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Abstract. Despite their wide clinical usage, stent functionality may be compromised by complications at the site of implanta-
tion, including early/late stent thrombosis and occlusion. Although several studies have described the effect of fluid-structure
interaction on local haemodynamics, there is yet limited information on the effect of the stent presence on specific hemorheo-
logical parameters. The current work investigates the red blood cell (RBC) mechanical behavior and physiological changes as
a result of flow through stented vessels. Blood samples from healthy volunteers were prepared as RBC suspensions in plasma
and in phosphate buffer saline at 45% haematocrit. Self-expanding nitinol stents were inserted in clear perfluoroalkoxy alkane
tubing which was connected to a syringe, and integrated in a syringe pump. The samples were tested at flow rates of 17.5,
35 and 70 ml/min, and control tests were performed in non-stented vessels. For each flow rate, the sample viscosity, RBC
aggregation and deformability, and RBC lysis were estimated. The results indicate that the presence of a stent in a vessel has
an influence on the hemorheological characteristics of blood. The viscosity of all samples increases slightly with the increase
of the flow rate and exposure. RBC aggregation and elongation index (EI) decrease as the flow rate and exposure increases.
RBC lysis for the extreme cases is evident. The results indicate that the stresses developed in the stent area for the extreme
conditions could be sufficiently high to influence the integrity of the RBC membrane.
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1. Introduction

Cardiovascular stent implantation has been used as the primary solution in restoring arterial stenosis
in the past decades. Various designs have been developed and are commercially available for clinical
use [1]. Stent structural integrity and biocompatibility are known issues and considerable research
is ongoing to improve the efficiency of stents in that aspect. A major concern in the utilisation of
stents is restenosis, which occurs following stent placement. Restenosis is a complex process which
involves fibroproliferative responses of the vascular wall, platelet activation, inflammatory responses,
vascular smooth muscle cell proliferation, and accumulation of extracellular matrix, resulting in loss
of lumen area [2]. Another limitation of cardiovascular stents is the influence they have on addi-
tional blood physiology characteristics due to the alterations they cause in the local flow conditions.
Stent struts protruding in a vessel cause various fluid dynamics phenomena to appear, including
flow stagnation regions, low and high local shear and stress regions, high shear stress gradients,
etc. [3]. The majority of the in vivo studies in the literature have been conducted in animals, in which
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various stent designs are used to assess the implantation outcome [2]. In the Rogers and Edelman study
for example, stent design parameters such as holding diameter, mass, surface area, and stent surface
material constants were altered for implantations in the rabbit iliac artery, and indeed an influence on
vascular injury, thrombosis and neointimal hyperplasia was observed [4]. A considerable number of
other animal and clinical studies [5–7] have shown the influence of design characteristics in vascular
injury, neointimal proliferation and hyperplasia, thrombogenicity, restenosis and other implantation-
induced non-physiological effects. Similarly, late thrombosis effects, are observed when bioresorbable
scaffolds are utilised for the treatment of coronary artery disease [8].

In vitro studies focus more on assessing stent haemocompatibility, examining haemolytic and throm-
botic effects and other issues relevant to the requirements of the ISO10993-4 for Biological examination
of medical devices – Selection of tests for interaction with blood [9]. Grim et al. examined the haemolytic
effects for the implantation of various industrial stent designs in vitro (∼8 mm expanded diameter, at
1170 ml/min) and found that haemolysis was present from early exposure times [1]. Kealy et al. exam-
ined thrombotic effects, by assessing the platelet deposition on implanted nitinol stents, under flow
conditions simulating arterial stenosis; they documented platelet adhesion and thrombus formation on
certain stent designs [10]. Similar studies are described in van Oeveren [11] and in Jung et al. [12],
with both concluding that indeed the material and the design of the stent affect physiological aspects
of blood leading to undesirable effects.

Computational studies allow flexibility in assessing various design parameters and their impact on
haemodynamics, and are mainly performed under the assumption that blood is a continuous, New-
tonian or non-Newtonian fluid [3, 13]. An important haemodynamic parameter, related to negative
physiology impacts (such as neointimal proliferation, restenosis, etc.), is the wall shear stress (WSS).
A significant number of computational studies have examined the characteristics of this parameter.
The WSS magnitude, location, stent and vessels surface exposure to low and high WSS, and WSS
gradients (WSSG), have been examined using Newtonian and non-Newtonian blood viscosity models
[3]; it has been illustrated that maximal WSS appear at the central part of the stent pattern, and that
the minimal values are concentrated on the proximal stent wire surface. Berry et al. [14] examined the
effect of wire spacing on stagnation zones and concluded that this design parameter indeed affected
the local flow. In another computational study, designs from various manufacturers where tested for
wall shear stresses and mean stress exposure time illustrating that different designs affect the local flow
conditions differently [15]. Other computational studies have shown that recirculation zones, which
promote thrombosis, can be avoided with appropriate stent design and that the presence of stents cause
the appearance of both high and low wall shear stress regions [16].

The above mentioned studies have undoubtedly provided extremely valuable information for the
clinical practice, however, the examination of the effects of altered haemodynamics on blood rheology
is rare in the literature. Complications due to stenting, such as haemodynamic depression in the carotid
stenting case, are well known in the literature, however, the role of blood rheology is also unclear on this
issue [17]. Additionally, questions regarding RBC physiological effects due to the stent presence, such
as how the RBC membrane is affected, to which degree, and to what extent in the RBC population, have
not been answered. RBC deformability is an important rheological factor and the mechanical stretching
that RBCs experience by the developed shear forces in the stent region could be significant, according to
various computational studies [3]. This could lead to altered RBC physiological and rheological prop-
erties, increased rigidity, or even lysis [18]. The impact of the shear stress (SS) magnitude, duration and
exposure pattern (e.g. cyclic exposure to SS), on the deformability of the RBC has been investigated in
detail in a number of studies [19–22] and has been shown that the long- and short-term changes in RBC
deformability depend on such conditions. Importantly, the stent presence in a vessel causes the afore-
mentioned haemodynamic conditions (i.e. alteration of SS magnitude, duration and exposure pattern)
to take effect. Another important observation made by Simmonds and his coworkers was that the effect
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of SS magnitude/duration/exposure pattern is biphasic: that is, bellow certain levels an improvement
in the deformability is apparent before negative effects on RBC deformability are seen [19, 21].

In vivo studies on the effect of stenting on rheological parameters report that immediately after
stenting whole blood and plasma viscosity was decreased, followed by a significant increase in these
parameters a few days after, and a noticeable decrease after a month of the implantation [23, 24]. A
similar behavior was observed in other studies for the red blood cell aggregation and the fibrinogen
concentration [25]. The researchers in the above studies concluded that this rheological behavior
could lead to early stent occlusion. The contribution of affected RBC membrane mechanics on the
altered hemorheology observed, could not be made clear, and in addition other factors such medication
received after stenting (clopidogrel and aspirin) introduce difficulties in the interpretation of results.
Earlier studies on the effect of the endovascular intervention on whole blood or plasma viscosities,
report similar observations [26].

The scarce information in the literature regarding how fundamental aspects of blood rheology, such as
RBC membrane mechanics, are affected by the stent presence, points to the need for investigating how
RBC deformability, aggregation and blood viscosity are altered for blood at different flow conditions
in a stented vessel. The results are analyzed in comparison to the non-stented vessel.

2. Methods

2.1. Blood sample preparation

The study protocol was approved by the Cyprus National Bioethics Committee (ref:
EEBK/E�/2016/18). Samples were collected from a healthy population (9 men, 25–46 years) into
vacuum tubes (BD) containing 1.8 mg/ml EDTA, using a 21G needle. After collection, one portion
of the blood donation from each participant was centrifuged at ∼1350 g, for 10 minutes, in order to
remove the buffy coat and to adjust the haematocrit (45% by adding/subtracting plasma). This portion
of the sample was kept as the normally aggregating blood sample (AB). Another portion of the blood
donation was used in order to produce non-aggregating blood samples (NAB): RBC suspensions in
phosphate buffer saline (PBS) were prepared after double washing. All samples were oxygenated by
rolling in the 50 ml syringes, for approximately 1/2 minute prior to extracting the air from the syringe.
Hemorheology tests were performed immediately after collection and treatment, and within 4 hours,
except for a small number of tests for which the samples were kept at 4 ◦C until testing.

2.2. Tube stenting and flow configuration

Self-expanding nitinol stents (1.0 × 3.3 mm, closed-cell design with diamond-shaped pattern,
Fig. 1a) were inserted in clear perfluoroalkoxy alkane (PFA) tubing of internal diameter 0.75 mm
(Fig. 1b). The insertion was performed under a microscope using fine forceps and no over-expansion
was observed. The tubing was connected to a syringe (50 ml) through a 20G needle, and placed on a
syringe pump (KDS 200) (Fig. 1c). The stented region was located at an appropriate length from the
end of the curvature to ensure fully developed flow. The internal diameters of the 50 ml syringe tip
(2 mm), the 20G needle tip (0.603 mm) and the PFA tubing (0.75 mm) were larger than the (minimum)
deployed stent diameter (0.570 mm) - all internal diameters were larger than the internal diameter
(0.514 mm) of the 21 G needle used in the blood sampling.

The stability of the stent insertion was initially assessed, and confirmed, by subjecting the stented
tube to a very high flow rate (50% higher than the maximum flow rate applied during testing). After
each testing, the stented tube was thoroughly cleaned by infusing/withdrawing distilled water multiple
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Fig. 1. (a) The nitinol stent used in the study, (b) the inserted stent in the PFA tubing, and (c) a diagrammatic representation
of the flow configuration (not drawn to scale).

times, followed by air infusion at very high flow rates in order to dry the tube and stent. The stent was
inspected again visually for cleanness and integrity. The perfused samples were collected at the exit of
the tube in 1.5 ml Eppendorf tubes (Fig. 1c): the end of the PFA tube was in contact to the Eppendorf
tube wall, so that the blood sample slide gently in the container, avoiding splashing of the drops. An
identical tube-needle set up, without stent, was also used for comparison as the control cases. All
tests were performed at identical flow conditions in both tube set ups, in order to clarify the effects of
stenting, on the various hemorheological parameters studied.

2.3. Flow conditions

The aggregating and non-aggregating blood samples (referred to as AB and NAB respectively)
were infused in both set ups (stented and non-stented tubes) at three flow rates (Q = 17.5, 35 and
70 ml/min) to reflect a range of physiological flow conditions. A triple exposure of the samples to
Q = 70 ml/min was set as an extreme flow condition, for the stented case only; this was achieved by
infusing/withdrawing/infusing the same volume of the sample. The aforementioned flow cases will
be referred to as Q17.5, Q35, Q70 and 3XQ70 respectively, for convenience. Hemorheological tests
were also performed in samples that did not undergo any infusion in the tube set-ups, and served as
the baseline cases (referred to as BL cases). BL samples were placed in the Eppendorf tubes prior to
transportation in the syringe/tube set up.

2.4. Hemorheological, RBC physiology parameters assessed, and tests performed

In this study the following hemorheological and RBC physiology parameters, which affect mostly
the mechanical and flow properties of blood, were assessed:

• Blood (AB and NAB) and plasma viscosity
• RBC aggregation
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• RBC deformability
• RBC membrane integrity (lysis assays, scanning electron microscopy images (SEM), optical

microscopy images, and visual inspection).

2.4.1. Blood and plasma viscosity tests
A Brookfield DV2T instrument was used for the viscosity measurements, using a cone-plate geome-

try. Samples were transported immediately after infusion in the stented (or non-stented) tubes using the
Eppendorf tubes and gently loaded with a micropipette (0.6 ml volume) in the plate of the viscometer.
Viscosity tests were initiated after approximately 1 minute from perfusion in the tubes. AB and NAB
sample viscosities were measured (for shear rates between 251.2 and 1.4 s–1 in this order). Starting
the test at the higher shear rate ensured RBC aggregate dispersion for all AB samples, and therefore
identical initial conditions. The maximum shear stress that cells were exposed at the highest shear rate
was approximately 1.5 Pa for 30 seconds. The duration of a complete viscosity test was 8.5 minutes
(17 points of measurement for 30 seconds each), and the viscosity measurement was performed at
the end of the shearing period at each point. All measurements were performed at room temperature
(25 ± 0.5 ◦C). Viscosity data were considered for transducer torque values above the 5% of its torque
range. Plasma viscosity was also measured for all samples prior to perfusion in the tube set-ups.

2.4.2. RBC aggregation
RBC aggregation was assessed with a Rheoscan A200 instrument [27]. The instrument is equipped

with a laser-photodiode system which allows the RBC aggregation kinetics to be resolved, based on
the light transmission/time relationship. The sample is placed on a disposable microchip though a
micropipette (10 �l), it was sheared for 10 seconds by using a magnetic stirrer arrangement, followed
by the recording of the intensity of the transmitted light for 120 seconds. Aggregation tests were
initiated 1–2 minutes approximately after perfusion in the tubes. All measurements were performed
at room temperature (25 ± 0.5 ◦C). An aggregation index (AI) was used, defined as the ratio between
the area under the light intensity/time curve, and the sum of the areas below and above the curve in
the first 10 seconds [27].

2.4.3. RBC deformability
The RBC deformability measurement methodology was developed based on previous works in the

literature (see for example [28]) using an optical shearing system (CSS450, LINKAM) and a high
viscosity medium (η = 100 mPas). The optical shearing system has been described in detail in other
studies [29]. In brief, it consists of two parallel glass plates of 15 mm radius, with the observation
point at a radius (r) of 7.5 mm, and an adjustable shearing gap of h = 40 �m (Fig. 2). The bottom plate
was rotated with a controllable angular velocity ω, and therefore the desirable shear rate could be
set: γ̇ = rω

h
. The shear stress, τ = ηγ̇ , could be controlled according to the medium viscosity η. The

medium was prepared according to the protocol suggested by Fischer [30] to avoid possible osmotic
effects. More specifically, Dextran 2000 kDa (Sigma) was added at a concentration of 15% (w/w) in a
PBS solution prepared with reduced electrolytes by 25%. The resulted isotonic Dextran solution had
an osmolality of 0.288 mOsm Kg–1 and a pH of 7.4. The viscosity of the fluid was measured with the
Brookfield DV2T instrument and found to be at 100 ± 2 mPas (averaged at the high shear range). A
slight shear thinning behaviour was observed (∼4% reduction from the lowest to highest shear rate)
as expected for the relatively dense Dextran suspension.

Red blood cells were suspended in 1 ml of the isotonic dextran solution at a concentration of
approximately 1% by volume and mixed gently for maximum 3 minutes at room temperature, until
homogeneity was achieved. No aggregation was observed between the RBCs, and no sedimenta-
tion of the cells was apparent, as a result of the increased density of the isotonic dextran solution
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Fig. 2. (a) A schematic representation of the plate-plate shearing system used for the deformability measurements. RBCs are
observed through the microscope-camera set-up and the elongation index is calculated from minor (S) and major (L) axis
(EI = (L – S)/(L + S)), (b) A comparison of the resulted elongation index as estimated in the present study, with data presented
in [31].

(∼1.055 gr/ml). A BX51 OLYMPUS microscope (100× oil immersed objective) and a fast CMOS
camera (IDT X, Tallahassee, USA), were used for image capturing. The shear stresses produced in the
plate-plate system ranged from 0.14 to 30 Pa and the RBCs were exposed to the specific shear stresses
for 10 seconds. The total number of RBCs used for the calculation of the elongation index (EI) was
approximately 100. The EI was calculated using the typical formulation EI = (L – S)/(L + S), where L
and S are the major and minor axis lengths of the apparent RBC respectively [18]. The lengths of L
and S were measured with image analysis in Matlab software. Figure 2b shows a comparison of the EI
estimated for a representable sample (AB, Q0) against data presented in the work of Singh and Stoltz
[31].

2.4.4. RBC membrane integrity
The integrity of the RBC membrane was assessed indirectly by measuring the concentration of

the serum free haemoglobin (SFH) using a commercially available colorimetric assay kit (Cayman
Chemical, Ann Arbor, MI) through a 96-well plate reader (Thermo Scientific Multiskan™ FC). The
assay was performed in accordance with the manufacturer’s instructions and sample Hgb concentrations
were calculated from a standard curve constructed with known concentration standards provided in
the kit using the plate reader’s software.

In addition, the condition of the RBC membrane was evaluated through scanning electron microscopy
(SEM - FEI Quanta 200, Oregon, USA), and conventional optical microscopy (OLYMPUS BX51,
100× objective). For electron microscopy, RBCs were pre-fixed in 2% glutaraldehyde for 30 minutes
and specimens were gold-sputtered (5-6 nm thick films) to prevent beam charging effects (SC7640
Sputter coater, Quorum Technologies, Kent, UK). SEM images at various magnifications were pro-
cessed through the MountainsMap software (Digital Surf, Besançon, France) and were used to correlate
morphological features with the extent of membrane damage and mechanical haemolysis.

The samples were also visually inspected for lysis within the Eppendorf tubes, after sedimentation
of the RBCs. Images of the tubes were taken and a mean image intensity ratio of the supernatant part
(plasma or PBS), to the sediment part (RBCs) of the sample was calculated

(
Im = ISup

ISed

)
.

2.4.5. Sources of uncertainty
The uncertainty in the viscosity measurements was approximately 3-4%, according to the torque

calibration of the instrument. Validation tests using standard viscosity fluids showed a similar
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discrepancy for the valid range of the transducer torque range. The Rheoscan A200 RBC aggre-
gometer shows an acceptable intra-assay variation of less than 5%, and an acceptable sensitivity to
aggregation differences [27].

One of the main sources of uncertainty in the deformability measurements is the variation of the
shear stress due to the slight shear thinning of the suspending medium (∼4% in the whole shear rate
range). Another reason of uncertainty is the stress variation in the observational area (observation
width of ∼150 �m, with a 100× objective), due to the increase of the radius in the plate-plate system;
this variation in the shear rate was calculated to be <2%. Regarding the first source, the percentage
difference in the measured viscosity of the fluid medium is significantly supressed at the highest shear
rate range (>10 s–1) to a calculated 1.5% difference. The shear rates used in the plate-plate system to
produce stresses from 1 to 26 Pa, were ranging from 10–268.2 s–1. Therefore, it could be reasonable
to expect a similar uncertainty (∼1.5%) due to the first reason. A combined uncertainty of ∼3.5%
maximum in the shear stress values due to the two reasons mentioned above is deemed reasonable.

A third source of uncertainty in the deformability measurements concerns the image analysis pro-
cedure to calculate the EI index. The measurements in the present work were performed by both an
operator and by image processing. The operator results were used to assess the validity of the image
processing and indeed, the EI/shear stress curves produced using both methods were found to be in an
excellent agreement for shear stresses up to approximately 14 Pa, with relatively small discrepancies
above that value. For this work the EI measurements were performed by an operator to ensure smallest
error due image quality issues which affected the processing at high shear stresses. The uncertainty in
the operator’s measurement is also influenced by image quality, and was estimated by inspection to be
in the order of 2%. Therefore, a combined (standard) uncertainty level of approximately 4% could be
assumed to exist in the results for deformability.

Sample handling (PBS washing and resuspension, transportation between tubes and syringes, oxy-
genation, mixing for aggregate dispersion, etc.) could affect the RBC mechanical properties (through
osmotic effects) and introduce uncertainty in the quantities measured. For this reason a strict protocol
on sample handling and experimental procedures was put in place and followed as closely as possible.
It is expected that any influence of sample handling will be systematic, affecting all samples similarly.

2.4.6. Statistical analysis
The calculated quantities (viscosity, aggregation index AI, deformability index EI, and serum free

haemoglobin SFH) are typically expressed as averaged values. The normality of the data distributions
was assessed with the one-sample Anderson-Darling test, using Matlab (Mathworks) software. For
normal distributions, the mean values (MV) and standard deviation (STD) are presented as MV ± STD.
The pooled standard deviation (STDp) is provided for some quantities and it calculated as STDp =∑

n
i = 1(ki − 1)σ2

i∑
n
i = 1(ki − 1)

, where n is sample number and k is the amount of data used for the calculation of the mean

value in the specific sample. One-way ANOVA test was performed in order to examine significance
(determined at a p-value of 0.05) in the difference between the mean values. Standard error is also
provided for some of the parameters.

3. Results

3.1. RBC deformability

In this work the average deformability of the red blood cells, for each examined sample, was reflected
through the mean value of the elongation index EI, calculated at two distinct shear stresses (i.e. at 3.7
and 10 Pa): EI = EI@3.7Pa + EI@10Pa

2 . EI calculations were performed for the AB and NAB samples,
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Fig. 3. (a) Percentage differences �EIm ± STD (n = 9) for the two flow configurations (stented and non-stented tubes)
and for the non-aggregating sample (NAB). �EIm is plotted against the flow conditions Q17.5, Q35, Q70 and 3XQ70.
(b) �EIm against the flow cases for the aggregating sample (AB) and the two flow configurations. �EIm = 0 implies no
difference from the baseline condition.

which were subjected to various flow conditions (Q = 17.5, 35, 70 ml/min, and 3XQ70) within the
stented and non-stented tubes. EI calculations were also performed for the baseline (BL) cases. As the
main objective was to detect differences in the deformability of RBCs as a result of the tube stenting,
the percentage difference between EI calculated at the various flow conditions

(
EISample

)
, and the

baseline cases
(
EIBL

)
, was verified:

�EI = EIBL − EISample

EIBL

× 100

Figure 3a and 3b present the mean value of �EI
(
�EIm ± STD, n = 9

)
for the two flow config-

urations (stented and non-stented tubes), in all flow conditions, and for the two different samples (AB
and NAB). It is apparent in panel (a) of the figure that the flow through the non-stented configuration
has no significant effect on NAB sample; a very small, not significant and not systematic, deviation
from the baseline case (i.e. from �EIm = 0) is observed, whereas a marginally significant reduction
(p ∼ 0.05) in the deformability of the NAB samples is observed between the Q17.5 and the Q70 stented
cases. This reduction becomes significant (p < 0.05) when comparing the Q35 with the Q70 and 3XQ70
flow cases.

A similar behaviour is observed in the EI for the aggregating blood sample in (Fig. 3b): the passing
of the AB sample through the non-stented configuration results at a small, positive and systematic,
although not significant increase in EI at all flow conditions. The influence of stenting is apparent in the
case of the AB sample also; in that case however, a small positive increase of ∼2% is observed in the
Q17.5 flow case, with a decreasing trend at all other flow conditions. In the 3XQ70 flow case a decrease
of ∼5% from baseline is apparent. The observed decreasing trend is confirmed when considering the
significance between the differences observed in (Fig. 3b): p ∼ 0.05 for the Q17.5 to Q70, and p < 0.05
for the Q17.5 to 3XQ70 comparison.

3.2. RBC membrane damage

Further to changes in the deformability of the RBCs, any destruction of the cell membrane could not
be assessed with the EI index. Therefore, serum free haemoglobin (SFH) was utilised as an indirect
estimation of RBC membrane destruction. SFH was assessed collectively for the AB and NAB samples,
since at the high shear conditions where membrane damage is expected to occur the difference in the
viscous forces developed between the samples is relatively small. No significant trends were observed
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Fig. 4. Average (n = 10) serum free haemoglobin for both AB and NAB samples, normalised by the BL case values (SFH*)
(the non- stented case is shown in panel (a)). SFH* for the stented case is shown in panel (b).

Fig. 5. Mean normalized image intensity ratio of the supernatant (plasma or PBS), to the sediment (RBCs) part of the sample,
calculated from images of the samples in the Eppendorf tubes. I* is shown in Panel (a) as an average for both AB and NAB
samples in the non-stented cases. Results for the stented cases is shown in Panel (b).

for the non-stented cases for both AB and NAB samples: Figure 4a shows the average serum free
haemoglobin for both AB and NAB samples (n = 12), normalised by the BL case values (denoted as
SFH*). A slight trend of increasing SFH is observed in the stented case: it is illustrated in Fig. 4b
that an increase of approximately 20% from the baseline value exists in the case of the stented tube,
however, this is not significant (p > 0.05 when comparing the Q17.5 with the Q70 and the 3XQ70
conditions). Inspecting the results in Fig. 4, it is apparent that an increase of 10% minimum from the
baseline (i.e. at SFH* = 1) exists, in both the stented and non-stented configurations, which may reflect
sample handling effects. This increase is more systematic in the non-stented case. The mean value of
the SFH* for the two extreme flow conditions in the stented cases (Fig. 4b) exceed 20% above the
baseline, that is approximately 10% increase of SFH, excluding possible sample handling issues.

Visual inspection of the samples confirmed that RBC lysis may have taken place in the extreme flow
conditions of the stented case. Figure 5 shows the mean image intensity ratio of the supernatant (plasma
or PBS) part, to the sediment (RBCs) part of the sample, calculated from images of the Eppendorf
tubes: Im = ISup

ISed
. The Intensity ratio Im was further normalised (and denoted as I∗) by the Im values

in the baseline cases, to reflect deviations from the not-infused condition. The results in Fig. 5 are
presented collectively for both AB and NAB samples, as for the SFH index, and agree with those
presented in Fig. 4 regarding the free haemoglobin. Figure 5b illustrates the decrease of the image
intensity at the two extreme conditions (Q70 and 3XQ70) as a result of the possible free haemoglobin
in the medium for the stented case.
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(a) (b)

(c) (d)

(e) (f)

Fig. 6. Representative images of RBCs captured by conventional microscopy (Panels (a), (b), (c) and (d)) and SEM (panels
(e) and (f)). The images in Panels (a) and (b) have been captured from samples infused in the stented configuration, for the
BL and the Q70 conditions respectively. The images in Panels (c) and (d) illustrate the appearance of a population of affected
RBCs for the Q35 condition. Panels (e) and (f) show details of affected RBCs.

Microscopy and SEM images attest to the abovementioned information on the possibility of loss of
RBC membrane integrity. Figure 6 illustrates that, indeed, the integrity of a population of RBCs has
been compromised as a result of the stenting in the tube. Echinocytes are present, which may be the
result of mechanical damage of the membrane.
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Fig. 7. Mean values of the RBC aggregation index AI, for the AB sample, at the two tube configurations, and all flow
conditions (please note that no 3XQ70 exposure was performed for the non-stented case). Panel (a) illustrates the mean value
of AI (as percentage) and Panel (b) presents the values of AI normalised by the baseline values.

3.3. RBC aggregation

RBC aggregation was assessed for the AB samples only. The aggregation index AI (expressed as
percentage) is shown in Fig. 7a for the two tube configurations and the various flow conditions. It is
observed that in the non-stented case the AI shows no particular trends. In the stented case, however,
an elevated AI is observed in the Q17.5 and the Q35 flow conditions, compared to the non-stented
case, and a slight monotonic decreasing trend is apparent. When the AI index is normalised by the
BL values (Fig. 7b), an approximately 10% difference between the Q17.5 and the 3XQ70 cases is
observed, however, with no statistical significance (p > 0.05). Given that the non-stented configuration
is regarded as the control case, Fig. 7b suggests that mild/physiological flow conditions in the stented
tube result to an increase in RBC aggregation. The slight drop of AI* from the BL cases observed in
the non-stented case (Fig. 7b), may reflect sample handling issues; it is known for example that sample
oxygenation (not performed in the BL cases) may decrease RBC aggregation [32, 33].

3.4. Viscosity

Sample viscosity results were normalised by their plasma (or PBS medium) viscosities to obtain
the dimensionless relative viscosity ηr p = ηSample

ηPlasma/medium
. Relative viscosity ηr p values at three distinct

shear rates (2.275, 7.878 and 15.820 s–1) were chosen, in order to compare the results from the tested
cases. The measured ηr p values at those shear rates were further normalised by the highest shear rate
ηr p value. The double normalisation of the viscosity values (referred to as ηr) was deemed necessary
in order to mediate the effects of inter-donor variation in viscosity, and to account for the differences
in the plasma/medium viscosities of the samples. Viscosity values at the lowest shear rate (2.275 s–1)
were closest to the lower validity limit of the viscometer (in this study set at 5% of the transducer torque
range); data that deviated abnormally from the previous shear rate point were discarded as outliers.

Figure 8 presents the results for ηr calculated for the various cases and flow conditions. Note that the
viscosity of the baseline cases is also included for comparison, in order to avoid further normalisation
of the ηr data. The first notable observation in both Panels (a) and (b) is that differences in ηr, between
the flow conditions (i.e. BL, Q17.5, Q35, Q70 and 3XQ70), are more pronounced as the shear rate
decreases. The viscosity of both AB and NAB samples (presented separately for clarity), which have
been infused through the non-stented tube, show no significant differences between the flow conditions
tested. The effect of stenting on the NAB sample is apparent in (Fig. 8a), where, for the 2.275 s–1 shear
rate, a significant difference (p < 0.05) exists between the baseline case (and the Q17.5 condition) and
the Q70 flow condition. The behaviour of the relative viscosity ηr for the AB sample in the stented
configuration (Fig. 8b) differs from this of the NAB sample, in that ηr increases from BL, reaching
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Fig. 8. Relative viscosity ηr against all flow conditions (BL, Q17.5 Q35, Q70 and 3XQ70), for the two flow configurations
(stented and non-stented tubes), presented for three distinct shear rates (2.275, 7.878 and 15.820 s–1). The results for the
NAB and AB samples are shown in panels (a) and (b) respectively (presented separately for clarity).

a maximum at Q35 and Q70, and decreases considerably in the extreme condition of 3XQ70. The
observed increase in ηr for the AB sample in the 2.275 s–1 shear rate is significant between the BL (or
the Q17.5 condition) and the Q35, Q70 and 3XQ70 conditions, however, no significance is observed
between the last three flow conditions.

Low viscosity measurements are influenced by the RBC aggregation phenomenon, however, the
high shear rate viscosity reflects more the effects of the deformability of the RBCs. The normalised
viscosity ηr p measured at the highest shear rate (251.2 s–1) is compared as an average for both the AB
and NAB samples in Fig. 9, plotted with the standard error. An increasing trend is observed for the
stented configuration, however, of no statistical significance. This slight increasing trend observed in
(Fig. 9) for the stented case persists from the lower shear rates, as it is shown in (Fig. 8a and 8b).

4. Discussion

4.1. RBC deformability

The results of the study indicate that stenting has an effect on the hemorheological properties
and physiology of RBCs. Regarding the deformability of the RBCs, the findings suggest that the
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Fig. 9. Normalised viscosity ηr p measured at the highest shear rate (251.2 s–1) as an average for both the AB and NAB
samples (n = 16). Standard error bars also included on the data (negligible in the BL and stented cases).

EI decreases as the flow rate increases (from Q17.5 to Q70), and when the sample is further exposed to
the extreme condition (3XQ70). This is observed in both the aggregating (AB) and the non-aggregating
blood (NAB) samples, when infused in the stented tube (Fig. 3). The decrease in EI is observed to
be approximately 8% for both AB and NAB samples, and statistical significance exists between the
extreme conditions (BL, or Q17.5, to Q70/3XQ70). The observed trend of decreasing deformability
lies outside the 4% combined uncertainty level introduced due to the methodological issues discussed
earlier. Variation in deformability exists within each examined RBC population as well [34], as indi-
cated by the standard deviation of the data extracted from a single sample in (Fig. 2b). This intra-sample
variation in EI is quantified for the baseline case by calculating the pooled STD deviation (STDp) and
found to be at approximately 8% of the mean EIBL value, for the shear stresses of measurement (3.9
and 10 Pa collectively), agreeing with observations in similar studies [28, 35]. The STDp is in general
ignored in most of the RBC deformability methods and techniques, including commercial systems,
which provide a mean deformability value [35].

The dependency of the RBC deformability on the increasing flow rate (Q17.5 to Q70) and flow rate
exposure (3XQ70), is due to the increasing shear stresses (SS) developed in the flow configuration. The
relationships between RBC deformability, SS and SS exposure are well established in the literature,
as discussed earlier. Regarding the shear stress developed in the tube the maximum magnitude occurs
at the walls (WSS) and for the Newtonian case can be calculated as:

WSSN = 8η∞Q

Dc − sAc − s

, (1)

where η∞ = 2.95 Pas (the average viscosity calculated from the experimental data at 251.5 s–1), Dc–s
and Ac–s are the diameter and the cross-sectional area of the non-stented part of the tube. For the three
flow conditions set in the study (Q17.5, Q35 and Q70) WSSN in the non-stented part of the tube is
calculated to be 21, 42 and 83 Pa respectively. In the stented portion of the tube, the 16 protruding
struts (90 × 40 �m cross-sectional area) have, as a result, a decrease of approximately 13% of Ac–s ,
for a given cross section. As a rough estimate of the stress increase in the stented area due to the stent
presence, the Newtonian WSS is calculated as above (with decreased Ac–s ), and found to be 26, 51
and 103 Pas, for the Q17.5, Q35 and Q70 conditions respectively.

It should be noted that the WSS is found to be significantly elevated from the Newtonian values
when calculated for the non-Newtonian case, utilising a power-law model [36] with a consistency
index k = 0.16 Pa sn and an exponent of n = 0.7:
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WSSn − N = k

[
4Q

πR3

(
3

4
+ 1

4n

)]n

(2) (2)

Furthermore, the local geometrical characteristics of the stented area are expected to influence the
local flow in a more complex manner, and computational approaches are definitely more appropriate for
investigating the problem [3]. In computational fluid dynamics studies, using non-Newtonian models
for viscosity, it has been shown that the highest WSS develops in the regions between the struts of the
stent. Importantly, in the stented-tube flow simulated in [3] the WSS was found to be locally increased
multiple times, when compared to the un-stented Newtonian calculation for WSS (using Equation
(1), for the specific diameter, viscosity and flow rate of the case in [3]). Nevertheless, the Newtonian
assumption in the present study could also hold, as the nominal shear rate in the tube, calculated by the
ratio of the mean velocity to the tube diameter

(
γ̇ = Vmean

Dc − s

)
, is found to be at 880, 1760 and 3521 s–1

for the Q17.5, Q35 and Q70 conditions respectively.
The WSS values estimated for the stented case (Newtonian or non-Newtonian) are indeed elevated,

however, it is the synergistic effect of the SS magnitude and duration that affects the deformability of
the RBCs. In the Simmonds and Meiselman study [20] it was shown that stresses in the order of 32 Pa
could have a statistically significant impact on the deformability of the RBCs for a stress exposure of
32 seconds. In the same study an exposure of 4 seconds to 64 Pa resulted in a statistically significant
change in RBC deformability. In the aforementioned and in subsequent studies the SS/SS exposure
dependency of the mechanical sensitivity of the RBC was established in detail, covering SS magnitudes
up to 60 Pa and time periods of exposure up to 60 seconds [20, 22]. In the present study the duration
of the flow in each flow condition were 3.43, 1.71, 0.86 and 2.57 seconds for the Q17.5, Q35, Q70
and 3XQ70 conditions respectively. At the wall region the velocity of the fluid decreases significantly,
and assuming that no significant cell depleted layers develop at the walls (a phenomenon generally
seen in microscale flows [37, 38]), it is expected that a portion of the RBCs would be exposed to high
SS for a portion of the total flow time. The reduction in EI seen in the present work (Fig. 3) could be
justified by the significantly elevated SS in conjunction to the RBC residual times in the stented area.
The RBC residual times are expected to be small, as the length of the stent is also relatively small at
approximately 3.3 mm. In the extreme flow condition of 3XQ70 the residual time for a fluid element at
a radius of ∼0.99rmax is approximately a tenth of a second. The actual RBC residual times, however,
could be larger than the gross estimate, provided the assumptions of a straight tube and Newtonian
flow are used. Nevertheless, in [20] it was shown by extrapolation that sub-second time exposures to
SS in the vicinity of 80 Pa, would suffice to impair RBC deformability to a “subhaemolytic damage
point”. It is therefore reasonable to assume that the stent presence is responsible for the traceable,
albeit small, impairment of RBC deformability observed in the study.

Another interesting observation regarding the deformability of the RBC is the improvement in EI
(although not statistically significant) seen in Figure 3b (AB sample), for the Q17.5, compared to the
BL condition. A similar increase in EI, however for all Q conditions, is observed for the not stented
case in the same figure. Improved deformability as a result of low SS exposure has also been reported
in the literature [20, 22, 39]; it has been shown that, low SS in the order of 1 Pa applied for small time
periods (1 s) could have a positive, influence in the deformability of the RBC. For the low flow rate
condition of Q17.5 in the stented configuration of the present work, the residual times for the RBCs
flowing in regions of low SS, seem to suffice for an improvement in EI to be traced. Improvement in
EI is not observed for the NAB sample in (Fig. 3a); this might be due to the difference in the local
stresses developed in the tubes, as the PBS medium is of lower viscosity than the plasma in the AB
samples and there is no aggregation between the RBCs.
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4.2. Membrane damage

The exposure of RBCs in high supraphysiological SS magnitudes for relatively short time periods
could result in permanent membrane damage and destruction. It has been shown that RBC lysis occurs
when cells are exposed to SS levels of >450 Pa, even for sub-second periods of ∼0.6 s [40]. The
presence of the stent in the tube and the non-Newtonian nature of the blood could have, as a result, the
substantial increase of the local SS, and indeed (Figs. 4 and 5) provide evidence of RBC lysis in the
extreme flow conditions (Q70 and 3XQ70). As mentioned earlier, when a power law viscosity model
is used for the calculations of stresses in the reduced section of the tube due to stenting, magnitudes
in the vicinity of 600 Pa result for the WSSn–N in the Q70 condition. This high WSS value is indeed
extreme, however, it is calculated for the smooth/straight wall condition. Nonetheless, local effects of
the stent presence in the flow could result in similar magnitudes, although not possible to be estimated
in the current work. The susceptibility of the RBC to destructive damage is found to also depend on
the stress exposure history, as it has been shown in recent studies [21]; preconditioning of RBCs to
repeated cycles of stress (64 Pa × 3 s, or 88 Pa × 2 s) result in either an impairment of deformability
(and increased sensitivity to mechanical damage), or in an improvement of deformability. Impaired
deformability is seen for a small number of stress cycles (1–4), whereas improved deformability and
resistance to mechanical damage is seen after a larger number of cycles. The mesh pattern of the stent
used in the present study (Fig. 1a) suggests that cells could be subjected to repeated stresses while
encountering the protruding struts in the flow, however, the time period of exposure is expected to be
very small.

The images of RBCs in (Fig. 6), acquired after exposure in the stented configuration, provide evidence
that the membrane integrity of a population of RBCs has been affected by the flow in the stented tube.
The population of affected RBCs in the image of (Fig. 6a) (BL condition) is almost untraceable by
visual inspection, whereas in the image of (Fig. 6b) (Q70 condition) the shape of 4-5 RBCs (within a
population of ∼20) appear to be in a nearly acanthocyte state. The RBC lysis of ∼10%, suggested by
analysing the results presented in (Figs. 4 and 5), seems indeed abnormally high. Nevertheless, other
studies have shown that increases of plasma free haemoglobin of approximately 0.5% are expected for
SS exposures of 64 Pa × 3 s, or 88 Pa × 2 s [21], and ∼4% when RBCs are subjected to much higher
SS (450 Pa × 1.238 s). Given, that the stenting configuration used in the current work does indeed
represent an extreme case (the whole stent is exposed to the flow, with no expansion), and according
to the calculations for the developed WSSn–N discussed earlier, it might be reasonable to expect large
magnitudes of SS to develop in the region, and therefore increased membrane destruction and elevated
SFH levels.

4.3. RBC aggregation

The affected RBC deformability is expected to influence the RBC aggregation phenomenon to a
certain degree, as reduced deformability of RBCs results in reduced RBC aggregation [41, 42]. This
is indicated in the results of (Fig. 7), where a slight decreasing trend in AI is observed as the flow
rate and exposure increase. The decreasing AI trend follows that of the EI in (Fig. 3). There is not
enough evidence in the literature to suggest alteration of the physicochemical characteristics of the
RBC membrane (for example alteration of the sialic acid content of the membrane), due to the flow
through the flow/stress exposure in stented vessel, and therefore alteration in the aggregability of the
cells. Therefore, it is assumed that the aggregability of the RBCs is not significantly affected by the
exposure to the various flow conditions in the present study. Nonetheless, in the absence of other
external influences, it can be suggested that the trends observed in EI and AI are qualitatively related.
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4.4. AB and NAB viscosity

Figure 8 presents the results from the viscosity measurements. RBC deformability and aggregation
affect the viscosity of blood in a predictable manner [43], and this is reflected in (Fig. 8a) where
statistically significant differences are observed between the baseline and the Q70 condition for the
NAB sample, in the 2.275 s–1 case. In the absence of aggregation, the major factor to cause the observed
increase should be the reduced RBC deformability seen in (Fig. 3). The results in (Fig. 8b) also indicate
an increase in viscosity for the AB sample, between the BL and the higher flow rates (at 2.275 s–1),
however, this increase is not monotonic, that is, the viscosity is decreased in the 3XQ70 compared to
the Q35 and Q70 conditions. The reduced deformability of the RBCs may play a role in the increase of
viscosity in the AB sample, however, it is expected that RBC aggregation would dominate the behaviour
of viscosity at the lower shear rates. Indeed, the decrease in viscosity observed in the aforementioned
case, could be linked to the behaviour of RBC aggregation illustrated in (Fig. 7). The reduced RBC
aggregation seen in the higher flow rates and exposure (Q70 and 3XQ70) seems to be the cause of
the observed decrease of viscosity in the 3XQ70 case of (Fig. 8). The influence of the affected RBC
deformability can also be seen in (Fig. 9), which shows the high shear viscosity for all conditions
tested and for both AB and NAB samples as an average. In this condition, RBC aggregation effects are
negligible and the dominant factor influencing the viscosity of the samples is the deformability of the
cells. A slight monotonic increasing trend is apparent for the stented case, although statistically not
significant, indicating that indeed the decreased deformability might affect the viscosity of the samples
negatively.

4.5. Consequences in circulatory physiology

The interpretation of the results in the present study, regarding the physiological consequences
of altered hemorheology due to stenting in the circulation, should be made in view of the situation
replicated in the in vitro configuration of the present work. That is, the stent is inserted in the rigid tube
with no expansion (or over-expansion), and being fully exposed to the upcoming flow. Although stent
overexpansion is not recommended in the clinical practice in order to avoid vessel damage [44], the
suggested optimal stent expansion should match the healthy artery diameter (i.e. stent/vessel diameter
ratio of ∼1 : 1), hence avoiding the development of low WSS in the area [15]. In the present work, the
positioning of the stent in the tube resulted in a stent-to-tube ratio of ∼0.8 : 1, implying stent under-
expansion, which is possible to occur in the clinical practice [45]. The flow rates set in the present
work agree with those developed in the cortical branches of the anterior cerebral artery, which have
a diameter of 0.8–1.8 mm and flow rates around 30–50 ml/min [46, 47]. Flow rates of approximately
40 ml/min are observed in the left anterior descending coronary artery, with usual internal diameter of
∼3 mm, which in the diseased state can be significantly reduced [48]. Furthermore, the experimental
setting is relevant to the clinical scenario of Drug Eluting Stenting, where re-endothelialization is
delayed and stent struts are exposed to blood flow for a longer periods of time [49, 50].

The examination of the data in the present study indicates that samples exposed to conditions of Q35
and Q17.5 have not been affected significantly in terms of RBC deformability, lysis and aggregation,
whereas a moderate increase in the viscosity is apparent (Figs. 8 and 9). The increased flow rate of Q70
seems to have an influence on RBC physiology (EI, SFH, aggregation), and the further exposure to this
condition (3XQ70) exaggerates this effect. The Q70 condition is set to account for double the resting
heart flow rate (Q35) in vessels with geometries similar to that used in the present study, whereas the
triple exposure to this condition may reflect the situation where such a high flow rate is maintained
for long time periods. Given that patients treated with cardiovascular stenting may lie within groups
with increased levels of inflammation [51, 52], RBC aggregation [53, 54] and viscosity [55], it could
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be suggested with caution that increased flow rates may attenuate RBC aggregation and viscosity for
the short term, however, on the expense of RBC deformability. In previous studies [23, 25] on the
effects of coronary and carotid stenting, a decrease in blood, plasma viscosity and aggregation was
observed immediately after stenting, however, this reduction was accompanied by decreased levels of
the protein fibrinogen, which affects both viscosity and aggregation. In vivo effects of cardiovascular
stenting on the deformability of the RBCs have not been reported in the literature, and therefore no
suggestions can be made on this issue. Finally, it has been previously demonstrated that the RBCs
have active nitric oxide (NO) synthesizing mechanisms, which may play important role in maintaining
normal RBC mechanical properties. Our findings suggest that high shear rates might lead to changes in
intracellular NO concentration and thus an increased release of NO which could influence erythrocyte
and platelet behavior [33, 56, 57].

5. Conclusions

The present study examined the effects of stenting on the rheology of blood, as determined by the RBC
mechanical characteristics. Aggregating and non-aggregating samples were subjected to various flow
rates within the physiological range, in a stented tube configuration, and a non-stented configuration
was used as a control case. It was found that the increased flow rates, and further exposure to these
flow rates, had an effect on the rheological properties of blood (reduced RBC deformability, reduced
aggregation, increased viscosity). In some instances the alteration of the rheological properties of blood
was found to be statistically significant. The physiological consequences in the circulation, as a result
of the altered hemorheological properties of blood due to stenting, cannot be easily deduced from the
present study. It is clear that further work needs to be performed in order to more accurately simulate
the circulation characteristics, i.e. cyclic exposure to flow through the stented tube, with periods of rest
to milder stress exposure, etc. Furthermore, effects of other hemorheological parameters, such as the
presence of leukocytes and relevant proteins, platelet activation or medication, could also be examined
to shed more light on the effects of vessel stenting on blood rheology.
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