosity (B) in study participants stratified according to HbA1c levels.
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Table 3 Univariate correlations between hemorheological parameters and anthropometric and metabolic variables.

Predicted whole blood viscosity Hematocrit Total protein

r P r P r P
Age (years) 0.18 <0.0001 0.19 <0.0001 —0.05 0.05
BMI (kg/m?) 0.03 0.32 0.26 0.38 0.03 0.32
Waist circumference (cm) 0.16 <0.0001 0.16 <0.0001 0.02 0.57
Systolic blood pressure (mmHg) 0.29 <0.0001 0.28 <0.0001 0.14 <0.0001
Diastolic blood pressure (mmHg) 0.28 <0.0001 0.27 <0.0001 0.14 <0.0001
Total cholesterol (mg/dl) 0.17 <0.0001 0.16 <0.0001 0.14 <0.0001
HDL cholesterol (mg/dl) -0.18 <0.0001 -0.18 <0.0001 —0.004 0.89
Triglycerides (mg/dl) 0.28 <0.0001 0.27 <0.0001 0.17 <0.0001
Fibrinogen (mg/dl) 0.14 <0.0001 —0.022 047 0.20 <0.0001
White blood cell count (x10°/1) 0.16 <0.0001 0.15 <0.0001 0.08 0.01
HbA1c (%) [mmol/mol] 0.10 0.001 0.12 <0.0001 0.01 0.72
Fasting glucose (mg/dl) 0.17 <0.0001 0.18 <0.0001 —-0.04 0.23
2-h glucose (mg/dl) 0.13 <0.0001 0.13 <0.0001 0.02 0.57
Fasting insulin (pU/ml) 0.12 <0.0001 0.11 <0.0001 0.07 0.02
Matsuda insulin sensitivity index -0.20 <0.0001 -0.20 <0.0001 —0.05 0.15

(mg L?> mmol~! mU~! min~")

Intima-media thickness (mm) 0.17 <0.0001 0.16 <0.0001 0.06 0.08

BMI: body mass index; HDL: high-density lipoprotein.

Table 4 Multiple regression analysis with predicted whole blood viscosity, hematocrit or total protein as the dependent variable.

Predicted whole blood viscosity Hematocrit Total protein

B8 (£SE) P B8 (£SE) P B8 (£SE) P
Age (years) 0.066 (+0.001) 0.02 0.11 (£0.01) 0.03 —0.16 (+0.001) <0.0001
Waist circumference (cm) 0.041 (+0.001) 0.14 0.031 (+0.001) 0.58 —0.04 (£0.001) 0.42
Systolic blood pressure (mmHg) 0.032 (+0.001) 0.32 0.076 (+0.01) 0.08 0.13 (£0.001) 0.01
Diastolic blood pressure (mmHg) 0.087 (+0.002) 0.005 0.13 (+£0.01) 0.01 0.06 (+£0.002) 0.20
Total cholesterol (mg/dl) 0.104 (+0.001) <0.0001 0.09 (+0.001) 0.02 0.078 (+0.001) 0.05
HDL cholesterol (mg/dl) —0.126 (+0.001) <0.0001 —0.09 (+0.01) 0.03 0.08 (£0.001) 0.05
Triglycerides (mg/dl) 0.109 (+0.035) 0.001 0.075 (+0.07) 0.15 0.19 (£0.042) <0.0001
Fibrinogen (mg/dl) 0.056 (+0.001) 0.02 —0.09 (+0.001)  0.02 0.22 (£0.001) <0.0001
White blood cell count (x10°/1) 0.145 (+0.001) <0.0001 0.15 (£0.001) <0.0001  —0.004 (+0.001) 091
HbA1c (%) [mmol/mol] 0.054 (+0.001) 0.04 0.08 (+0.02) 0.05 —0.028 (+0.01) 0.48
Fasting glucose (mg/dl) 0.018 (+0.001) 0.55 0.077 (+0.01) 0.06 —0.005 (+0.002)  0.89
2-h glucose (mg/dl) 0.007 (£0.001) 0.80 —0.026 (+0.01)  0.56 0.04 (+0.001) 0.33
Fasting insulin (pnU/ml) 0.059 (+0.035) 0.10 —0.099 (£0.04)  0.09 0.11 (£0.04) 0.08
Matsuda insulin sensitivity index —0.016 (+0.001) 0.67 —0.12 (+0.001) 0.05 0.12 (+£0.01) 0.06

(mg L> mmol~! mU~! min~1!)

HDL: high-density lipoprotein.

P = 0.03), total cholesterol (6 = 0.09, P = 0.02), HDL
cholesterol (8 = —0.09, P = 0.03), fibrinogen (8 = 0.09,
P = 0.02) and HbA1c (8 = 0.08, P = 0.05). The full model
explained 42% of the variance of hematocrit.

Furthermore, clinical variables independently associ-
ated with total protein concentrations were (listed from
strongest to weakest): fibrinogen (8 = 0.22, P < 0.0001),
triglycerides (8 = 0.19, P < 0.0001), age (3 = -0.16,
P < 0.0001); systolic blood pressure (8 = 0.13, P = 0.01),
HDL cholesterol (8 = 0.08, P = 0.05) and total cholesterol
(8 = 0.078, P = 0.05). The full model explained 34% of the
variance of total protein levels.

Discussion

Measurement of HbA1c has been recently recommended
by ADA as a diagnostic test not only for diabetes but also
for conditions at increased risk to develop diabetes

[1,3—5]. Both type 2 diabetes and HbA1c-defined predia-
betes conditions are associated with an increased risk of
cardiovascular disease [1,3,6,21—23] and an association
between a higher whole blood viscosity, which is consid-
ered a cardiovascular risk factor [8,18,19], and type 2 dia-
betes has been described [14,15].

In this paper we report, for the first time, a significant
association of predicted whole blood viscosity with a
HbA1c value of 5.7—6.4% (39—47 mmol/mol), a condition
that confers increased risk to develop type 2 diabetes [1,4].
The findings of the present study extend the findings in
people at risk for type 2 diabetes in several important
ways. First, we assessed the association of hemorheo-
logical parameters with HbAlc in a large sample (1136
individuals) of nondiabetic subjects using a validated
measure of whole blood viscosity [15,18,19]. The associa-
tions of hemorheological parameters with HbA1c-defined
prediabetes in the present study were consistent, and a
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significant association of HbAlc with predicted whole
blood viscosity and hematocrit was observed even after
adjustment for multiple covariates. Notably, when we
compare three glucose homeostasis parameters, i.e.,
HbA1c, fasting glucose, and 2-h post-load glucose levels,
we observed that HbA1c was the only measure of glucose
homeostasis that remained associated with predicted
whole blood viscosity, and hematocrit in a multivariate
regression analysis model including multiple atheroscle-
rosis risk factors.

Importantly the hemorheological alterations detected
in individuals with HbA1lc-defined prediabetes were
associated with subclinical vascular damage, as demon-
strated by higher values of IMT, a known indicator of early
atherosclerosis that predicts cardiovascular events [16].

The mechanism by which higher HbAlc levels are
associated with elevated whole blood viscosity is unde-
fined. Keeping in mind that several studies have reported
that insulin resistance is associated with increased blood
viscosity and erythrocyte aggregability [24,25], a greater
degree of insulin resistance in these subjects is one
possible explanation since previous studies employing the
hyperinsulinemic euglycemic clamp technique to directly
evaluate insulin sensitivity had shown that individual with
HbAlc-defined prediabetes have impaired insulin-
stimulated glucose disposal [21,26]. Accordingly, as
compared with control individuals, we observed that
subjects with HbAlc-defined prediabetes have lower in-
sulin sensitivity as assessed by a validated OGTT-derived
index proxy of muscle insulin sensitivity [21]. A number
of mechanisms have been proposed to explain the asso-
ciation of hematocrit, the primary determinant of whole
blood viscosity or viscosity itself with insulin resistance. In
normal conditions moderate increases in hematocrit and
blood viscosity are associated to vasodilation induced by
shear stress-mediated production of nitric oxide by
endothelial cells. However, this compensatory response is
reduced in conditions associated with endothelial
dysfunction including impaired glucose homeostasis and
insulin resistance [27]. In this regard it should be noted
that we observed increased levels of IMT, a well-
recognized marker of early atherosclerosis [16], in in-
dividuals with HbA1c-defined prediabetes. In presence of a
reduced nitric oxide bioavailability, raised blood viscosity
is associated with decreased flow. A reduction in blood
flow, in turn, may lead to a decreased delivery of glucose to
skeletal muscle [13] with consequent elevation in circu-
lating glucose and insulin levels. On the other hand,
hyperinsulinemia due to insulin resistance may cause
vasoconstriction via sympathetic neural activation, which
in turn would lead to hemoconcentration and increased
blood viscosity [13]. Alternatively, compensatory hyper-
insulinemia may decrease membrane fluidity of erythro-
cytes causing a disturbance in the blood rheological
behavior and the microcirculation [28].

Additionally, chronic sub-clinical inflammation could
be a common mechanistic factor since it has been associ-
ated with both blood viscosity [18], and HbA1c-defined
prediabetes [29]. In the present study, we found that

individuals with HbAlc-defined prediabetes have
increased fibrinogen levels as compared with control
subjects. An increase in fibrinogen may be an indicator of
systemic inflammation but may also have a role in
enhancing blood viscosity.

Increased lipoproteins levels may be another shared
mechanism linking blood viscosity and HbA1c-defined
prediabetes. Low HDL levels have been associated with
an elevated blood viscosity [9,18]. Herein, we found that
HbAlc-defined prediabetes exhibit a reduction in HDL
levels as compared with control individuals, which was
inversely related to whole blood viscosity. It has been
suggested that HDL may compete with LDL binding to
erythrocytes and antagonize LDL-induced erythrocyte ag-
gregates, thus leading to a decrease in blood viscosity [9].

Finally, it is possible that chronic hyperglycemia
captured by HbA1c measure can lead to hyperaggregation
and low deformability of erythrocytes by changing he-
moglobin and membrane proteins, as well as serum pro-
teins including fibrinogen and globulins.

Strengths of the current study includes the large sample
size, the inclusion of men and women, the demographi-
cally homogeneous group of adults from the same
Caucasian ethnicity, wealth of detailed clinical, anthropo-
metric and laboratory variables collected by medical pro-
fessionals with a standardized protocol that allowed us to
adjust for multiple confounders, the centralization of
biochemical and hormonal analyses, the exclusion of
confounding chronic disorders potentially affecting both
hemoglobin concentration and inflammatory biomarkers,
the exclusion of subjects treated with corticosteroids, an-
tiplatelet, anticoagulant, lipid-lowering and hypoglycemic
agents.

Nonetheless, our study has potential limitations that
deserve mention. First, we had no direct measurement of
blood viscosity. However, our estimates of whole blood
viscosity were based on a prediction equation that has
been validated in previous studies [15,18,19]. Secondly, we
did not measure other blood components of blood vis-
cosity, such as erythrocyte deformability and aggregability.
It should be noticed that our large sample counterbalances
the reduced precision of blood viscosity measures, and the
strength and consistency of the observed associations
using routine hematological measures may have helpful
implications for clinical practice. In addition, participants
underwent a single 75 g OGTT to determine glucose
tolerance, and therefore, it is possible that some in-
dividuals might have been classified inappropriately.
Moreover, all variables, including hematocrit, hemoglobin
and total protein concentrations were measured once.
Although such an approach is common in large observa-
tional studies, intra-individual variation in biochemical
variables cannot be taken into account. Furthermore, the
present study is based on opportunistic screening for
recruitment of individuals considered at risk of type 2
diabetes and cardiovascular disease referred to
a university hospital for further assessment. Additionally,
all participants were Whites, and results might vary as a
function of ethnic group. Indeed, there is evidence that
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HbA1lc levels are higher among Blacks, Hispanics, Amer-
ican Indians, and Asian Americans compared to Whites
even after adjustment for factors that might affect glyce-
mia [30]. Finally, the cross-sectional design of the study
reflects only an association of HbAlc with whole blood
viscosity, and precludes us from discerning cause and ef-
fect using this design, but it provides some pathophysio-
logical clues to justify the use of HbAlc as diagnostic
criterion to identify individuals at risk of type 2 diabetes.

The present findings showing a link between HbAlc
and elevated predicted whole blood viscosity may have
clinical implications. It has been shown that individuals
with HbA1lc-defined prediabetes exhibit a worse cardio-
vascular risk profile associated with subclinical organ
damage such as vascular stiffness [22], carotid athero-
sclerosis [6,21], and left ventricular hypertrophy [23], all
independent predictors of major cardiovascular events.
Increased blood viscosity may represent a unifying
mechanism linking elevation in HbAlc concentrations to
both type 2 diabetes and cardiovascular disease. Since
HbA1lc-defined prediabetes has been recognized as a
dysglycemic condition requiring careful monitoring with
respect to both type 2 diabetes and cardiovascular risk,
assessment of subjects employing the HbA1c criterion may
be helpful to capture at risk individuals who may benefit
from an intensive intervention based on diet, exercise,
and/or pharmacotherapy in order to prevent or delay
adverse clinical outcomes.
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