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Evaluation of Whole Blood Viscosity to Predict
Stent Restenosis in Patients with Coronary
Artery Disease

ABSTRACT

Background: This study investigated the relationship between whole blood viscosity
(WBV) and in-stent restenosis (ISR) in patients with prior coronary stent implantation
who underwent coronary angiography (CAG) for chronic coronary syndrome (CCS).

Methods: In this retrospective case-control study, 802 patients who underwent CAG with
suspected ISR were included. In-stent restenosis was defined as 250% stenosis within the
stent or within 5 mm of its edges. Patients were divided into an ISR group (n=342) and
a control group without ISR (n=460). Whole blood viscosity was calculated using both
high-shear rate viscosity (HSR) and low-shear rate viscosity (LSR).

Results: Whole blood viscosity levels were significantly higher in the ISR group for both
HSR (16.8 + 1.0 vs. 15.6 = 0.9 cP, P < .001) and LSR (83.1 + 8.4 vs. 80.8 + 8.0 cP, P < .001).
Receiver-operating characteristic curve (ROC) analysis showed strong predictive power
for ISR (area under the curve [AUC] 0.84 for LSR and 0.82 for HSR). Kaplan—Meier analysis
demonstrated significantly lower ISR-free survival in patients with high WBV (P < .001).
Multivariate Cox regression identified both HSR and LSR as independent predictors of
ISR.

Conclusion: Increased WBV isindependently linked to ISR and may contribute toits devel-
opment via endothelial inflammation and vascular remodeling. Whole blood viscosity
demonstrates potential utility as a biomarker for the identification of CCS patients sus-
ceptible to ISR.

Keywords: Chronic coronary syndrome, coronary angiography, in-stent restenosis, per-
cutaneous coronary interventions, whole blood viscosity

INTRODUCTION

The leading global cause of death is coronary artery disease (CAD), which results
mainly from atherosclerosis. Progress in both the diagnosis and treatment of CAD
has led to enhanced management strategies, with an emphasis on modifying
risk factors through medical therapy, percutaneous coronary interventions (PCl),
and coronary artery bypass grafting (CABG)." Percutaneous coronary interven-
tion, employing balloon angioplasty with bare-metal stents (BMS) or drug-elut-
ing stents (DES), constitutes the most prevalent revascularization method.? The
advancement of PCl commenced with balloon angioplasty and has progressed
through subsequent generations of DES, integrating increasingly sophisticated
stent technologies.> Despite the widespread adoption of PCI, limitations exist
due to therisingincidence of in-stent restenosis (ISR), areaction to vascular injury
associated with stent use.*

Whole blood viscosity (WBV) is defined as the internal resistance of blood flow in
the vessels. Whole blood viscosity is the primary marker of endothelial shear stress
and has emerged as a significant predictor of cardiovascular diseases (CVD).
Various studies have demonstrated the relationship between WBV and CAD and
its prognostic importance.>® At the same time, WBV is associated with traditional
cardiovascular risk factors, such as hypertension, hyperlipidemia, metabolic syn-
drome, and diabetes.>®
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In routine clinical practice, direct measurement of WBV is
limited by the technical equipment requirement and the lack
of standardization regarding the measurement. De Simone
et al’ showed that WBYV can be calculated at desired shear
rates with a formula based on plasma protein concentration
and hematocrit (HCT) values, which are the components
of WBV. There is currently no study in the literature on the
effects of WBV on predicting stent restenosis in chronic cor-
onary syndrome (CCS) patients with coronary stents. Within
the scope of this research, the aim was to evaluate the
relationship between WBV and stent restenosis in patients
with a history of previous coronary stents who underwent
coronary angiography (CAG) because of CCS and in whom
coronary angiography (CAG) revealed ISR. The primary end-
point of this study was to determine the positive relationship
between WBV and stent restenosis in patients with CCS and
to evaluate the importance of WBV in predicting stent reste-
nosis and its power in detecting the disease.

METHODS

This observational, retrospective case-control study
included 802 patients who applied to a specialized cardio-
vascular hospital and underwent CAG with a preliminary
diagnosis of CCS because of ISR. All procedures adhered to
the ethical standards stipulated by both the institutional and
national review boards, consistent with the 2008 revision of
the Helsinki Declaration of 1975. The institution has granted
ethics committee approval with protocol number E1-22-2779.
As this was a retrospective study, no informed consent was
obtained from the participants.

In-stentrestenosis was diagnosed via coronary angiography.
In-stent restenosis was accepted if there was over 50% ste-
nosis inside the stent or up to 5 mm of its proximal and distal
edges.® The study included 802 patients. Of these, 342 were
assigned to the restenosis group based on established cri-
teria, with the remaining 460 patients forming the control

group.

Demographic data of patients included in the study were
collected from patient files, medical pharmacy data, and

HIGHLIGHTS

¢ Independent associations were found between whole
blood viscosity (WBV) (at both high and low shear rates)
and in-stent restenosis (ISR) among patients with a his-
tory of coronary artery stent placement who underwent
angiography for chronic coronary syndrome.

The predictive power of WBYV for ISR was evident in
ROC curve analyses, which displayed an Area Under
the Curve of 0.84 for low shear rate and 0.82 for high
shear rate, highlighting its potential as a trustworthy
biomarker.

Multivariate Cox regression showed that WBYV, smoking
status, stent type, length, and diameter were indepen-
dent predictors of ISR. The analysis particularly high-
lighted WBV as a significant, measurable risk factor
readily applicable in clinical settings.
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e-pulse system, which were scanned retrospectively and
added to the follow-up form. Angiography images and
reports related to the patient’s previously implanted stents
were recorded. In addition, CAG images performed within
the currentindicationin the hospital were viewed, and infor-
mation about the stent and the procedures performed were
reported. Patients were called by phone to obtain the nec-
essary information when information could not be obtained.

The patients’ complete blood count (CBC) and biochemi-
cal parameters were taken from a wide antecubital vein
after 12 hours of fasting in the morning before the patients
came to the angiography laboratory. Sysmex K-1000
(Sysmex Corporation, Kobe, Japan) for CBC and COBAS
C-501 (Roche, Manheim, Germany) devices for biochemical
parameters are used in the hospital's biochemistry labora-
tory. Blood samples are placed in standard ethylenediamine
tetraacetic acid (EDTA) tubes for total CBC tests, and mea-
surements are performed immediately after blood collec-
tion. Serum C-reactive protein (CRP) levels are measured by
immune nephelometry (NFL BN-Il, Siemens Dade Behring).
The CRP cut-off value was determined as 0-0.005 g/L.

Whole blood viscosity, HCT (%), and plasma protein concen-
tration (g/L) were calculated for both LSR (low shear rate 0.5
s =1) and HSR (high shear rate 208 s -1) using the validated
formulas of De Simone et al’ Several studies have indicated
that the best method for estimating LSR WBV is by incorpo-
rating HCT as a percentage and total protein as grams per
liter in the calculation.? Tamariz et al™® offer a precise defini-
tion of these calculations; therefore, the calculations were
conducted in accordance with this definition:

e HSR(208s-1)=(0.12 x HCT) + 017 (total protein —2.07)
e LSR(0.5s-1)=(1.89 x HCT) +3.76 (total protein -78.42)

The writing process involved Al and Al-assisted tools like
Grammarly and MS Word Editor. While these technologies
enhanced the clarity and style of the work, they did not sup-
plant core authorial functions, including the generation of
scientific or medical understanding, the formulation of sci-
entific conclusions, and the provision of clinical advice.

Study Participants

This retrospective analysis has enrolled patients aged = 18
who had previously undergone CAG and PCl with a stent in
at least 1 artery and individuals who underwent CAG due
to CCS. Study exclusion criteria included acute coronary
syndrome, symptomatic heart failure with left ventricular
ejection fraction under 40%, congenital heart disease, and
severe valvular heart disease, as assessed via echocardiog-
raphy. Moreover, participants with advanced liver disease
(diagnosed cirrhosis) or chronic kidney disease (GFR <30
mL/min/1.73 m?) were excluded from the study. Participants
with a body mass index (BMI) exceeding 45 kg/m’?, a family
history of dyslipidemia, or suspected familial hypertriglyc-
eridemia (plasma triglycerides > 500 mg/dL [5.65 mmol/L] or
=1 first-degree relative with triglycerides 2500 mg/dL) were
excluded. Subjects with a history of cancer, autoimmune dis-
orders, connective tissue disorders, or active infection were
also excluded from this study.
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Statistical Analysis

Patient data collected within the scope of the study were
analyzed with the IBM SPSS for Windows 26.0 (IBM Corp.,
Armonk, NY, USA) package program. Data distribution was
performed using the Kolmogorow-Smirnov test, histogram
curves, skewness/kurtosis values, coefficients of variation,
and detrended Q-Q plot data. Student's t-test was applied
in comparing 2 independent numerical variable groups with
normal distribution, and data were presented as mean + SD.
The Mann—Whitney U test was used to compare 2 indepen-
dent numerical variables without normal distribution, and
data were presented as median (25t-75% quartiles). In com-
paring 2 independent categorical variables, chi-square or
Fisher's Exact test was applied according to the suitability of
the assumptions, and data were presented as numbers (%).

ROC curve analysis was performed to predict stent resteno-
sis and to determine the cut-off values of HSR and LSR lev-
els. In addition to sensitivity and specificity, the area under
the ROC curve (AUC) was presented with a 95% confidence
interval (Cl).

According to the predictive values obtained from the ROC
curve, groups were dichotomized as high and low whole
blood velocity. The predictive value for HSR was 16.21cP, and
for LSR, it was 81.90 cP. Then, cumulative risk ratios were cal-
culated using the Kaplan-Meier method, and the groups with
low and high whole blood velocity were compared for both
HSR and LSR using the log-rank test. Then, Cox proportional
hazard regression analysis was performed to determine the
independent predictors for restenosis.

In the first stage, clinical, demographic, laboratory, and pro-
cedural parameters, including WBV parameters thought to
be/may be associated with stent restenosis, were applied
to the univariate Cox regression model. Then, parameters
reaching statistical significance (P < 1) in univariate analysis
wereincludedin multivariate analysis to determine indepen-
dent predictors of restenosis. Multivariate Cox regression
analyses were performed in 2 separate models to evaluate
whether HSR (Model 1) and LSR (Model 2) were independent
predictors of restenosis. Regression analysis presented data
with a 95% Cl and hazard ratio (HR).

Kaplan—Meier analysis was employed to assess cumulative
ISR incidence, categorizing participants into high and low
blood viscosity groups according to a cutoff point estab-
lished via ROC analysis. Kaplan-Meier curves for ISR-free
survival were constructed for HSR and LSR viscosity groups.
Differences between the survival curves were compared
using the log-rank test. Survival data were analyzed accord-
ing to event time (in months) and restenosis status (event or
censored). Two-sided P values less than .05 were considered
significant for all statistical analyses.

RESULTS

Thestudyincluded 802 patientswithangiography dueto CCS,
previous CAG and percutaneous coronary intervention, and a
stent in at least 1artery. The mean age of the study patients
was 63 + 10 years, the minimum age was 37, and the maximum
age was 89, and 75% of these patients (n=599) were male.
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Table 1. Demographic Characteristics and Comorbidities of
the Study Population

Variables n=802
Age, years (mean * SD) 63+10
Gender, male, n (%) 599 (75)
Diabetes, n (%) 339 (42)
Hypertension, n (%) 567 (71)
Dyslipidemia, n (%) 231(29)
Smoking, n (%) 217 (27)
Chronic obstructive pulmonary disease, n (%) 24 (3)

Chronic kidney disease, n (%) 132 (16)

The demographic characteristics of the study population
are denoted in Table 1. Diabetes mellitus was detected in 339
(42%) of the study population, hypertension in 567 (72%), and
dyslipidemiain 231(29%). It was determined that 89% (n=713)
of the patients participating in the study used acetylsalicylic
acid, 81% (n=648) beta-blockers, and 77% (n = 619) statins.

Inthe patientgroup with ISR, 201(59%) patients only received
percutaneous transluminal coronary angioplasty (PTCA)
in the stent. In addition, 77 (22%) of these patients under-
went coronary stenting after PTCA. In addition, 43 (13%) of
these patients were treated with CABG, and 78 (23%) were
followed up with only medical treatment. Baseline demo-
graphic information of the groups with (250%) and without
(<50%) ISR is presented in Table 2.

The coronary artery where the stent was first placed sig-
nificantly differed between the restenosis and non-reste-
nosis groups (P=.009). The type of the first stent implanted
was significant between the restenosis and non-restenosis
groups (P=.026). Thelength of the firststent was determined
as a median of 28 mm (23-33 mm) in the restenosis group and
a median of 23 mm (18-28 mm) in the non-restenosis group,
and a significant difference was found between the 2 groups
(P <.001). The diameter of the first stentimplantedin the ISR
group was smaller than in the non-restenosis control group
(296 +0.37 mmvs. 3.02 + 0.39 mm, respectively, P=.030). The
median time after the first stenting in the ISR group was 61
months (35-88 months), while the median time in the non-
restenosis group was 40 months (24-68 months), and a sta-
tistically significant difference was found between these 2
groups (P <.001).

In the group with restenosis, the predictive values of patient
characteristics and laboratory parameters for stent reste-
nosis were evaluated by ROC curve analysis (Table 3). The
predictive (cut-off) values for glucose 102.5 mg/dl with 60%
sensitivity and 58% specificity (AUC 0.61; 95% Cl, 0.57-0.65;
P <.001), time since first stentimplantation 47.6 months with
64% sensitivity and 57% specificity (AUC 0.63; 95% Cl, 0.59-
0.66; P <.001) and stent length 23.5 with 60% sensitivity and
67% specificity (AUC 0.67; 95% ClI, 0.63-0.71; P < .001) pre-
dicted stent restenosis. When the predictive value for LSR is
taken as 40.04 cP, it predicted stent restenosis with 80% sen-
sitivity and 76% specificity (AUC 0.84; 95% Cl, 0.81-0.87; P <
.001), and when the predictive value for HSR is taken as 16.21

33—
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Table 2. Comparison of Baseline Characteristics of Groups with In-Stent Restenosis (250% stenosis) and Without (<50%)

Restenosis (n=460) No Restenosis (n=342) P
Demographic characteristics
Age, years (mean * SD) 62+10 63+10 .574
Sex, male, n (%) 330(72) 269 (78) .026
Comorbidities
Diabetes, n (%) 188 (41) 151(44) .352
Hypertension, n (%) 316 (69) 251(73) 148
Dyslipidemia, n (%) 125 (27) 106 (31) .237
Smoking, n (%) 81(18) 136 (40) <.001
Chronic obstructive pulmonary disease, n (%) 13(3) 11(3) .748
Chronic kidney disease, n (%) 76 (16) 56 (16) 956
Current medications
Acetyl salicylic acid, n (%) 412 (90) 301(88) .488
P2Y12 inhibitor, n (%) 115 (25) 65(19) .044
Beta blocker, n (%) 385 (84) 263 (77) .016
RAAS, n (%) 332(72) 244 (71) 796
Statin, n (%) 367 (80) 252 (74) .042

RAAS: Renin-Angiotensin-Aldosterone System

cP, it predicts stent restenosis with 78% sensitivity and 75%
specificity (AUC 0.82; 95% Cl, 0.79-0.85; P <.001) (Figure 1).

According to the predictive values obtained from the ROC
curve (the predictive value for HSR is 16.21 cP, and the pre-
dictive value for LSR is 40.04 cP), groups were dichotomized
as high and low WBV. Cumulative risk ratios for LSR and HSR
were given to these groups using the log-rank test with the
Kaplan-Meier method. In Kaplan—Meier analysis, high WBV
calculated by HSR and LSR had a higher cumulative risk for
stent restenosis than low blood viscosity (Log-rank test, P <
.001).

Clinical, demographic, laboratory, and procedural param-
eters were evaluated with time-dependent Cox-regression
analysis, including WBV parameters thought to be or may
be associated with stent restenosis (separately for HSR and
LSR). In the Cox regression model including multivariate HSR,
smoking (HR: 1.63, 95% Cl: 1.30-2.06, P < .001), firstimplanted
stent type (HR: 2.26, 95% Cl: 1.22-416, P=.009), stent length

(HR:1.02, 95% CI: 1.01-1.03, P < .001), stent diameter (HR: 0.55,
95% Cl: 0.37-0.81, P=.002) and HSR-calculated WBV (HR:
1.48, 95% Cl: 1.33-1.65, P < .001) were determined as indepen-
dent predictors of stent restenosis (Table 4). In the multivari-
ate Cox regression model including LSR, smoking (HR: 1.62,
95% Cl: 1.29-2.04, P < .001), type of firstimplanted stent (HR:
2.24,95% CI:1.21-4.12, P=.010), stent length (HR: 1.02, 95% Cl:
1.01-1.03, P <.001), stent diameter (HR: 0.55, 95% Cl: 0.37-0.81,
P=.002) and LSR-estimated WBV (HR: 1.02, 95% CI: 1.01-1.03,
P <.001) were determined as predictors of stent restenosis.

Kaplan—Meier analysis revealed a statistically significant
disparity in ISR-free survivalamong patients categorized by
HSR.Resultsfromthelog-ranktestdemonstrated astatisti-
cally significant association between high HSR levels and an
elevated risk of ISR (y*=6.94, df =1, P=.008). The high HSR
group exhibited a higher-than-anticipated ISR event count
(observed: 377, expected: 414), suggesting reduced ISR-
free survival probability (Figure 2). In a similar vein, patients
with increased LSR showed significantly poorer ISR-free

Table 3. Predictive Values of Patient Characteristics and Laboratory Parameters for Stent Restenosis in the Group with Restenosis

Risk Factors AUC (95%) Predictive Value HazardRatio  Sensitivity (%) Specificity (%) P
Glucose 0.61(0.57-0.65) 102.5 1.43 60 58 <.001
Creatine 0.55(0.51-0.59) 090 1.09 52 53 .018
LDL-C 0.56 (0.52-0.60) 86.5 1.24 60 51 .003
HDL-C 0.47 (0.43-0.51) 38.5 091 47 49 109
Triglyceride 0.55(0.51-0.59) 140.5 114 60 57 .008
HSR 0.82(0.79-0.85) 16.21 310 78 75 <.001
LSR 0.84 (0.81-0.87) 40.04 3.38 80 76 <.001
Time since first stenting 0.63(0.59-0.66) 47.6 1.49 64 57 <.001
Stentlength 0.67 (0.63-0.71) 235 1.81 60 67 <.001
Stent diameter 0.47 (0.43-0.51) 2.88 0.96 64 43 .099

AUC, area under the curve; HDL-C, high-density lipoprotein cholesterol; HSR, whole blood viscosity at high shear rate (208/sec); LDL-C, low-
density lipoprotein cholesterol; LSR, whole blood viscosity at low shear rate (0.5/sec).
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Figure 1. ROC curve analysis of high shear rate and low shear rate levels for prediction of stent restenosis.

survival. Analysis using the log-rank test demonstrated
a statistically significant difference between LSR groups
(¥*=597,df =1, P=.014). In the high LSR group, the observed
number of ISR events (n =383) surpassed the expected num-
ber (n=417), thus reinforcing the link between increased
LSR and heightened restenosis risk (Figure 3).

DISCUSSION

Of the 802 patients in this study, 342 were CKS patients who
had previously received a stent and developed restenosis
after an average of 6Imonths. WBV calculated with both LSR
and HSR was significantly higherin this restenosis group than
in the group without restenosis. In addition, WBV calculated

with LSR and HSR was found to be an independent predictor
of stent restenosis. It was determined that WBYV could pre-
dict stent restenosis with 80% sensitivity and 76% specificity
when the predictive value was taken as 40.04 cP for LSR and
with 78% sensitivity and 75% specificity when the predictive
value of HSR was taken as 16.21 cP. In addition, in separate
multivariate Cox regression analysesincluding LSR and HSR,
smoking and stent diameter, length, and type were indepen-
dent predictors of ISR. This is the first study in the literature
toinvestigate the relationship between ISR and WBV.

To delay the progression of coronary atherosclerosis and
prevent its adverse outcomes, in addition to risk factor

Table 4. Univariate and Multivariate Cox Regression Analysis of Stent Restenosis (Model Generated with HSR)

Univariate Multivariate®

Variables HR 95% ClI P HR 95% ClI P
Age 098 0.97-099 .002 099 0.99-1.01 906
Gender 0.85 0.66-111 237 - - -
Diabetes 1.03 0.83-1.28 761 - - -
Hypertension 118 0.93-1.50 179 - - -
Smoking 2.03 1.63-2.53 <.001 1.63 1.30-2.06 <.001
LDL-C 099 0.99-1.00 .649 - - -
HDL-L 099 0.98-1.00 .288 - - -
Triglyceride 1.01 1.00-1.01 .026 1.00 0.99-1.01 781
Statin 1.20 0.94-1.52 144 - - -
Creatinine 1.31 0.84-2.05 .233 - - -
Stent type (BMS vs DES) 1.61 0.96-2.71 .073 2.26 1.22-416 .009
Stentlength 1.03 1.02-1.04 <.001 1.02 1.01-1.03 <.001
Stent diameter 0.66 0.48-0.92 .013 0.55 0.37-0.81 .002
HSR 1.61 1.45-1.78 <.001 1.48 1.33-1.65 <.001

BMS, bare metal stent; Cl, confidence interval; DES, drug-eluting stent; HDL-C, high-density lipoprotein cholesterol; HR, Hazard ratio; HSR, Whole

blood viscosity at high shear rate (208/s); LDL-C=low-density lipoprotein cholesterol.
#Chisquare value of multivariate Cox regression model: 129; -2 Log likelihood: 3611; P < .001.
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Kaplan-Meier Curve: High vs. Low HSR
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Figure 2. Kaplan—Meier estimates of in-stent restenosis—free survival stratified by high-shear rate blood viscosity.

modification, methods such as medical treatment, PCI, and
CABG are currently applied.®* Percutaneous coronary inter-
vention started in the 1980s with balloon angioplasty as an
alternative to CABG and later continued its development
with the introduction of BMS and DES." Although PCl is
widely used, restenosis, which is the response of the stent-
bearing vessel to trauma, reduces the long-term success
of this method. Although the use of DES, in particular, has
reduced the incidence of ISR, it remains a significant prob-
lem today.™

Mechanical tension after stent implantation activates a
series of inflammatory mechanisms. Inflammation at the

Kaplan-Meier Curve: High vs. Low LSR

cellular level that develops in ISR is the most critical part of
the restenosis process. This inflammation causes the pro-
liferation of smooth muscle cells. At the end of this process,
neointimal hyperplasia and neoatherosclerosis are inevi-
table.”™ Clinical predictors of ISR include diabetes, chronic
kidney disease, advanced age, male gender, and high BMI.™

Endothelial shear stress (ESS) is a critical hemorheological
element for the development and progression of athero-
sclerosis. Whole blood viscosity, a marker of ESS, plays a vital
role in maintaining the functionality of the endothelium. As
itis known, high blood viscosity causes turbulent flow in the
lumen and does not allow the blood to flow regularly. This
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Figure 3. Kaplan—Meier estimates of in-stent restenosis—free survival stratified by low-shear rate blood viscosity.
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situation increases endothelial deterioration and disrupts
integrity.” This situation has provided a new perspective for
other studies and this study. The effect of WBV on blood flow
is not linear. A moderate viscosity increase helps maintain
the normal endothelium function by increasing vasodilator
substances such as nitric oxide from the endothelium. In con-
trast, a highrise in viscosity does notincrease the production
of additional vasodilators via mechanotransduction, which
causes endothelial dysfunction. Some studies have proven
that high blood viscosity plays a role in vascular remodeling
and endothelial inflammation.” Another accepted mecha-
nism is that in patients with high blood viscosity, leukocytes
and platelets were found in higher numbers in the areas
of the vascular wall, which are essential for adhesion and
aggregation. This situation promotes the infiltration of cho-
lesterol particles and substances that increase the develop-
ment of atherosclerosis, such as fibrinogen, into the vascular
wall. Thisidea has been proven by studies that thereisarela-
tionship between blood rheology and the formation of ath-
erosclerosis in the carotid and coronary arteries.”™

Yagi et al” investigated the relationship between blood
rheology and endothelial function using flow-related vaso-
dilation of the brachial artery, an indicator of endothelial
function. As a result, a relationship was found between
hemorheology and flow-related vasodilation. Consequently,
they proposed the use of hemorheological parameters as
indicators of endothelial function. Tripolino et al*® showed
therelationship between blood viscosity, carotid artery elas-
ticity, and increased ankle-brachial index. Established car-
diovascular risk factors, including hypertension, diabetes
mellitus, and elevated BMI, exhibit a correlation with WBV.
Toth et al* showed the changes in blood rheology param-
eters in different cardiovascular patient populations. Thus,
a close correlation was found between hemorheology and
the severity of CAD. These studies showed that the extent
of changes in blood rheology is significantly related to the
severity of CAD and plays a role in its pathogenesis.?%?

The fact that WBV assessment requires different equip-
ment and is difficult to interpret due to its variability has
always remained in the background in its relationship with
atherosclerosis. In the study conducted by De Simone et al,’”
aiming at the relationship between blood viscosity and car-
diovascular risk factors, simple equations that can be used
to calculate WBV were shown. In this study, they evaluated
the contribution of rheological determinants and reported
that HCT was the primary determinant of WBV at varying
rates according to shear rates. Most importantly, they pro-
duced simple equations to estimate WBYV at different shear
rates using HCT and total protein levels, with verification by
viscometer. Different shear rates are indicators of different
hemodynamic environments. High shear rate (HSR) indi-
cates high-velocity blood flow at the peak of systole in large
arteries, while LSR reflects low-velocity blood flow at end-
diastole. The advantage of De Simone equationsis that WBV
values in the desired environment can be easily calculated.
De Simone formula has been used in different cardiovascular
patient populations, including insulin resistance, hyperten-
sion, and coronary slow flow phenomenon.??% Tamariz et al™
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showed the close relationship of WBV with insulin resistance
in the "Atherosclerosis Risk in Communities Study (ARIC)." It
was suggested that these equations provide an adequate
estimation of blood viscosity. Based on these studies, De
Simone's equation was included in calculating WBV at dif-
ferent shear rates. In this study, the mean age of the reste-
nosis group was 63+10 years, and 78% patients were male.
The number of malesin the restenosis group was statistically
significantly higher compared to the non-restenosis group.
However, male gender was not found to be a predictor of
ISR in multivariate Cox regression analyses performed at
different shear rates. Although several clinical studies have
reported a higherrisk of ISR for older and male patients com-
pared to female patients, these findings have not been con-
sistent.?® The fact that the number of males in the ISR group
was significantly higher in this study can be explained by the
factthatthe sample had fewer patients thanin other studies
and that gender was not distributed homogeneously.

Kaplan—Meier and Cox regression analyses were used to
assess WBV's prognostic significance for ISR. Analysis of
ISR-free survival curves demonstrated a substantial dis-
crepancy between the groups; increased WBYV, irrespective
of calculation method (HSR or LSR), correlated significantly
with a greater cumulative incidence of ISR. These results
corroborate prior research indicating a significant correla-
tion between heightened blood viscosity and endothelial
dysfunction, inflammation, and vascular remodeling, collec-
tively contributing to restenosis.”” " Increased central blood
volume disrupts laminar flow, resulting in elevated turbulent
shear stress. This may accelerate neointimal hyperplasia and
neo-atherosclerosis, key mechanisms in the pathogenesis of
ISR.®41¢ Moreover, elevated blood viscosity correlates with
augmented leukocyte and platelet adhesion, promoting vas-
cular inflammation and atherogenesis.'™®"?

When the comorbid conditions of the patients in this study
were examined, no significant difference was observed
between the 2 groups in terms of the incidence of diabetes,
hypertension, and dyslipidemia. Diabetes is a risk factor for
atherosclerosis as well as for the formation of ISR. The fact
that diabetes was not associated with ISR in the study may
be because the patients were using antidiabetic drugs and
were being followed up for disease regulation. Hypertension
is known to be arisk factor for atherosclerosis. Hypertension
was shown to be a risk factor for ISR in a study conducted by
Singh et al.?> However, contrary to this study, studies show
that hypertension is not associated with ISR.?® In the study
conducted by Wang et al,¥ in which they investigated new
predictors in ISR patients with diabetes, it was shown that
hypertension and dyslipidemia were not predictors com-
pared to the group without restenosis. Smoking continues to
be a risk factor that contributes significantly to cardiovas-
cular morbidity and mortality. However, whether it is a risk
factor for developing ISR is controversial. Some studies have
shown that it is protective against developing ISR. However,
the use of older-generation stents, patient compliance, and
the possibility of selecting a population that is more insensi-
tive to smoking were taken into consideration in these stud-
ies. A study conducted in the past years by Alexandrescu
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et al*® determined that smoking was associated with ISR. In
this study, Tt was also shown that smoking was an indepen-
dent predictor for the development of ISR.

One of the most essential steps in developing restenosis is
the inflammatory response after stent implantation and the
neo-atherosclerosis that occurs afterward. A study deter-
mined that CRP levels increased after stent implantation,
indicating an inflammatory response. A meta-analysis con-
ducted by Zhu et al?® showed that high-sensitivity CRP level
is a risk for the development of ISR. In this study, CRP level
was found to be significantly higher in the restenosis group
compared to the group without it, following the literature.

In this study, ISR development was significantly lessin patients
using statins. This may be attributed to statins’ pleiotropic
effects and LDL-lowering effect. Walter et al*® showed that
statin nonusers are at higher risk for ISR. It was also found that
HDL levels were similar between the 2 groups in this study. A
meta-analysis by He et al® proved no significant relationship
between HDL levels and ISR, similar to this research.

In this study, it was also determined that there was a sig-
nificant difference between the first implanted stent type
(DES or BMS) and the development of ISR in both groups. As
is known, although the restenosis risk of DES is lower than
BMS, there is still a 5-10% ISR incidence in nhew-generation
DESs.*? Xu et al®*® determined the stent type as a risk factor
associated with ISR and found that ISR was 2.4 times higher
in patients implanted with BMS. It was also found that the
stent type was an independent predictor of ISR in multi-
variate regression analyses. It was also shown that the stent
length and diameter were independent predictors of ISR. In
line with this study, previous studies have demonstrated that
the stentlength and diameter are associated with ISR.3#3>

Study Limitations

Itis crucial tonote that WBV calculation employs anindirect
formula instead of viscometric methods. Further strength-
ening the study's conclusions through viscometric measure-
ments is warranted, despite prior research corroborating
the formula. In addition, this study does not include other
hemorheological parameters and homocysteine levels that
will affect WBV. Another limitation of this study is that the
characteristics of the first stent of the patients included in
the study, such as balloon inflation time, balloon inflation
time, and pre-dilatation — post-dilatation, are unknown.
Coronary artery disease is one of the most common causes
of death worldwide. In recent years, stent implantation has
become the primary therapeutic procedure for treating a
narrowed coronary artery in patients with CAD. Despite
advancements, high rates of ISR continue to present a signif-
icant clinical problem. This study found that WBV is an inde-
pendent predictor of ISR development at both LSR and HSR.
Therefore, increased blood viscosity may play arolein devel-
oping neointimal hyperplasia and ISR due to the endothelial
inflammation it causes. This situation may inspire new stud-
ies on the pathogenesis of ISR. In addition, simple and inex-
pensive WBV measurement with the de Simone formula can
be applied in routine practice as a parameter to predict the
development of ISR before CAG. Further research is required
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to establish a definitive link between WBV and ISR, neces-
sitating larger, prospective, randomized studies to provide
robust evidence and reduce the possibility of confounding
variablesinfluencing the findings.
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