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It is well known that rheology of the blood (haemor-
heology) is a crucial factor in the regulation of tissue 
perfusion, but only in the last decades investigation on 
haemorheology have had a remarkable development in 
Clinical Medicine. Epidemiological, clinical and physi-
opathological researches have indeed demonstrated the 
role of hyperviscosity in the pathogenesis, progression 
and extension of many diseases like atherosclerosis, hy-
pertension, acute and chronic cerebrovascular diseases.

This issue of Annali dell’Istituto Superiore di Sanità 
aims to highlight the significance of haemorheological 
studies in Clinical Medicine by analysing thoroughly 
physiopathological mechanisms and clinical aspects 
of the main syndromes with haemorheological altera-
tions and by providing new methodologies of investi-
gation.

Blood viscosity and erythrocyte deformability play 
a key role in maintaining and regulating microcircula-
tion. The whole blood viscosity is a function of both 
the number of erythrocytes and their deformability 
and of the plasma proteins. Haemorheological vari-
ations due to alterations of blood cells and plasma 
components lead to hyperviscosity, which slows blood 
flow and can facilitate occlusive events through eryth-
rocyte rouleaux formation and platelet aggregation.

Several lines of evidence have demonstrated that 
factors determining blood viscosity like haematocrit, 
plasma viscosity, red blood cell deformability and ag-
gregation interact with many interrelated factors in-
fluencing the micro − and macro − rheology of blood: 
vascular factors, haemostatic factors, white blood cells, 

infiammatory mediators, epistatic genes, and the envi-
ronment. Although the interest of many researchers has 
been addressed towards the pathogenetic mechanisms 
of atherogenetic syndromes, the rheological proper-
ties of the blood has been investigated in many other 
physiopathological conditions and new and sensitive 
rheological techniques have been developed to evalu-
ate rheological properties of blood in both clinical and 
transfusion medicine for diagnosis, therapy and moni-
toring purposes.

The main goal of this monograph is to give an up-
date on research about haemorheology applied to 
medicine and to provide a basis for an in-depth discus-
sion with the contribution of different research groups 
belonging to the main scientific societies interested in 
this topic: Italian Society of Clinical Haemorheology 
and Microcirculation (SIECM), Italian Society of 
Rheology (SIR), and Italian Society of Transfusion 
Medicine and Immunohaematology (SIMTI). 

We would like to thank all the Authors and we wish 
this issue will be the starting point of further collabora-
tive researches.
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IntroductIon
the endothelium layer covers the inner surface of 

the whole vascular system. this monocellular layer 
separates all tissues from the circulating blood [1]. 
While in the past it as been considered to be an inert 
physical barrier, acting only as a selective sieve to fa-
cilitate bidirectional passage of macromolecules and 
blood gases between tissues and blood, research lines 
in the ‘80ies and ‘90ies have clearly demonstrated that 
the endothelium is a dynamic organ which holds a 
leading role in regulating vascular homeostasis. 

Because its peculiar location allows it to sense changes 
in haemodynamic forces and blood-borne signals, the 
endothelium exerts its function in maintaining vascular 
homeostasis through the balanced release of a number 
of autocrine and paracrine substances in response to 
physical, biological and chemical stimuli. Substances 
released from the endothelium regulate thrombosis, 
thrombolysis, platelet adherence, vascular tone, lipid 
metabolism and inflammation (Figure 1). Given the 
critical role of these mechanisms, the disruption of the 
endothelial balance, a phenomenon called endothelial 
dysfunction, is a precursor of the pathogenesis of many 
diseases including atherosclerosis, hypertension, sepsis 
and some inflammatory syndromes [2]. 

In the following paragraphs, we will describe the 
relation between endothelium and hemorheology, 
and how a dysfunction in this relationship can in-
terfere with the production of endothelial autacoids 
and vascular flow.

�notIons�of�anatomy,�
physIology�and�pathophysIology�
of�the�vascular�endothelIum
While its anatomical structure is extremely simple, 

composed as it is by a single layer of mesenchymal 
cells, the endothelium is an extremely complex tissue 
from the metabolic point of view. Of interest, while 
endothelial cells are (at rest) flat, most of the thickness 
of the endothelium (up to several hundred nms) is de-
termined by a dynamic structure lying on its luminal 
surface. this structure, denominated the endothelial 
surface layer (eSL, Figure 2) is composed of proteins, 
glycolipids, glycoproteins and glycosaminoglycans. 
the molecular domains hosted in this glycocalyx func-
tion as receptors for adhesion molecules, components 
of the coagulation/fibrinolysis system, transporter for 
oxygen and macromolecules, and, most importantly, 
as mechanical transducers of the physical stress deter-
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riassunto (Endotelio ed emoreologia). all’endotelio vascolare è stato recentemente riconosciuto un 
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mined by the flowing blood on the surface of the en-
dothelium. With its thickness, the eSL occupies a large 
fraction of the lumen in capillaries and arterioles, and 
it has been shown that vascular resistance measured at 
the level of microvessels (where the ratio of eSL thick-
ness to vascular lumen is highest) is much higher as 
compared to the resistance measured in glass capillar-
ies having the same diameter [3]. this increase in vas-
cular resistance determined by the eSL depends on: 1) 
physical reduction of the vascular lumen by the eSL 
2) electrochemical interaction between eSL and blood 
components, which increases friction forces [4].

as said, the eSL functions as a transducer of me-
chanical forces: the modifications imposed by shear 
stress, i.e., the friction force determined by the flow-
ing blood that acts tangentially on the eSL, de-
termine mechanical modifications of the intracel-
lular cytoskeleton, which is, on one side, structur-
ally bound to the eSL, and, on the other, to several 
stretch-activated sensors, mostly protein G systems 
and ion channels. It seems that, in this molecular 
cascade, activation of MaP kinases plays a cen-
tral role. Indeed, these ubiquitously expressed ser-
ine/threonine protein kinases (which are involved in 
the regulation of cell growth, transformation and 
differentiation), and in particular the extracellular 
signal–regulated kinases (erK1/2)), activate sev-
eral enzymes which include protein kinases (p90rsk, 
MaPKaP, raf-1, MeK), transcription factors (c-
myc, c-jun, c-fos, p62tcF), and cell surface proteins 
(eGF receptor) [5]. the cascade of molecular events 
that follows these reactions regulates the production 
of endothelial autacoids, and in particular the syn-
thesis of nitric oxide (NO) [6], as discussed below. 

thanks to these mechanisms, early upon detection 
of increases in shear stress, rapid changes in ionic 
conductance, inositol triphosphate production and 
cytosolic ca2+ concentrations can be observed in the 

endothelial cell. Opening of K+ channels facilitates 
membrane hyperpolarization, which provides an 
electrochemical gradient for ca2+ entry. the plasma 
membrane thickens and starts to form invaginations 
that are named caveolae [7], where the synthesis of 
NO occurs, stimulated by the increased ca2+ avail-
ability. NO is a highly reactive free radical [8] with 
a number of effects, among which a potent influ-
ence on haemorheology [9]. Indeed, NO increases 
red blood cell and platelet deformability, reduces 
platelet adhesion and aggregation [10], reduces leu-
kocyte adhesion [11], reduces endothelial expression 
of adhesion molecules (which, although not being 
an intrinsic characteristic of blood, is an important 
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fig.� 1 | Endothelial “function” (i.e., 
the production of protective autacoids 
by the vascular endothelium) and “dys-
function” (i.e., the involvement of the 
endothelium in vascular pathology).
E D H F : E n d o t h e l i u m - D e r i v e d 
Hyperpolarizing Factor; LDL:Low-
Density Lipoprotein. 
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fig.�2 | Endothelial production of nitric oxide (NO) is stimu-
lated by oscillatory shear stress, transmitted by the endothelial 
surface layer to the endothelial cells.
NO: Nitric Oxide; NOS: Nitrous Oxide Systems; ESL: Endothelial 
Surface Layer
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determinant of blood-vessel interactions) [12] and, 
most importantly, it causes vasodilation [13]. 

While these changes are induced acutely by shear 
stress, and in particular by oscillatory shear stress [14], 
in cases where this physical stimulus is maintained for 
prolonged periods, genomic induction ensues, prob-
ably mediated by activation of the nuclear factor 
kB (NFkB) transcriptional factor. Because NFkB 
binding sites are found in the promoter regions of a 
variety of genes, this system might have a particular 
importance in altering gene expression in response to 
sustained variations in shear stress. In particular, the 
increased expression of the endothelial enzymes NO 
synthase, one of the effects of sustained increases in 
shear stress, explains the parallel sustained increase in 
the production of this free radical [15]. considering 
the beneficial effects of NO in vascular physiology, 
one can safely assume that the benefit associated with 
physical exercise (i.e., chronic increase in oscillatory 
shear stress) in cardiovascular patients is indeed me-
diated by the above described mechanisms [16]. 

In this scenario, a particular importance has been 
given to other free radicals, the reactive oxygen spe-
cies [17] (rOS). the rOS are free radicals normally 
produced in low concentrations by the mitochondrial 
respiratory chain and normally scavenged by multiple 
intra- and extracellular mechanisms, including the en-
zyme superoxide dismutase, glutathione and vitamin 
c. When produced in supranormal concentrations, 
rOS can overcome these scavenging mechanisms 
and rapidly react with NO to form the highly toxic 
peroxynitrite [18]. this may reduce the bioavailability 
of endothelium-derived NO, impairing its vasodila-
tor activity, and, possibly, directly counteract NO-in-
duced protective effects, as rOS cause vasoconstric-
tion and vascular damage [19]. therefore, these high 
concentrations of rOS and peroxynitrite are potent 
toxics for cellular structures, due to their capacity to 
oxidize and damage or inactivate a variety of cellular 
structures. Interestingly, the redox state of endothelial 
cells was found to be dependent on the type of the 
shear stress applied, an observation which provides 
an interesting mechanistic clue to the phenomena de-
scribed until now: it has been shown that oscillatory 
and steady (low-grade) laminar shear stress differen-
tially affect human endothelial redox state, the latter 
causing induction of rOS-producing NaDH oxidase 
[14]. Downstream to reduced NO bioavailability and 
(corresponding) increased rOS bioavailability, poten-
tial mechanisms that have been proposed to explain 
the reDOX-dependency of vascular homeostasis 
include increased LDL uptake, accumulation of in-
flammatory cells (a process that could be emphasized 
by the increased expression of ligands such as IcaM 
and VcaM). Finally, pulsatile shear stress downregu-
lates the expression of the gene encoding for endothe-
lin-1, a potent vasoconstrictor and a trigger (in a feed-
forward mechanism) of rOS formation [20]. In sum, 
steady, low-grade shear stress (and/or disruptions in 
the transduction mechanism of shear stress, i.e the 
eSL) cause increased rOS production. In this appar-

ently simple mechanism lies the pathophysiology of 
most cardiovascular syndromes, and the importance 
of rOS production as the common pathway of vas-
cular pathobiology cannot be overstated, as discussed 
in more detail elsewhere [17, 21].

Physiological shear stress levels have been demon-
strated to induce, in vitro, atheroprotective endothe-
lial gene expression patterns, while a low-grade shear 
stress level was associated with the expression of an 
atherogenic phenotype [22]. to this regard, several 
studies, a few decades ago, have shown that changes 
in the “quantity” (i.e., both increases and decreases) 
as well as in the “quality” (from oscillatory, lami-
nar to steady, turbulent) of shear stress are the most 
likely explanation for the evidence that atherosclero-
sis tends to develop preferentially at vascular bifur-
cations [23, 24]. taken together, these phenomena 
provide a background rationale to why atheroscle-
rotic lesions preferentially originate in areas of dis-
turbed flow associated with low – non oscillatory, 
non laminar – shear stress [25].

What�determInes�shear�stress
the mechanical forces determined by vascular hemo-

dynamics on the vasculature act along two gradients: a 
circumferential one, associated with variations in pulse 
pressure in the vascular lumen, and a longitudinal 
one, i.e. shear stress, which is the force that contrasts 
the friction applied to the blood by the vascular wall. 
Blood flow in arteries, arterioles and capillaries causes 
a degree of shear stresses in the range of 0-50 dyn/cm2, 
according to the site and the anatomy of the vessel [26]. 
Obviously, important determinants of shear stress are 
geometrical (bifurcations, aneurysms, tortuosity of 
the vessel), biological (mainly NO release) and sys-
temic (blood pressure) factors. In less plain terms, the 
two components of shear stress are wall shear rate and 
blood viscosity, where shear rate is the rate at which 
adjacent layers of fluid move with respect to each oth-
er. When one considers the fundamental assumption 
of fluid mechanics that the velocity of a fluid upon 
a surface nears zero, shear rate can be understood as 
the gradient of blood flow velocity between the vas-
cular wall and the peak velocity located somewhere 
close to the middle of the vessel (in cylindrical vessels). 
the second component of shear rate is blood viscosity. 
While viscosity is normally understood as an intrin-
sic property of a fluid (essentially its capacity to of-
fer resistance to flow), blood viscosity is influenced by 
several factors, among which of obvious importance 
are blood cell deformability [27], expression of adhe-
sion molecules etc. as said above, while endothelium-
derived autacoids modify both shear rate (by modu-
lating vascular tone) and blood viscosity, in turn, the 
interaction between shear rate and blood viscosity is a 
critical modulator of endothelial function, and, conse-
quently, of vascular homeostasis. For instance, studies 
employing blood substitutes have clearly shown that 
an elevated viscosity elicits a vasodilatory response 
due to increased shear stresses [28].
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In sum, shear rate, (hematocrit) and viscosity con-
cur to determine shear stress and, through the en-
dothelial cell’s biochemical apparatus, regulate vas-
cular homeostasis. the next paragraph will discuss 
how changes in viscosity alter this equilibrium. 

�Blood�hypervIscosIty�and�Its�
effects�on�endothelIal�functIon
according to the 1970 Wells’ classification, hyper-

viscosity syndromes are divided into three forms:
-  polycytemic syndromes, which are the resultant of 

an increase in the number of circulating blood cells, 
which can be demonstrated by changes in hemat-
ocrit counts;

-  sclerocytemic syndromes, where an altered deform-
ability of cellular membranes determines the de-
creased fluidity of the blood;

-  syndromes associated with an increased serum vis-
cosity. In these syndromes, an altered concentra-
tion and/or specific properties of an abnormally 
produced plasma protein (for instance, parapro-
teinemias) determine increased blood viscosity.

In order to make some examples, syndromes associ-
ated with “primary hyperviscosity” include polycythae-
mias, acute and chronic leukemias, reactive leukocytosis, 
thrombocytosis, thrombocythaemia and platelet hyper-
activity, cryoglobulinemia as well as hyperfibrinogenae-
mia and myeloma. 

In terms of the effects of these changes in blood viscos-
ity on endothelial function, several lines of evidence dem-
onstrate that hyperviscosity causes, as discussed above, a 
worsened endothelial function and patient prognosis. For 
instance, in the case of sickle cell disease, vasoocclusive 
crises due to enhanced adhesion of blood cells to the vas-
cular endothelium as well as abnormal vasomotor tone 
regulation are a characteristic manifestation and a very 
common cause of morbidity and mortality. confirming 
a deleterious effect of pathologically increased viscosity 
on endothelial function, despite the increased wall shear 
stress (due to the increase in flow and in viscosity), patients 
with sickle cell disease have normal resting brachial artery 
diameters and a markedly blunted flow-mediated dilation 
(a parameter of endothelial function) [29]. In sum, prima-
ry hyperviscosity syndromes compromise the mechanisms 
responsible for the transduction of the endothelium-de-
pendent vasodilator signal, causing impaired endothelial 
responsiveness to changes in shear stress due to the chron-
ically increased wall shear stress in these patients [29]. 
taken together, these considerations provide a mechanis-
tic insight for the observation that abnormal blood viscos-
ity is associated with markers of systemic atherogenesis 
such as intima-media thickness [30].

�the�case�of�secondary�
Blood�hypervIscosIty��
syndromes�–�not�so�Bad?
along with the primary hyperviscosity syndromes, 

several other conditions have been shown to be as-
sociated with an increased plasma viscosity. among 

these, are cardiac, peripheral and cerebral ischemia 
[31], as shown in raynaud’s syndrome (in which the 
viscosity of the blood refluent from ischemic territo-
ries is higher than that in the contralateral arm) [32], 
peripheral arterial disease (where blood viscosity ap-
pears to be linearly correlated with Fontaine stage), 
carotid atherosclerosis [33], cardiac ischemia, where 
our group showed that blood viscosity increases in 
patients who develop ischemia during exercise testing 
and during atrial pacing [34]. More in general, blood 
viscosity is increased in the presence of cardiovas-
cular risk factors [35]. Based on these observations, 
one can classify hyperviscosity in primary forms, 
where hyperviscosity is the mechanism of disease 
(Wells’ classification), and secondary forms, where 
hyperviscosity is actually caused by (or at least as-
sociated with), ischemia. Since this subclassification 
was introduced [36], and based on the considerations 
made above, it is now known that activation of the 
ischemic endothelium leads to a series of molecular 
events that cause changes in blood viscosity [37]. In 
an example of the importance of endothelial func-
tion, blood viscosity was observed to be significantly 
increased in the morning hours (i.e., when ischemic 
events are most likely to occur) in patients with risk 
factors for and/or chronic cardiovascular disease, 
even in the absence of ongoing ischemia [38-40].

Several lines of evidence confirm this association be-
tween ischemia and determinants of blood viscosity: 
for instance, patients with myocardial infarction show a 
decreased erythrocyte filtration and an increased blood 
viscosity, which are accompanied by an increased rigid-
ity of the erythrocyte membrane [41]; in animals, these 
changes are associated with an increased production of 
rOS by membrane NaDH oxidase [42]. In sum, red 
blood cell deformability and blood viscosity appear to 
be particularly reDOX sensitive [43], an observation 
that confirms the critical importance of rOS in vascular 
pathophysiology. In sum, there are conditions where hy-
perviscosity is a consequence (not a cause, as in the pri-
mary syndromes) of vascular disease. the significance 
of ischemia-induced hyperviscosity is described below. 

While it is commonly accepted that sustained (pri-
mary or secondary) hyperviscosity is a source of further 
ischemia [44, 45], in an effort to understand the true 
“meaning” of ischemia-induced hyperviscosity an im-
portant consideration needs to be done. the increased 
viscosity observed in coronary artery disease and/or pe-
ripheral arteriopathy has been traditionally interpreted 
as a consequence or rOS-mediated damage to blood 
cells and endothelial membranes. However, one has to 
see the other side of the coin: an increased viscosity, 
might, at the beginning, act to increase shear stress in 
the endothelial microenvironment (Figure 3). as dis-
cussed above, this might increase NO release, triggering 
the antiatherosclerothic genotype described above (par-
agraphs 1 and 2). as well, a reduced deformability of 
red blood cells might increase their permanence within 
microvessels, favouring oxygen extraction and tissue 
perfusion. In other words, haemorheological changes 
of secondary syndromes might be an important com-
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pensatory mechanisms aimed at normalizing vascular 
homeostasis. an excess of this compensatory mecha-
nism might produce the opposite effects, as persistent 
hyperviscosity will lead to impaired perfusion and fur-

ther ischemia. In conclusion, secondary hyperviscosity 
might be one of the many (e.g., immunity) compensa-
tory systems which, when gone awry, actually become 
source of disease.

Laminar Flow
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GAG
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Leukocyte
Inactivation

NO

A

Turbulent Flow
Low Shear

Ang II
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PDGF

B

Inhibition of
adhesion molecules
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Molecules
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- Vasoconstriction
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fig.� 3 | Panels A-C: In normal con-
ditions, laminar flow determines 
high shear stress, which induces a 
protective endothelial phenotype. 
In conditions of turbulent flow, this 
shear stress is reduced, causing 
the endothelium to loose it protec-
tive effect. In this scenario, second-
ary hyperviscosity might represent 
a physiological counterregulatory 
phenomenon aimed at increasing shear 
stress and endothelial physiology 
despite non-laminary flow.
NO: nitric oxide; PG: Prostaglandin; 
tPA: tissue Plasminogen Activator; 
ESL: endothelial surface layer; 
GAG: glycosaminoglycan; Ang II: 
Angiotensin II; ET-1:Endothelin-
1; PDGF: Platelet-derived growth 
factor; Tx2: Thromboxane 2.
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INTRODUCTION 
Blood circulates with greater velocity at the center-

line of a vessel than near the wall, and this difference 
creates a shearing effect between adjacent layers of 

fluid that is greatest at the wall. the shear rate (s-1) is 
directly proportional to the shear stress (N/m2) and 
inversely proportional to the viscosity of the fluid 
(N/m2 ·s). Quiescent platelets circulate in the blood-
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Summary. Fluid-dynamic conditions that are compatible with tensile stress on the bonds between plate-
let glycoprotein Ibα and immobilized von Willebrand factor a1 domain (VWF-a1) led to ca++ release 
from intracellular stores (type α/β peaks), which preceded stationary platelet adhesion. raised levels 
of cyclic adenosine monophosphate (caMP) and cyclic guanosine monophosphate inhibited these 
[ca++]i oscillations and prevented stable adhesion. Once adhesion was established through the integrin 
αIIbβ3, new [ca++]i oscillations (type γ) of greater amplitude and duration, and involving a transmem-
brane ion flux, developed in association with the recruitment of additional platelets into aggregates. 
We have defined the distinct roles that the two aDP receptors, P2Y1 and P2Y12, play in the early events 
that follow the initial platelet interaction with immobilized VWF-a1 under high flow conditions. We 
have examined the consequences of specific pharmacologic inhibition of P2 receptors and our findings 
demonstrate a differential role of P2Y1 and P2Y12, respectively, in platelet adhesion and aggregation 
onto immobilized VWF under elevated shear stress, and highlight the distinct contribution of signal-
ing pathways dependent on Src family kinases, PLc, and phosphoinositide 3-kinase (PI 3-K) to these 
processes. results have been achieved through original experiments under flow, thoroughly character-
ized by ad hoc image analysis techniques and quantitative kinetic analysis.

Key words: platelets, aDP receptors, signaling, von Willebrand factor, adhesion equilibrium constant, image analysis. 
 
Riassunto (Fluodinamica ed emostasi). Le condizioni fluidodinamiche in grado di determinare ade-
guata tensione al legame tra la glicoproteina pistrinica GPIbα e il dominio a1 del fattore di von 
Willebrand immobilizzato sulla superficie adesiva portano al rilascio di ca++ dai depositi intracellulari 
(picchi α/β), fenomeno che precede l’adesione piastrinica stabile. elevati livelli di adenosina mono-
fosfato ciclico (caMP) e guanosina monofosfato ciclico (cGMP) inibiscono il rilascio di ca++ dai 
depositi intracellulari e prevengono l’adesione piastrinica stabile. Stabilita l’adesione piastrinica attra-
verso l’azione dell’integrina αIIbβ3, si evidenziano nuove oscillazioni di [ca++]i (type γ), più durature e 
di maggiore entità, che coinvolgono anche un flusso ionico transmembrana, e che sono associate ad 
un reclutamento di nuove piastrine nel formare l’aggregato. abbiamo definito i ruoli distinti dei due 
recettori piastrinici per l’aDP, il P2Y1 e il P2Y12, nelle prime fasi dei fenomeni adesivi che seguono 
immediatamente l’interazione tra la piastrina e il dominio a1 del VWF immobilizzato sulla superficie 
di contatto in condizioni di flusso ad alte forze di scorrimento. abbiamo esaminato le conseguenze 
dell’inibizione dei due recettori P2 mediante l’uso di inibitori specifici e abbiamo dimostrato un ruolo 
differente, per quanto riguarda il P2Y1 e il P2Y12, nell’adesione e aggregazione piastrinica sul VWF 
immobilizzato in condizioni di elevato shear rate. abbiamo infine dato rilievo al contributo specifico 
delle vie di trasmissione del segnale dipendente dalle Src kinasi, PLc e fosfoinositide 3-kinasi (PI 3-K). 
Questi risultati sono stati ottenuti mediante specifici esperimenti in condizioni di flusso, estensivamen-
te caratterizzati mediante tecniche di analisi di immagine ad hoc e analisi cinetiche quantitative.
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stream whereas the activation of platelets at sites of 
vascular injury plays a key role in haemostasis. at 
high shear rates, equivalent to those generated by 
blood flow in arterioles or stenotic arteries, adhesion 
requires von Willebrand factor (VWF) endogenously 
present in the subendothelial matrix or absorbed on-
to injured tissue components exposed to plasma. the 
drag that opposes platelet adhesion and aggregation 
increases with the flow rate, which in turn increases 
the wall shear stress; consequently, its effects on plate-
let thrombus formation are more relevant in arteries 
than in veins and, particularly, in arterioles. the high-
est shear rate values in the normal circulation may 
range from 500 to 5000 s-1 with a median value of 
1700 s-1. the binding of glycoprotein (GP) Ibα to the 
a1 domain of VWF is the main adhesive interaction 
capable of tethering platelets to a surface even when 
the flow velocity is elevated, but cannot mediate irre-
versible adhesion by itself [1]. rather, the interaction 
maintains platelets in close contact with the surface, 
albeit with continuous translocation in the direction 
of flow (rolling), until other receptors and ligands 
mediate a stable attachment after activation. When 
VWF is bound to collagen, the transition from roll-
ing to stable adhesion occurs in seconds indicating a 
rapid activation that may be aided by signals origi-
nating from the mechanical stimulation of VWF-GP 
Ibα bonds under tensile stress [2]. at this stage of the 
process, plasma VWF binds to the surface of adher-
ent and activated platelets, through an interaction 
that involves engagement of the integrin αIIbβ3 with 
the arg-Gly-asp sequence in the VWF c1 domain. 
Membrane-bound VWF is the substrate to which, 
in a high shear rate environment, flowing platelets 
attach through their GP Ibα to maintain thrombus 
growth in a process that repeats itself in successive 
layers. Like in the initial adhesion to the vessel wall, 
the binding of other ligands to activated αIIbβ3 is also 
required to support stable platelet aggregation [3]. 

MATERIALS AND METHODS
Blood preparation
Venous blood from medication-free healthy volun-

teers, who gave their informed consent according to 
the declaration of Helsinki, was mixed with 1/6 final 
volume of citric acid/citrate/dextrose, pH 4.5, or a 
specific α-thrombin inhibitor, either hirudin (Iketon, 
Milan, Italy) at the final concentration of 400 units/
ml or PPacK (calbiochem, La Jolla, ca) at the fi-
nal concentration of 50 μM. Fifty ml of acD-con-
taining blood was centrifuged at 1000 g for 50 s at 
22-25 °c, and the supernatant platelet-rich plasma 
(PrP) was collected. the platelets were incubated for 
20 min at 37 °c with the fluorescent calcium probe 
Fluo-3aM (Molecular Probes, eugene, Or) at the 
final concentration of 8 μM. erythrocytes separated 
from the same blood were washed three times in a 
divalent cation-free Hepes-tyrode buffer pH 6.5 and 
finally resuspended in the same buffer and with the 
addition of 1.75 mM Probenecid (Sigma, St. Louis, 

MO), used to prevent leakage of Fluo-3aM from 
the platelets. an adequate volume of PrP containing 
2-8x108 FLUO 3-aM loaded platelets/ml was mixed 
with an aliquot of the erythrocyte suspension (50% 
hematocrit) and apyrase (grade III; Sigma) at the fi-
nal concentration of 5 atPase U/mL. the mixture 
was centrifuged at 1000 g for 15 min, the supernatant 
was discarded and the cell pellet was suspended in au-
tologous plasma (prepared from the blood collected 
in hirudin or PPacK by centrifugation at 1650 g for 
15 min at 22-25 °c) or Hepes-tyrode buffer pH 7.4 
and 1.75 mM Probenecid in a proportion such that 
the hematocrit was 42-45%. the labeling procedure 
did not significantly alter the function of platelets as 
evidenced by the response to agonists and the expres-
sion of surface activation markers [2]. 

Flow experiments
Human plasma VWF was diluted in phosphate-

buffered saline, pH 7.4. Different concentrations of 
protein were used to coat the glass coverslips (24 x 
50 mm) that represented the lower surface of a par-
allel plate flow chamber. a silicon rubber gasket 
determined the flow path height (125 µm) between 
the glass coverslip and the upper plate. the cham-
ber was assembled and filled with PBS, pH 7.4. a 
syringe pump (Harvard apparatus Inc., Boston, 
Ma) and silicone tubing connections were used to 
aspirate blood through the chamber at the desired 
flow rate. the perfusion system was mounted onto 
an inverted microscopes equipped with epifluores-
cent illumination (Diaphot-tMD; Nikon Instech, 
Kanagawa, Japan) and intensified ccD video cam-
era (c-2400-87; Hamamatsu Photonics, Shizuoka, 
Japan). all these experiments were recorded at a 
video rate of 25 fps on S-VHS videotape. recorded 
images were captured and digitized from videotape. 
Image analysis was then performed off-line.

Image analysis technique
Image analysis is crucial for the following theoreti-

cal discussion. It must provide reliable identification 
and tracking of cells on long image sequences, rap-
idly (i.e., without manual operations on individual 
images) and consistently (no subjective criteria, op-
erator dependent). For that purpose we developed 
our own algorithms and programs [4], based on 
the MatLaB Image tool (the MathWorks, Inc.). 
the method includes original options for automatic 
thresholding grey-scale images, and dedicated track-
ing algorithms, able to account for the physics of 
the flow experiment. Object identification between 
subsequent frames is obtained with a time-varying, 
two dimensional probability density function build 
around each single identified object [5] and oriented 
with the flow. 

Adhesion data analysis
thanks to the automatic particle tracking algorithm 

that we developed, details on each particle feature can 
be collected over time, providing information on the 
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establishment and breakage of adhesive bonds be-
tween a platelet moving in shear flow and the substrate, 
as well as the path traveled by the cell on the surface 
and cytoplasmic Fluo-3am/ca2+ concentration in the 
cells, as a function of time. 

the platelet stays on the surface for a certain time, 
then rolls on the surface, stops, starts rolling again, 
many times before final detachment, and the dura-
tion of each step may vary. the actual history of 
platelet displacements is decisive in understanding 
and quantifying the strength of adhesion, as well as 
characterizing the surface density of ligands. after a 
transient, deposition and reentrainement of platelet 
equilibrates, reaching an adhesion equilibrium and 
the average number of surface events remains con-
stant. the length of the initial transinet indicates the 
minimum interval of observation required to collect 
statistically significant data. Often, quite a long ob-
servation period (approximately from 125 to 1500 
frames with a temporal resolution of 25 fps) must 
be allowed to reliably identify the average surface 
concentration (equilibrium between the on and off  
process). On the other hand, the asymptotic value 
changes according to the experimental conditions 
such as wall shear stress, platelet count, hematocrit, 
and surface concentration of active sites. Varying a 
certain condition, like the wall shear stress (through 
different flow rates imposed by the pump), often re-
quires adjusting the observation time to have a sig-
nificant value for the deposition/removal rates. all 
our experiments were recorded up to steady-state 
conditions on the surface are achieved. Secondary 
data, directly determined from observables, can then 
be derived such as the distribution of lifetimes for 
all the interacting platelets.

Of specific interest for a kinetic and thermody-
namic study is the direct measurement of on- and 
off-rates. the cumulated number of platelets that 
tethered and detached in the field of view up to a 
given time are determined and reported into dia-
gram. the slope of the curve represents the rate of 
attachment (ron) and detachment (roff) [5]. 

 HOW SHEARING AFFECTS PLATELET 
ADHESION AND ACTIVATION ONTO VON 
WILLEBRAND FACTOR SURFACE
Platelet GP Ibα may function as an adhesion re-

ceptor and signaling receptor when platelets are 
adhering onto VWF surface at high shear rate con-
ditions. We identified 2 types of effects, based on 
the intracellular ca2+ concentration, its variation 
rate and relation with platelet motion on the sur-
face. One type appears while platelets translocate on 
the VWF surface and it is characterized by a rapid 
increase of intracellular ca2+ concentration. this 
peak was named α when the [ca2+]i rises above 400 
nM or β when lower. In experiments performed with 
a wall-shear rate of 3000 s-1, approximately 20% of 
the translocating platelets exhibit at least one α or β 
ca2+ peak, and 9% established stationary adhesion 

within the observation period. approximately 30% 
of the firmly adherent platelets had a distinct type of 
ca2+ increase, named γ, which reached levels higher 
than 2000 nM, and even 3000 nM in many cases, can 
last several seconds, pulsing the ca2+ concentration 
(Figure 1). after a ca2+ increase of type γ, platelets 
were observed to promote the arrest of other plate-
lets translocating in their vicinity, and these in turn 
showed pronounced cytosolic ca2+ elevations and 
started to form aggregates. Once established, these 
aggregates could grow quickly, displaying periodical 
and synchronous [ca2+]i pulsations.

Our observations demonstrate that the interac-
tion of platelet GPIbα with VWF leads to 2 distinct 
types of [ca2+]i elevations linked to sequential stages 
of integrin αIIbβ3 activation. the first ca2+ increase 
appears to be initiated by a mechanical stimulation, 
their frequency increasing with wall shear stress 
above 2 Pa. Within this group, the distinction be-
tween type α and β peaks was based solely on ca2+ 
concentration and the fact that α peaks have a re-
producible shape that facilitates the analysis of their 
relation to platelet motion. Indeed, type α peaks 
reached a maximum while platelets were transiently 
arrested but at a predictably short time before de-
tachment from the surface, when the tensile stress 
on the GPIbα-VWF bonds is larger. these findings 
support the hypothesis that GPIbα has a mech-
anoreceptor function, although the proximal events 
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Fig. 1 | Real-time analysis of [Ca2+]i during platelet transloca-
tion and aggregate formation on immobilized VWF. Platelets 
loaded with Fluo-3 AM were suspended with washed erythro-
cytes in homologous plasma and perfused over immobilized 
VWF for 3 minutes at a shear rate of 1500 seconds-1. Platelet 
appears in the optical field and moved in the direction of flow. 
The translocation of platelet occurs mostly during a few seconds 
of relatively rapid movement, coincident with the appearance 
of transient [Ca2+]i peaks (α/β); a higher and longer lasting 
increase in [Ca2+]i (γ) develops while the platelet is stationary.
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responsible for transducing forces into a biochemi-
cal signal remain to be fully explained. Binding of 
the GPIbα cytoplasmic tail to the membrane skel-
eton through filamin-a [6] and to the ζ isoform of 
14.3.3, [7], a regulatory molecule in cellular signal-
ing, may be relevant. Neither association is needed 
for the GPIbα-dependent induction of αIIbβ3 activa-
tion in heterologous cells, but a role in flowing plate-
lets is likely. Notwithstanding these uncertainties, 
it is clear that type α/β peaks are the consequence 
of rapid ca2+ release from intracellular stores. Such 
cytoplasmic ca2+ elevations are likely mediated by 
inositol-1,4,5-trisphosphate generated with diacyl-
glycerol through the action of phosphatidylinositol-
specific phospholipase c. 

the first level of  αIIbβ3 activation induced by 
platelet interaction with VWF under shear stress 
leads from transient to stable adhesion and is reg-
ulated by the cellular levels of  caMP and cGMP 
that control type α/β ca2+ signals. However, throm-
bus formation cannot progress at this stage, pos-
sibly because αIIbβ3 molecules are activated only 
in the vicinity of  stimulated GPIbα and they can 
bind immobilized VWF but not soluble VWF and 
fibrinogen as required for aggregation. a second 
level of  αIIbβ3 activation must be reached for aggre-
gation to occur, and this appears to require signal 
amplification associated with ca2+ elevations of 
type γ, induced by aDP released in response to the 
initial GPIbα stimulation [2].

then, it was established that secreted adenosine 
diphosphate (aDP) is necessary for the shear-in-
duced platelet aggregation initiated by the inter-
action of  soluble VWF with GPIbα. aDP binds 
to different G protein-linked P2 receptors, two of 
which (P2Y1 and P2Y12) are present on platelets [8]. 
Ligation of  P2Y1, linked to Gq, activates phospholi-
pase c (PLc) and mobilizes ca2+ from intracellular 
stores, leading to the activation of  protein kinase 
c and subsequent platelet aggregation. Ligation 
of  P2Y12, linked to Gi, inhibits adenylyl cyclase, 
lowers caMP levels, and potentiates aDP-induced 
platelet aggregation [9]. the function of  both P2Y1 
and P2Y12 is required for platelet aggregation after 
adhesion to collagen-bound VWF under flow con-
ditions [10]. Distinct roles of  two aDP receptors in 
the activation of  platelets interacting with immobi-
lized VWF in a flow field were described. We identi-
fied two sequential ca2+ signals associated with the 
activation of  flowing platelets interacting with im-
mobilized VWF (Figure 1). the earlier α/β peaks, 
linked to the engagement of  GP Ibα by VWF-a1, 
involved ca2+ release from intracellular stores and 
anticipated stationary adhesion. the results now 
obtained with selective antagonists of  the two 
platelet aDP receptors modify earlier concepts re-
ported in the literature, demonstrating a previously 
unrecognized role of  P2Y1 in generating the early 
signals associated with a first level of  αIIbβ3 activa-
tion required for stable adhesion to VWF. Such a 
conclusion rests on the observation that platelets 

with blocked P2Y1 exhibited the relatively rapid 
translocation velocity and short transient arrest 
times sustained by GP Ibα binding to VWF-a1 
without αIIbβ3 engagement, as seen with PGe1-
treated platelets. Blocking P2Y1 function decreased 
by approximately 30% the proportion of  platelets 
that exhibited type α oscillations while translocat-
ing on VWF, and reduced by approximately 500 
nM the [ca2+]i of  a type α peak. the reduction in 
activation mirrors the proportion of  platelets that 
show a γ peak after an α peak , indicating that 
signaling from P2Y1 following GP Ibα-depend-
ent aDP release may be crucial for the increase 
of  [ca2+]i to the levels needed for αIIbβ3 activation. 
this hypothesis is supported by the observation 
that inhibition of  PLcβ, which acts downstream 
of  P2Y1 and generates an effector of  ca2+ release 
from intracellular stores (Figure 2) inhibits plate-
let adhesion to VWF and related ca2+ oscillations 
as effectively as the P2Y1 antagonist. PLcγ2, which 
is also inhibited by U73122,29 may contribute to 
GP Ib-dependent signaling as previously inferred 
from studies on platelet adhesion to VWF under 
static conditions [11]. thus, as also suggested else-
where, intracytoplasmic ca2+ levels may be related 
to the degree of  activation of  platelets interacting 
with VWF under high shear stress conditions: less 
than 200 nM equals resting; 400 nM equals β peak, 
subactivation; 1000 nM equals α peak induced by 
GP Ibα signaling, leading to aDP release; 1500 
nM equals α peak+P2Y1 signal, first level of  αIIbβ3 
activation and stable adhesion; more than 1500 nM 
equals γ peak, full αIIbβ3 activation with platelet ag-
gregation modulated by P2Y12 function (Figure 2). 
the contribution of  P2Y1 to GP Ibα-initiated αIIbβ3 
activation, therefore, may have different functional 
relevance in relation to heamodynamic parameters 
of  the blood circulation. Src family kinase-depend-
ent pathway is initially involved in the transduction 
of  the signal originated by VWF-a1 binding to GP 
Ibα, as shown by the abrogation of  all ca2+ peaks 
caused by the Src inhibitors PP1 and PP2. Similar 
conclusions have been reached by others using dif-
ferent experimental conditions [12, 13]. 

In contrast to the early role of P2Y1 in promoting 
stable platelet adhesion to immobilized VWF, which 
is an absolute requirement for subsequent aggrega-
tion, we found that P2Y12 is not involved in gener-
ating any of the ca2+ transients initially associated 
with platelet activation.

On the other hand, we found that P2Y12 function is 
critical for the full development of platelet aggregates 
on immobilized VWF, in agreement with its reported 
role in shear-induced platelet aggregation initiated by 
soluble VWF binding to GP Ibα and in thrombus 
formation on collagen-bound VWF. Others have re-
ported that P2Y12 is involved in maintaining elevated 
ca2+ levels in aggregating platelets [14] a function that 
is likely to be important for thrombus growth, as we 
confirm here, but appears to be distinct from earlier 
signaling events that initiate aggregation.
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HOW SHEARING AFFECTS PLATELET         
AGGREGATION MEDIATED 
BY VON WILLEBRAND FACTOR
a unique feature of the binding of soluble VWF 

to platelet GP Ibα is the positive regulation by high 
shear forces. Shear-induced platelet aggregation is in-
itiated by the binding of soluble VWF, through its a1 
domain, to platelet GP Ibα. this interaction, which 
occurs above a threshold shear, triggers platelet sig-
naling events that lead to platelet activation and the 
modulation of αIIbβ3 to form a high affinity receptor 
capable of binding soluble adhesive ligands such as 
VWF or fibrinogen [3, 15]. Physiologically relevant 
shear stress alone is capable of inducing this dual-
step platelet aggregation without the addition of an 
exogenous agonist [16, 17]. although initiated by the 
VWF/GP Ibα interaction, irreversible platelet aggre-
gation induced by shear requires concomitant bind-
ing of VWF to both GP Ibα and αIIbβ3 complexes 
[18, 19]. Despite the many advances in our under-
standing of shear-induced VWF/GP Ibα interactions 
[20], the underlying mechanisms regulating signaling 
through GP Ibα remain poorly defined. Binding of 
soluble VWF to GP Ibα under stationary conditions, 
can be artificially induced by modulators like ristoce-
tin and botrocetin, which bind to the VWF a1 do-

main [21]. However, distinct regions of both the lig-
and and receptor are involved in addition to regions 
common to both modulators. a panel of anti-VWF, 
and anti-GP Ibα antibodies have been characterized 
for their effects on ristocetin- and botrocetin-induced 
VWF/GP Ibα interactions, in addition to their ef-
fect on shear-induced platelet aggregation. Based on 
these studies, it now appears that ristocetin-, rather 
than botrocetin-dependent binding of VWF to plate-
let GP Ibα under stationary conditions more closely 
simulates the shear-dependent binding of VWF to 
GP Ibα [22]. thus, ristocetin-dependent binding of 
VWF to GP Ibα may provide a useful means of sim-
ulating signaling mechanisms relevant to shear-de-
pendent VWF/GP Ibα interactions. In this context, 
ristocetin-mediated interaction of VWF with platelet 
GP Ibα evokes a transient ca2+ signal in the absence 
of extracellular ca2+ [23], indicating activation of 
the PLc / IP3 pathway leading to elevated cytoplas-
mic ca2+ levels, mobilized from intracellular stores. 
an important role of the platelet cytoskeleton in 
regulating the VWF/GP Ibα interaction has recently 
been demonstrated [24]. In these studies, pre-treating 
platelets with inhibitors of actin polymerization en-
hanced the rate and extent of shear-induced platelet 
aggregation, and also lowered the shear threshold 

Fig. 2 | Schematic representation of the sequential signaling events induced by the interaction of platelets with immobilized VWF under 
high shear stress. On the left, a platelet is shown during the initial tethering to the A1 domain of immobilized VWF mediated by the 
GP Ib-IX-V complex. An α/β [Ca2+]i elevation is elicited as a consequence of this interaction and leads to the release of ADP from 
intracellular storage granules. Src family kinases may be involved at this stage, (13) and cAMP/cGMP levels modulate this and other 
downstream responses. Subsequent events are shown in the platelet on the right. The released ADP binds to the Gq-coupled P2Y1 recep-
tor, which leads to PLC activation and enhances Ca2+ release from internal stores during a/b oscillations. At this stage, a first level of lo-
calized αIIbβ3 activation is reached that supports a more prolonged platelet adhesion mediated by the interaction with the RGD sequence 
in the VWF C1 domain. Initial PI 3-K activation may enhance this response. Subsequently, further PI 3-K activation and possibly the 
involvement of Src family kinases contribute to a more generalized αIIbβ3 activation that permits soluble ligand binding (exemplified here 
by fibrinogen and VWF) and supports the formation of platelet-platelet aggregates. This second level of αIIbβ3 activation is concurrent 
with or subsequent to a type γ [Ca2+]i elevation dependent on a transmembrane ion flux. The second ADP receptor, P2Y12, supports 
the formation of larger platelet aggregates through mechanisms that occur after the measured Ca2+ oscillations. The thromboxane A2 
pathway inhibited by aspirin appears to have a very limited role in the successive stages of platelet adhesion, activation, and aggrega-
tion induced by the interaction with immobilized VWF. IP3 indicates inositol-1,4,5-trisphosphate; Src, Src family tyrosine kinases; 
PLC, phospholipase C; PKC, protein kinase C; PI 3-K, phosphatidylinositol 3-kinase; PIP2, phosphatidylinositol bisphosphate; DG, 
diacylglicerol.
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required to induce aggregation. Similar treatment 
also enhanced the rate and extent of platelet aggre-
gation induced by VWF in the presence of ristocetin. 
these observations raise the intriguing possibility 
that regulation of the VWF/GP Ibα interaction by 
the cytoskeleton is key in preventing shear-induced 
platelet aggregation in the normal circulation.

 KINETICS OF BOND 
FORMATION AND RUPTURE 
By perfusing blood through a flow chamber and 

analyzing surface events using a tailored image 
processing and particle tracking algorithms, we can 
quantify deposition and removal rates, and attempt 
to correlate fluxes with actual shear rate. Statistical 
reasoning allow formulating single-event observa-
tions into mean-field behaviour, suitable for a mac-
roscopic, clinical scale application. 

cell adhesion, mediated by the interaction of ded-
icated receptor and ligand molecules bound to inter-
acting surfaces, requires suitable, unambiguous cri-
teria for predicting whether a cell-to-cell encounter 
results in durable adhesion. rates of adhesion and 
detachment are generally accepted as key determi-
nants for the purpose, especially in a dynamic flow 
environment [25]. critical to the role of the initial 
bonds platelets-VWF is the balance of their on- and 
off-binding rates which must be tuned to support 
platelet tethering and transient arrests without the 
need to establish stable bonds [26]. While an impres-
sive amount of information has been gathered on 
the rate of bond dissociation [27, 28], little attention 
has been given to the frequency of formation of 
molecular interactions, mainly because variables in-
volved in adhesion rate cannot be easily determined. 
Progress in this direction has been made [29], how-
ever a methodological framework for quantitative 
investigation of the parameters involved in cell-sur-
face interaction (kinetics of the on- and off- process 
and characterization of the adhesion equilibrium) 
with specific attention to blood platelets is lacking. 

Adhesion kinetics
according to early formulations (Bell’s model [30]) 

the variation with time of the number of cells bound 
to the surface, Nb, is given by analogy with a reversi-
ble bimolecular chemical reaction between unbound 
cells (u) and surface sites (s):

                      on
                   u + s      g b
         f    (1)
                                   off   

so that the rate of change of the number of bound 
cells is given by:

 b
on off on s u off b

dN
R R k N N k N

dt
= − = −

    
(2)

where R are the arrival/removal rates, k the kinetics 
constants, Nu is the number of unbound receptors 
on flowing platelets that can interact with the sur-
face, and Ns is the number of sites of deposited sub-
strate available for the platelets to bind. R’s can be 
directly measured from image analysis, but the iden-
tification of the intrinsic parameters (k’s) requires 
specifications on the quantities involved in equation 
(eqn) (2). the instantaneous and average Nb are also 
experimentally measurable through continuous im-
age analysis; together with Roff measurements koff 
can be easily calculated. Different experiments can 
reveal the dependence of koff on experimental fac-
tors, and specifically the wall shear rate. Variables 
involved in the adhesion rate (Ron) are not as eas-
ily determined. the number of sites on the surface 
available for the platelets to bind can be expressed 
as the difference between total number of sites avail-
able on the surface, Ns

o, and those already drawn in 
binding platelets

 o o
s s b s VWF VWFN N N N K Cα= − =

   
(3)

Ns
o can be related to the concentration of  substrate 

(often von Willebrand factor in our studies), CVWF, 
used to coat the surface. the complete adsorption 
curve (Figure 3a), which can be determined by 
binding assays experiments, at low substrate con-
centration, before surface saturation, reduces to 
a simple proportionality through the adsorption 
equilibrium constant, KVWF. the coefficient α is the 
number of  bonds a single platelet can establish with 
the surface ligands. It is frequently assumed α = 1, 
the minimum for platelet-surface interaction, al-
though evidences of  multiple bonds formation, like 
rolling on the surface, have been observed. a proce-
dure to estimate α can be devised, to check whether 
multiple bonds are likely, synergistically opposing 
tensile stress. Nu, the platelet number close to the 
surface, is the most critical piece of  information. 
they can be quite different from the blood platelet 
count, Np, because of  radial segregation of  cells in 
blood [31]. We can assume

 u PN Nβ δ=
              

(4)

i.e. the number of platelets in the marginal layer 
is δ (>1)-times the average platelet count. β is the 
number of receptors per platelet. assembling all the 
above developments in eqn (2), we can express the 
adhesion rate in term of measurable variables:

 
( )
( )'

on on VWF VWF b p

on VWF VWF b p

R k K C N N

k K C N N

α β δ

α

= − ⋅

= −
 (5)

Platelet count Np and substrate concentration 
CVWF are normally known, substrate adhesion 
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constant KVWF can be determined through bind-
ing assays, while α, β, and δ factors are unknown. 
according to eqn (5), Ron measurements can be used 
to assess α, the number of bonds truly formed on 
the surface, from at least two experiments with a dif-
ferent platelet count and/or substrate concentration, 
being k’on the same. On the contrary, β and δ factors 
remains undistinguishable from kon within an appar-
ent adhesion kinetic constant, k’on=β δ kon. Unless 
techniques are identified to independently measure 
the actual platelet concentration in the marginal 
layer (i.e., δ) and the number of receptors per plate-
let (i.e., β), we will not be able to estimate the in-
trinsic adhesion rate constant kon by measurements 
of the adhesion rate Ron. Uncertainties are mostly 
in the determination of the platelet concentration at 
the surface which is heavily dependent on the fluid 
flow mechanics in specified vessel geometry, and the 
blood characteristics that can affect it, such as he-
matocrit and other blood composition variables that 
can influence its viscosity. We are not aware of any 
predictive model for radial platelet concentration at 
the present, so that estimation of pure kon remains 
an open issue.

Adhesion thermodynamics
thermodynamics aims at characterizing and pre-

dicting the equilibrium in a process. the adhesion-
desorption of cells on a surface is said to be macro-
scopically in an equilibrium state when the rate of 
surface arrival is equal to the rate of departure from 
the surface: 

 
or 0b

on off

dN
R R

dt
= =

       
 (6)

Under such circumstances we can build up the ex-
pression of the equilibrium surface concentration of 
cells by developing the expressions of the rates:

 on on s u off b offR k N N k N R= = =
           

(7)

combining eqns and we obtain the equilibrium 
concentration of bound cells:

 
1

o
a u s on

b a
a u off

K N N k
N K

K N kα
= ≡

+
      

(8)

definining the adhesion equilibrium constant Ka. 
eqn has the typical Langmuir adsorption form, as 
shown in Figure 3a.

Figure 3a is similar to results observed in binding as-
say techniques, in static conditions, that provide the 
adhesion equilibrium constant (KVWF) used above. 
Flow experiments give a unique opportunity to inves-
tigate the strength of the adhesive bond. Increasing the 
flow rate, and then the wall shear stress, the amount 
of platelets bound to the surface as a function of un-
bound platelet concentrations is expected to decrease, 
as schematically shown in Figure 3b. experiments at 
different platelet count can be planned to identify 
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Fig. 3 | Thermodynamics of adhesion: 
a) bound versus unbound platelets at 
equilibrium; b) effect of wall shear 
rate on the equilibrium curves; non-
saturation, constant platelet count 
conditions are marked by a vertical 
dotted line; c) effect of wall shear 
rate on the equilibrium surface con-
centration of platelets, and d) on the 
equilibrium constant.
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the whole equilibrium curve, but it is more practical 
to perform experiments always at the same approxi-
mately platelet count. the effect of the wall shear 
stress on the equilibrium constant can be assessed 
anyway. For that purpose, non-saturation condi-
tions (see Figure 3b) are preferred since Ka variations 
can be directly measured. In such a case, the number 
of binding cells is expected to vary with wall shear 
rate, as shown in Figure 3c and consequently the 
equilibrium constant similarly, as in Figure 3d. Note 
that a lower average concentration of platelets on 
the surface or a smaller equilibrium constant does 
not imply lower on- and off-rates. On the contrary 
they are expected to increase, with the wall shear 
rate, while the equilibrium surface concentration 
decreases anyway. the function Ka(γ), once experi-
mentally measured, can be used to determine the 
dependence on wall shear rate of the individual ki-
netics constants, according to

 

( )0

0
( ) on offB Bon

a
off

k
K e

k
γγ −=

           

(9)

where B’s are the compliance factors explaining the 
sensitivity of each individual constant to the shear rate. 
Unfortunately, the assumption of pure removal (neglect 
of arrival rate) is often used to determine koff so that the 
observed exponential dependence of the kinetic con-
stants on the applied force (i.e., γ), can be misleading.

CONCLUSIONS 
Our results support the definition of a mechanism 

that links shear-induced stimulation of GPIbα to 
2 sequential and distinct stages of platelet activa-
tion characterized by specific cytosolic ca++ eleva-
tions. these findings provide the basis for a detailed 
definition of the signaling pathways initiated by 
the VWF-GPIbα interaction under flow conditions 

that may regulate platelet participation in hemosta-
sis and thrombosis. the functional importance of 
these signals in relation to those generated by other 
thrombogenic substrates, such as collagen, remains 
to be established. In this regard, the nature of the 
vascular lesion evoking a platelet response and fluid 
dynamic conditions may be important in determin-
ing which pathway of platelet activation will be fol-
lowed. For example, injured endothelial cells release 
VWF that, while bound to their surface, may initiate 
platelet adhesion and activation in the absence of 
subendothelial denudation. clarification of this is-
sue is one of the goals of future studies. 

a method of  adhesion data analysis, combin-
ing tailored image processing techniques, statisti-
cal analysis, kinetic and thermodynamics model-
ling has been proposed. the study is motivated by 
and has been applied to the initial interaction of 
platelets with surface-immobilized von Willebrand 
factor in flow experiments. results indicate the key 
role of  a reliable automatic image processing pro-
cedure to provide information critical in explain-
ing how biomechanical properties of  tether bonds 
ultimately control the process of  platelet adhesion. 
Non-conventional information, such as deposition 
and removal rates could be obtained in a number 
of  experimental conditions, supporting kinetics 
and thermodynamics speculations. the effort to 
develop an appropriate interpretation of  adhesion 
data is a valuable contribution to help elucidating 
the adhesive properties of  platelets that determine 
their participation in atherogenesis and ultimately 
the formation of  occlusive thrombi. 

By understanding the multifaceted mechanism in-
volved in platelet interactions with vascular surfaces, 
new approaches can be tailored to selectively inhibit 
the pathways most relevant to the pathological as-
pects of atherothrombosis. 

Submitted on invitation.
Accepted on 3 april 2007.
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INTRODUCTION
Acute myocardial infarction (AMI) has a low inci-

dence in young adults. The percentage of patients un-
der 40 is between 2 and 8 % of all AMI subjects [1, 2] 
and it increases to 10% for people under 46 [3]. Until 
now it is not certain if AMI in young adults may be 
considered as an early expression of coronary artery 
disease (CAD) or an autonomous disease.

AMI in young adults is typical as regards risk fac-
tors, clinical, angiographic and prognostic character-
istics. In young people the risk factor pattern is differ-
ent from older people. Cigarette smoking is the most 
common factor [4], followed by family history for 

CAD [5]. The latter observation has induced many 
authors to investigate genic polymorphisms as risk or 
protective factors for CAD [6]. 

AMI in young women has been associated with the 
use of oral contraceptives [7, 8]. Some studies dem-
onstrate a link between AMI in young adults and co-
caine abuse, for its harmful acute and chronic action 
on myocardial perfusion, oxygen demand and its di-
rect toxicity on myocardium [9]. Congenital coronary 
artery abnormalities without atherosclerotic lesions 
are not sporadic in young people [10, 11]. 

AMI in young adults is also typical as regards 
the clinical picture. Young patients reach hospital 
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Summary. Acute myocardial infarction (AMI) in young adults is considered by some authors as 
an autonomous disease, characterized by peculiar risk factor pattern, clinical course and progno-
sis. We studied, in a group of 96 patients aged < 46 years with recent AMI, the haemorheological 
parameters (whole-blood, plasma and serum viscosity, haematocrit, whole-blood filterability and 
erythrocyte deformability), and the influence of risk factors and coronary lesion extent on them. 
We re-examined 41 of the AMI patients after 3 and 12 months. At the initial stage, AMI subjects 
showed a hyperviscosity syndrome, not influenced by the number of risk factors and only slightly 
more evident in patients with more extensive coronary damage. In the AMI patients re-examined 
after 3 and 12 months, no significant variation in the haemorheological pattern emerged in com-
parison with basal values. The persisting alteration demonstrated that the hyperviscosity syndrome 
observed at the initial stage was not simply an acute reaction to AMI, and that it was not influenced 
by intervention on modifiable risk factors.

Key words: juvenile acute myocardial infarction, blood rheology, erythrocyte deformability.
 
Riassunto (Infarto miocardico giovanile: valutazione emoreologica in fase iniziale, dopo 3 e 12 mesi). 
L’infarto miocardico acuto (IMA) che insorge in età relativamente precoce è talvolta considerato un’en-
tità nosologica autonoma, poiché presenta peculiarità nella prevalenza dei fattori di rischio, nel decorso 
clinico e nella prognosi. In 96 pazienti di età inferiore a 46 anni e con recente IMA, abbiamo valutato 
l’assetto emoreologico (viscosità ematica, plasmatica e sierica, ematocrito, filtrabilità ematica e deforma-
bilità eritrocitaria) e la possibile influenza esercitata su di esso dal numero dei principali fattori di rischio 
e dall’estensione del danno coronarico. La valutazione è stata ripetuta in 41 pazienti anche dopo 3 e 12 
mesi. In fase iniziale era presente una sindrome da iperviscosità, non influenzata dal numero dei fattori 
di rischio e solo lievemente più marcata, limitatamente ad alcuni parametri, nei pazienti con lesioni co-
ronariche più estese. Nei pazienti riesaminati a distanza di tempo non abbiamo osservato modificazioni 
significative dei parametri emoreologici nei confronti dei valori basali. La persistenza nel tempo delle 
anomalie reologiche indica che esse non sono semplicemente una conseguenza dell’evento ischemico 
acuto, e che non sono influenzabili dall’intervento terapeutico sui fattori di rischio modificabili.

Parole chiave: infarto miocardico acuto giovanile, emoreologia, deformabilità eritrocitaria.
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earlier than other patients [2], helping efficacy of 
revascularization and complication treatment. Only 
a small percentage of young patients with AMI, un-
like the older ones, had a previous myocardial inf-
arction and this is relevant for both prognosis and 
progression to heart failure. As regards electrocar-
diographic and echocardiographic onset, data are 
conflicting. In young people with AMI often there 
is not CAD or just one coronary vessel is affected by 
significant narrowing; three-vessel disease is infre-
quent. Consequently, the reperfusion with percuta-
neous intervention is more frequent than coronary 
artery bypass graft and this has a favourable influ-
ence on prognosis. In young people AMI has a lower 
incidence of complications such as early and late 
heart failure, angina, re-infarct and atrio-ventricu-
lar block. Death during hospitalization and after six 
months are both significantly reduced [2]. 

Our aim was the examination of the main haemor-
heological determinants in young adults with AMI 
and in particular the influence of cardiovascular risk 
factors and the extent of CAD on the haemorheolog-
ical profile. The same subjects were re-examined after 
3 and 12 months. This study is part of the scientific 
project identified as the “Sicilian study on juvenile 
myocardial infarction”.

Subjects 
We studied 96 subjects (89 men and 7 women) aged 

< 46 years, with recent AMI. The mean age was 39.0 
± 6.0 years (range 19-45). The time interval between 
AMI onset and first examination was 13 ± 7 days. 
Regarding risk factors (RF), 47% had family history 
of CAD, 78% were cigarette smokers or ex-smokers; 
hypercholesterolemia was present in 36%, diabetes 
mellitus in 11% and essential hypertension in 18%. 
Cocaine use was admitted in 5%. Four of the 7 wom-
en were taking oral contraceptives. 

Regarding electrocardiographic localization, AMI 
was inferior in 41.8%, anterior and lateral in 53.1%. 
Coronary angiography was performed in 76 patients 
and showed no lesions considered significant in 19 
subjects, one-vessel disease in 32, two- or three-ves-
sel disease in 25.

We subdivided AMI subjects according to the 
number of RF, taking into account the following: 
family history, cigarette smoking, hypercholestero-
laemia, diabetes mellitus and essential hypertension. 
Thirty-seven patients had < 2 RF, 32 had 2 RF and 
27 patients had > 2 RF. 

Forty-one AMI subjects (39 men and 2 women) 
were re-examined 3 months and 12 months after the 
first evaluation. Their mean age was 41.0 ± 4.0 years 
and their baseline rheological pattern was not sig-
nificantly different from that observed in the whole 
AMI group. 

The control group included 62 subjects (52 men and 
10 women, mean age 38.3 ± 9.7 years, 36 smokers, 12 
ex-smokers). In this group 39% had family history of 
CAD, 58% were cigarette smokers and 19% ex-smok-
ers; hypercholesterolemia was present in 26%, diabe-

tes mellitus in 12% and essential hypertension in 15%. 
No subjects in this group had history or clinical signs 
of atherosclerotic disease in any vascular area.

Methods
On fasting venous blood we evaluated the follow-

ing major haemorheological determinants:
-  whole-blood viscosity at high (450, 225 and 90 

s-1) shear rates, using the cone-on-plate viscosim-
eter Wells-Brookfield ½LVT and at low (2.37 and 
0.51 s-1) shear rates using a Contraves LS30; blood 
viscosity was evaluated at native hematocrit;

-  plasma and serum viscosity at the shear rate of 
450 s-1 (viscosimeter Wells-Brookfield ½LVT);

-  haematocrit (Ht), obtained by using a micrometh-
od technique;

-  whole-blood filterability (VBC - mL/min), ob-
tained by filtering whole blood through 5 µm 
polycarbonate sieves, under negative pressure of 
20 cm of water and at a temperature of 37 °C, 
according to the Reid method [12];

-  erythrocyte deformability using the diffractom-
eter Rheodyn SSD of Myrenne [13, 14]. This 
instrument measures the diffraction pattern of 
a laser beam passing through erythrocytes sus-
pended in a viscous medium and deformed by a 
force with defined shear stresses. A measure of 
erythrocyte deformation is the elongation index 
(EI) = (L-W)/(L+W)×100, where L = length and 
W = width of the erythrocytes. We considered EI 
at the shear stresses of 30 and 60 Pascal.

Statistical analysis
All the data were expressed as means ± SD; the sta-

tistical differences between control subjects and the 
whole group of young adults with AMI, or subgroups 

Table 1 | Means ± SD of the haemorheological determi-
nants in 62 control subjects and in 96 AMI subjects at the 
baseline evaluation (T1) 

Control Subjects AMI T1

BV 450 s-1 (mPa · s) 3.62 ± 0.44 4.34 ± 0.46 *

BV 225 s-1 (mPa · s) 3.90 ± 0.47 4.72 ± 0.59 *

BV 90 s-1 (mPa · s) 4.66 ± 0.63 5.48 ± 0.69 *

BV 2.37 s-1 (mPa · s) 10.36 ± 4.60 15.55 ± 4.09 *

BV 0.51 s-1 (mPa · s) 23.66 ± 10.50 31.30 ± 8.10 *

PV 450 s-1 (mPa · s) 1.29 ± 0.13 1.52 ± 0.11 *

SV 450 s-1 (mPa · s) 1.17 ± 0.11 1.36 ± 0.10 *

Ht (%) 44.48 ± 3.20 44.59 ± 3.69

VBC (mL/min) 0.42 ± 0.07 0.32 ± 0.06 *

EI 30 Pa 47.97 ± 3.67 45.21 ± 4.09 *

EI 60 Pa 50.61 ± 3.23 48.00 ± 4.25 *

* = p < 0.001 vs control subjects 

AMI = acute myocardial infarction; BV = blood viscosity; 
PV = plasma viscosity; SV = serum viscosity; Ht = haematocrit; 
VBC = volume of blood cells (whole-blood filtration); 
EI = elongation index; Pa = Pascal.
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of them, were evaluated using the Student’s t-test for 
unpaired data. The differences between AMI subjects 
at the different times of observation were evaluated us-
ing the Student’s t-test for paired data.

RESULTS
When we compared the whole group of young 

adults with AMI to control subjects, there was a sig-
nificant increase in whole-blood viscosity at high and 
low shear rates, a significant increase in plasma and 
serum viscosity and a significant decrease in whole-

blood filtration and in erythrocyte deformability; no 
variation was evident in haematocrit (Table 1). 

Subdividing the AMI subjects according to the 
number of principal cardiovascular risk factors 
(Table 2), it was apparent that in each AMI sub-
group whole blood, plasma and serum viscosity, 
whole-blood filtration and erythrocyte deformabil-
ity were significantly different in comparison with 
control subjects and there were no significant differ-
ences between AMI subgroups. 

Subdividing the AMI group in accordance with 
the extent of  CAD (Table 3) we observed a similar 

Table 2 | Means ± SD of the haemorheological determinants in control subjects and AMI subjects subdivided according to the 
number of RF

Control subjects AMI subjects
with 0-1 RF

AMI subjects
with 2 RF

AMI subjects
with >2 RF

BV 450 s-1 (mPa · s) 3.62 ± 0.44 4.34 ± 0.53(c) 4.38 ± 0.42(c) 4.31 ± 0.40(c)

BV 225 s-1 (mPa · s) 3.90 ± 0.47 4.63 ± 0.56(c) 4.76 ± 0.56(c) 4.78 ± 0.65(c)

BV 90 s-1 (mPa · s) 4.66 ± 0.63 5.38 ± 0.67(c) 5.50 ± 0.70(c) 5.57 ± 0.72(c)

BV 2.37 s-1 (mPa · s) 10.36 ± 4.60 15.39 ± 4.01(c) 15.06 ± 3.08(c) 16.66 ± 5.26(c)

BV 0.51 s-1 (mPa · s) 23.66 ± 10.50 30.37 ± 7.21(b) 30.46 ± 6.97(b) 33.73 ± 10.34(c)

PV 450 s-1 (mPa · s) 1.29 ± 0.13 1.50 ± 0.12(c) 1.51 ± 0.08(c) 1.55 ± 0.13(c)

SV 450 s-1 (mPa · s) 1.17 ± 0.11 1.34 ± 0.10(c) 1.37 ± 0.09(c) 1.38 ± 0.10(c)

Ht (%) 44.48 ± 3.20 44.53 ± 3.84 44.88 ± 3.89 44.36 ± 3.30

VBC (mL/min) 0.42 ± 0.07 0.31 ± 0.08(c) 0.31 ± 0.05(c) 0.33 ± 0.06(c)

EI 30 Pa 47.97 ± 3.67 44.97 ± 4.34(b) 44.75 ± 4.03(c) 45.96 ± 3.81(a) 

EI 60 Pa 50.61 ± 3.23 47.68 ± 4.48(b) 47.54 ± 3.88(c) 48.94 ± 4.37

(a) p < 0.05 (b) p < 0.01 (c) p < 0.001 vs control subjects

AMI = acute myocardial infarction; RF = risk factors; BV = blood viscosity; PV = plasma viscosity; SV = serum viscosity; Ht = haematocrit; VBC = 
volume of blood cells (whole-blood filtration); EI = elongation index; Pa = Pascal. 

Table 3 | Means ± SD of the haemorheological determinants in control subjects and AMI subjects subdivided according to the 
number of stenosed coronary vessels

Control subjects AMI without coronary 
stenosis 

AMI with 
1 vessel disease

AMI with 
2-3 vessel disease

BV 450 s-1 (mPa · s) 3.62 ± 0.44 4.25 ± 0.58(c) 4.31 ± 0.43(c) 4.41 ± 0.41(c) 

BV 225 s-1 (mPa · s) 3.90 ± 0.47 4.53 ± 0.58(c) 4.64 ± 0.47(c) 4.96 ± 0.75(c d) 

BV 90 s-1 (mPa · s) 4.66 ± 0.63 5.28 ± 0.67(c) 5.39 ± 0.60(c) 5.70 ± 0.87(c) 

BV 2.37 s-1 (mPa · s) 10.36 ± 4.60 15.52 ± 4.90(c) 14.58 ± 2.71(c) 16.68 ± 5.37(c) 

BV 0.51 s-1 (mPa · s) 23.66 ± 10.50 31.36 ± 8.67(a) 28.99 ± 6.67(a) 34.30 ± 10.34(c e) 

PV 450 s-1 (mPa · s) 1.29 ± 0.13 1.51 ± 0.10(c) 1.52 ± 0.11(c) 1.54 ± 0.13(c) 

SV 450 s-1 (mPa · s) 1.17 ± 0.11 1.36 ± 0.10(c) 1.35 ± 0.09(c) 1.40 ± 0.11(c) 

Ht (%) 44.48 ± 3.20 44.11 ± 3.62 44.72 ± 3.30 45.60 ± 4.20

VBC (mL/min) 0.42 ± 0.07 0.32 ± 0.05(c) 0.33 ± 0.06(c) 0.32 ± 0.06(c) 

EI 30 Pa 47.97 ± 3.67 45.90 ± 4.23 44.83 ± 3.98(c) 45.45 ± 3.85(a) 

EI 60 Pa 50.61 ± 3.23 48.53 ± 4.24 47.93 ± 4.42(b) 47.95 ± 3.93(b) 

(a) p < 0.05 (b) p < 0.01 (c) p < 0.001 vs control subjects

(d) p < 0.05 vs AMI without coronary stenosis (e) p < 0.05 vs AMI with 1 vessel disease

AMI = acute myocardial infarction; BV = blood viscosity; PV = plasma viscosity; SV = serum viscosity; Ht = haematocrit; VBC = volume of blood cells 
(whole-blood filtration); EI = elongation index; Pa = Pascal. 



142 Gregorio Caimi, Amelia Valenti and Rosalia Lo Presti

behaviour pattern, with the exception of  whole-
blood viscosity at the shear rate of  225 s-1, which 
was higher in AMI subjects with 2-3 vessel disease 
in comparison with those without coronary steno-
sis, and whole-blood viscosity at the shear rate of 
0.51, which was higher in AMI subjects with 2-3 
vessel disease in comparison with those with 1 ves-
sel disease.

When we examined the AMI patients 3 and 12 
months after AMI (Table 4), we found that at both 
times all the rheological parameters showed aver-
age values not statistically different from those ob-
served during the first evaluation. Comparing AMI 
patients at T3 with control subjects (Table 5), the 
results were similar to those observed at T1. 

DISCUSSION
Our data show that a hyperviscosity syndrome is 

present after AMI, as widely demonstrated in pa-
tients not selected for age. The rheological impair-
ment was not related to the number of cardiovascular 
risk factors and only slightly influenced by the extent 
of coronary lesions. The persistence of the alteration 
was observed after three and twelve months.

We cannot exclude that the haemorheological ab-
normality found in our patients was related to the 
cardiovascular risk factors, whose effect on blood 
viscosity is well known, but the control group had 
a similar incidence of cardiovascular risk factors 
and there were no significant differences in haemor-
heological determinants between the two AMI sub-
groups with respectively 0-1 and > 2 risk factors. 
Moreover, although some risk factors were modified 
after AMI (many patients stopped smoking; dysli-
pidaemia, hyperglycaemia and arterial hypertension 
were more carefully controlled) the haemorheologi-
cal pattern did not change significantly.

The hyperviscosity syndrome following AMI has 
been usually considered as part of an “acute phase 
reaction”, and then its almost complete regression 
was expected within a few days or weeks. Such be-
haviour, in patients not selected for age, was in fact 
observed by some authors [15-17], but is different 
from that observed in other studies [18, 19].

The trend of haemorheological parameters 3 and 
12 months after AMI seems to overlap the trend ob-
served by us, in the same clinical condition, regarding 
the granulocyte count [20], their functional aspects [21] 
and the plasma elastase [20]. It is not possible to ex-
clude that all these aspects may be related to the high 
prevalence of inflammatory gene polymorphism dem-
onstrated in these young subjects with AMI [22-26].

Submitted on invitation.
Accepted on 3 April 2007.

Table 4 | Means ± SD of the haemorheological determinants in 41 AMI subjects at baseline (T1), after 3 months (T2) and 
after 12 months (T3)

AMI T1 AMI T2 AMI T3

BV 450 s-1 (mPa · s) 4.31 ± 0.48 4.27 ± 0.41 4.31 ± 0.35

BV 225 s-1 (mPa · s) 4.69 ± 0.59 4.66 ± 0.54 4.80 ± 0.75

BV 90 s-1 (mPa · s) 5.49 ± 0.70 5.51 ± 0.70 5.60 ± 0.78

BV 2.37 s-1 (mPa · s) 15.85 ± 4.95 14.88 ± 2.70 15.50 ± 3.64

BV 0.51 s-1 (mPa · s) 31.52 ± 9.47 30.69 ± 6.30 31.44 ± 7.77

PV 450 s-1 (mPa · s) 15.85 ± 4.95 14.88 ± 2.70 15.50 ± 3.64

SV 450 s-1 (mPa · s) 31.52 ± 9.47 30.69 ± 6.30 31.44 ± 7.77

Ht (%) 44.85 ± 3.50 44.79 ± 3.43 45.98 ± 3.53

VBC (mL/min) 0.31 ± 0.06 0.29 ± 0.10 0.33 ± 0.10

EI 30 Pa 45.06 ± 3.92 45.11 ± 4.80 43.94 ± 4.69

EI 60 Pa 48.07 ± 4.38 47.90 ± 4.53 47.25 ± 4.69

AMI = acute myocardial infarction; BV = blood viscosity; PV = plasma viscosity; SV = serum viscosity; Ht = haematocrit; VBC = volume of blood cells 
(whole-blood filtration); EI = elongation index; Pa = Pascal.

Table 5 | Means ± SD of the haemorheological determinants in 
control subjects and in 41 AMI subjects after 12 months (T3) 

Control subjects AMI T3

BV 450 s-1 (mPa · s) 3.62 ± 0.44 4.31 ± 0.35(a) 

BV 225 s-1 (mPa · s) 3.90 ± 0.47 4.80 ± 0.75(a) 

BV 90 s-1 (mPa · s) 4.66 ± 0.63 5.60 ± 0.78(a) 

BV 2.37 s-1 (mPa · s) 10.36 ± 4.60 15.50 ± 3.64(a) 

BV 0.51 s-1 (mPa · s) 23.66 ± 10.50 31.44 ± 7.77(a) 

PV 450 s-1 (mPa · s) 1.29 ± 0.13 1.48 ± 0.10(a) 

SV 450 s-1 (mPa · s) 1.17 ± 0.11 1.35 ± 0.10(a) 

Ht (%) 44.48 ± 3.20 45.98 ± 3.53

VBC (mL/min) 0.42 ± 0.07 0.33 ± 0.10(a)  

EI 30 Pa 47.97 ± 3.67 43.94 ± 4.69(a) 

EI 60 Pa 50.61 ± 3.23 47.25 ± 4.69(a) 

(a) = p < 0.001 vs control subjects 

AMI = acute myocardial infarction; BV = blood viscosity; PV = plasma 
viscosity; SV = serum viscosity; Ht = haematocrit; VBC = volume of 
blood cells (whole-blood filtration); EI = elongation index; Pa = Pascal.
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Summary. Hyperviscosity, due to alterations of blood cells and plasma components, can induce 
microvascular damage. Nitric oxide (NO) is released by endothelium and plays a crucial role in 
flow-mediated vasodilation. an impaired availability of NO, due to polymorphisms of endothelial 
NO synthase (eNOS), may influence erythrocyte deformability thus increasing blood viscosity. We 
investigated haemorheological variables in patients with idiopathic sudden sensorineural hearing 
loss (ISSHL), retinal vein occlusion (rVO) and systemic sclerosis (SSc), as possible models of micro-
vascular damage, and their relationship with eNOS gene t-786c, G894t and 4a/4b polymorphisms. 
Whole blood viscosity and plasma viscosity were assessed with a rotational viscosimeter and eryth-
rocyte deformability index (DI) with Myrenne filtrometer. eNOS polymorphisms were analyzed in 
ISSHL and SSc patients. at multivariate analysis alterations of some haemorheological variables 
resulted significantly associated with ISSHL, rVO and SSc. a significantly higher prevalence of 
eNOS -786c and 894t was found in both ISSHL and SSc patients than in controls; at multivariate 
analysis these two polymorphisms significantly affected DI in both groups of patients. these results 
suggest that hyperviscosity, either determined by genetic susceptibility or not, can be involved in the 
pathophysiology of these clinical disorders and can be the target of new therapeutic strategies. 

Key words: hyperviscosity, erythrocyte deformability, eNOS polymorphisms, idiopathic sudden sensorineural 
hearing loss, retinal vein occlusion, systemic sclerosis.

Riassunto (Emoreologia clinica e microcircolo). L’iperviscosità, dovuta ad alterazioni delle com-
ponenti cellulari e plasmatiche del sangue, può indurre un danno microvascolare. L’ossido nitrico 
(ON) è rilasciato dall’endotelio e svolge un ruolo cruciale nella vasodilatazione flusso-dipenden-
te. Una ridotta disponibilità di ON, dovuta ai polimorfismi della nitrossido sintetasi endoteliale 
(NOSe), può alterare la deformabilità eritrocitaria incrementando la viscosità ematica. abbiamo va-
lutato le variabili emoreologiche in pazienti con sordità improvvisa (SI), occlusione venosa centrale 
della retina (OVcr) e sclerosi sistemica (ScS), come possibili modelli di patologia del microcircolo, 
e la loro relazione con i polimorfismi della NOSe t-786c, G894t e 4a/4b. Le viscosità del sangue 
totale e plasmatica sono state misurate con un viscosimetro rotazionale e l’indice di deformabilità 
eritrocitaria (ID) con il filtrometro di Myrenne. I polimorfismi della NOSe sono stati analizzati nei 
pazienti con SI e ScS. all’analisi multivariata le alterazioni di alcune variabili emoreologiche sono 
risultate significativamente associate  con la SI, l’OVcr e la ScS. Una prevalenza significativamente 
più alta degli alleli della NOSe -786c e 894t è stata osservata nei pazienti con SI e ScS rispetto al 
gruppo di controllo; all’analisi multivariata questi due polimorfismi sono risultati significativamente 
associati con un’alterazione dell’ID in entrambi i gruppi di pazienti. Questi risultati suggeriscono 
che l’iperviscosità, che sia o meno determinata da una suscettibilità genetica, può essere implicata 
nella fisiopatologia di queste malattie e può essere l’obiettivo di nuove strategie terapeutiche.

Parole chiave: iperviscosità, deformabilità eritrocitaria, polimorfismi dell’eNOS, sordità improvvisa, occlusione 
venosa retinica, sclerosi sistemica.
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blood flow and facilitate occlusive events through 
erythrocyte rouleaux formation and platelet ag-
gregation. erythrocytes have unique flow-affecting 
properties namely aggregability, deformability and 
adherence to endothelial cells, which play a major 
role in blood flow. Low blood viscosity leads to an 

INTRODUCTION
Blood viscosity and erythrocyte deformabil-

ity play a key role in maintaining and regulating 
microcirculation. Haemorheological variations 
due to alterations of  blood cells and plasma com-
ponents lead to hyperviscosity, which may slow 
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improvement in microcirculatory flow, which ena-
bles the interactions between rheologic factors and 
the surrounding tissue [1]. erythrocyte aggregation 
causes rheologic obstruction of  the microcircula-
tion, while damaged microcirculatory vessels in 
turn have a rheologic, functional and structural 
impact on erythrocytes. the alteration of  eryth-
rocyte membrane properties might be due to an 
oxidative injury, which occurs in microcircula-
tory disorders, mainly through lipid peroxidation. 

Nitric oxide (NO) is released by the endothelium 
in response to shear stress and plays a crucial role 
in flow-mediated vasodilation [2, 3]; pharmacolo-
gic inhibition or a genetic deficiency of  endothelial 
NO synthase (eNOS) impairs endothelium-depen-
dent vasodilation and increases vascular resistance 
[4, 5]. NO, which is synthesized from L-arginine 
by at least 3 isoforms of  NO synthase (NOS) (in-
ducible, neuronal and endothelial) [6] contributes 
to vascular tone regulation [7] and maintains the 
functional and structural integrity of  the vessel 
wall [8]. Finally in vitro and in vivo studies [9-12] 
suggested a role for NO in modulating erythrocyte 
deformability. an impaired availability of  NO, due 
to nonsynonimous single-nucleotide polymorphi-
sms (SNPs) in the coding region of  NOS3, the gene 
for eNOS, may reduce shear stress, thus increasing 
blood viscosity and influencing erythrocyte defor-
mability.

Since an impaired microvascular blood flow is 
at the basis of  several clinical disorders, we sou-
ght to explore the role of  hyperviscosity in patients 
with idiopathic sudden sensorineural hearing loss 
(ISSHL) [13], retinal vein occlusion (rVO) and sy-
stemic sclerosis (SSc) [14] as three possible models 
of  microvascular damage. Moreover, to evaluate 
the role of  eNOS polymorphisms in modulating 
haemorheological profile, the relationship between 
haemorheological variables and eNOS gene t-
786c, G894t and 4a/4b polymorphisms was inves-
tigated in ISSHL [15] and SSc [14] patients. 

 STUDY POPULATIONS 
AND EXPERIMENTAL PROCEDURES
�Idiopathic�sudden�sensorineural�hearing�loss,�
hyperviscosity�and�eNOS�gene�polymorphisms
Sixty-three consecutive ISSHL patients (30 males 

and 33 females), with a median age of  54 years 
(range 19-78 years), who referred to Florence 
thrombosis centre from January to July 2003 less 
than one week after the acute event, were enrolled. 
all patients underwent complete audiologic exami-
nation, complete history taking and general physi-
cal examination. the diagnosis of  ISSHL was made 
by experienced audiologists of  audiological clinic 
(University of  Florence) by excluding other causes 
of  sudden deafness such as viral, congenital, in-
flammatory, degenerative or traumatic. Sixty-seven 
healthy subjects matched for age and sex were also 
studied. exclusion criteria for controls were a his-

tory of  cardiovascular disease or other chronic dis-
eases. Patients and controls were not on antithrom-
botic therapy at the time of  the study.

a second study was performed in 80 ISSHL pa-
tients to evaluate the role of  three eNOS gene poly-
morphisms (t-786c, G894t, 4a/4b) in affecting 
erythrocyte deformability.

Retinal�vein�occlusion�and�hyperviscosity�
this study was performed to evaluate haemor-

heological variables in 180 consecutive patients af-
fected by rVO, which was diagnosed by ophtalmo-
scopic fundus examination revealing disc swelling, 
venous dilation or tortuosity, retinal hemorrhages 
and cotton-wool spots and by fluorescein angiog-
raphy demonstrating extensive areas of  capillary 
closure, venous filling defects and increased venous 
transit time. the control population consisted 
in 180 healthy subjects matched for age and sex. 
Patients and healthy subjects with a personal his-
tory of  glaucoma or cardiovascular disease were 
excluded from the study. 

�Systemic�sclerosis,�hyperviscosity�
and�eNOS�gene�polymorphisms�
Finally, we explored the role of haemorheologi-

cal variables and eNOS gene polymorphisms also 
in 113 consecutive SSc patients who referred to the 
Division of Medicine I and rheumatology of the 
University of Florence. Patients with symptoms 
overlapping with those of other connective tissue 
diseases were excluded from the study. Patients un-
derwent complete clinical examinations and were al-
so examined for nailfold capillaroscopy changes and 
tested for circulating autoantibodies characteristic 
of SSc (anti-topoisomerase I [anti-Scl-70], anticen-
tromere and antinuclear with a nucleolar pattern); 
108 of 113 patients presented with raynaud’s phe-
nomenon. a detailed interview addressing personal 
and family history was performed in the context of 
a physical examination by expert physicians in order 
to identify symptom-free subjects and exclude those 
who were suspected of having any form of vascu-
lar disease (i.e. cardiovascular and cerebrovascular 
disease, venous thromboembolism or other chronic 
diseases). In order to evaluate the possible influence 
of calcium channel blockers (ccBs) on haemorheo-
logical parameters, we analyzed the rheologic profile 
in 20 SSc patients not receiving ccB therapy. One 
hundred-thirteen healthy subjects matched for age 
and sex were also studied as controls; exclusion cri-
teria for controls were a positive history of cardio-
vascular disease, venous thromboembolism or other 
chronic diseases. all subjects in the patient and con-
trol groups were caucasian, unrelated to each other 
and residing in the same area. 

an extensive clinical profile was established for 
each SSc patient. Patients were classified as having 
limited cutaneous SSc (lcSSc) or diffuse cutaneous 
SSc (dcSSc) according to the criteria proposed by 
Leroy et al. [16]. 
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Skin involvement was evaluated with the modi-
fied rodnan skin score, which was assessed by an 
experienced rheumatologist [17]. Nailfold video-
capillaroscopy for analysis of  microvascular abnor-
malities was performed as previously reported [14]. 
according to this analysis, patients were grouped 
as having capillaroscopy changes with an early, ac-
tive or late pattern [18].

two-dimensional echocardiogram and standard 
electrocardiogram were performed to assess car-
diovascular involvement. Lung involvement was 
evaluated by forced vital capacity, diffusing capac-
ity for carbon monoxide and high resolution com-
puted tomography, and kidney involvement was 
evaluated by renal function tests (including 24-
hour creatinine clearance) [19]. We determined the 
presence of  antinuclear antibodies by indirect im-
munofluorescence on rat liver, anticentromere an-
tibodies by indirect immunofluorescence on Hep-2 
cells and by enzyme-linked immunosorbent assay 
(eLISa) for ceNP antigen, anti-topoisomerase I 
antibodies by immunoblot analysis and rheuma-
toid factor by eLISa.

exclusion criteria were as follows: age <18 years, 
pregnancy, stroke in the 4 months preceding the 
study, myocardial ischemia, heart failure, systemic 
arterial hypertension not pharmacologically con-
trolled, thrombocytopenia (platelet count < 100 
×109/liter), thrombocytosis (platelet count > 500 
×109/liter), renal failure, chronic hepatitis, diabe-
tes mellitus and malignancy. SSc patients treated 
with drugs potentially able to modify the evolution 
of  the disease (corticosteroids, methotrexate, cy-
clophosphamide) were excluded, as were patients 
whose conditions did not allow a complete phar-
macologic washout (patients with severe ulcers, 
severe pulmonary arterial hypertension, severe res-
piratory failure, congestive heart failure (NYHa 
class III-IV), creatinine values ≥ 1,5 mg/dL, meg-
aesophagus and/or malabsorption).

the presence of  traditional cardiovascular risk 
factors was assessed on the basis of  patient’s in-
terview and hospital records. Dyslipidemia was de-
fined according to the third report of  the National 
cholesterol education Program; hypertension in 
the presence of  blood pressure above 130/80 mmHg 
and/or an antihypertensive treatment and diabetes 
according to american Diabetes association cri-
teria. coronary artery disease was defined on the 
basis of  a history of  myocardial infarction or sta-
ble and unstable angina. Patients were considered 
overweight when their body mass index (BMI) was 
above 25 kg/m2. all subjects gave their informed 
consent for the experimental study which was ap-
proved by the Institutional review Board.

Venous blood samples were obtained from over-
night fasting subjects in a resting condition in the 
morning (from 8 to 10 am) by venepuncture of 
the antecubital vein with minimal stasis. to assess 
haemorheological profile 20 mL of  blood were an-
ticoagulated with eDta. to determine PaI-1 plas-

ma levels an aliquot of  4.5 mL blood was collected 
into an ice-cold polypropylene tube containing 
0.13 mol/L sodium citrate (0.5 mL; 1:10, V/V) and 
kept in melting ice. Finally, another aliquot of  ci-
trated blood was maintained at room temperature 
for Sonoclot analysis and measurement of  fibrino-
gen plasma levels and factor VIII:c. 

to determine homocysteine, whole venous blood 
was collected in tubes containing ethylenediami-
notetracetate (eDta) 0.17 mol/L, immediately put 
in ice and centrifuged within 30 minutes at 4 °c 
(1500 × g for 15 min).

Haemorheological studies were performed by 
assessing whole blood viscosity (WBV), plasma 
viscosity (PLV) and erythrocyte deformability in-
dex (DI) as already reported [13]. WBV and PLV 
were measured at 37 °c using the rotational 
Viscosimeter Low Shear 30 (contraves, Zürich, 
Switzerland). WBV was analyzed at shear rates of 
0.512 s-1 and 94.5 s-1 and was determined at native 
hematocrit. PLV test was only performed at 94.5 s-1 
shear rate. erythrocyte filtration was measured by 
a microcomputer-assisted filtrometer, model MF4 
(Myrenne GmbH, roetgen, Germany). erythrocyte 
deformability was estimated by a curve indicating 
erythrocyte filtration through a 10 min recording in 
order to determine rheologic properties of  erythro-
cytes, passing them through polycarbonate filters 
with 5 μm micropores (Nucleopore®, Pleasanton, 
ca). the initial flow rate from the microcomputer 
generated curves was taken for assessing DI. Blood 
count was performed by a coulter counter (coulter 
corporation, Miami, Florida).

Sonoclot analysis, a global test to assess whole 
blood coagulation, was performed by a special 
device (Sonoclot analyzer, Sienco Inc, Morrison, 
cO, USa) [20]. the Sonoclot device consists of  an 
open-ended disposable plastic probe, mounted on 
an ultrasonic transducer, which is immersed in a 
cuvette containing 1.5 mg of  celite, which is used 
as clotting activator, and 360 µL of  whole blood. 
the viscous force of  the forming clot creates im-
pedance to the vibrating probe, which is converted 
to an output signal [20]. the changes in the viscoe-
lastic properties of  blood clot are recorded in the 
form of  a graph (“Sonoclot Signature”). Sonoclot 
variables taken into consideration were: 1) the 
Sonact (the time until onset of  initial fibrin for-
mation) expressed in seconds (s); 2) the clot rate 
value (used to evaluate the acceleration of  clotting 
formation) expressed as % slope/min; 3) the time 
to peak (the time till fibrin formation is completed) 
expressed in min. 

Fibrinogen was assayed according to the clauss 
method. Factor VIII was measured by a clot-
ting method using factor VIII:c-deficient plas-
ma (DaDe Behring, Marburg, Germany) and 
an eLISa was used to determine PaI-1 antigen 
(ag) plasma levels (asserachrom® PaI-1, Stago, 
asnieres-sur-Seine, France) in ISSHL patients. 
Plasma levels of  total homocysteine (free and pro-
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tein bound) were determined by fluorescence polar-
ization immunoassay (IMX abbott Laboratories, 
Oslo, Norway) in rVO patients. 

Polymorphisms of  NOS3 were analyzed in ISSHL 
and SSc patients after genomic DNa extraction 
from peripheral blood leukocytes using a QIamp 
Blood kit (Quiagen, Hilden, Germany), as previ-
ously described [15].

Statistical analysis was performed using the 
Stata 7.0 program (Stata corporation, college 
Station, texas, USa) for the first study and 
Statistical Package for the Social Sciences software 
for Windows, version 11.5 (SPSS, chicago, IL) for 
the others. all odds ratios (Or) are given with their 
95% confidence intervals. a value of  p < 0.05 was 
chosen as the cut-off  level for statistical signifi-
cance.

RESULTS 
�Idiopathic�sudden�sensorineural�hearing�loss,�
reduced�erythrocyte�deformability,�hypercoagula-
bility�and�eNOS�gene�polymorphisms�
among the variables studied, hematocrit, WBV 

at both 0.512 s-1 and 94.5 s-1, PLV, DI, Sonact, 
clot rate, time to peak, factor VIII:c and PaI-1ag 
resulted significantly altered in ISSHL patients 
than in controls. In Table 1 data obtained from 
both univariate and multivariate analysis are re-
ported. at multivariate analysis WBV at 94.5 s-1, 
DI, Sonact, clot rate, factor VIII:c and PaI-
1ag plasma levels remained significantly and in-
dependently associated with ISSHL after adjust-
ment for sex, age, dyslipidemia, smoking habitus, 
hypertension, hematocrit, fibrinogen, haemorheo-
logical and haemostatic variables. Significant cor-
relations (Spearman’s rank correlation coefficient) 
were found between haemostatic (clot rate, fac-
tor VIII:c and PaI-1ag) and haemorheological 
variables (WBV at both 0.512 s-1 and 94.5 s-1, DI). 
Significant correlations were also found between 
clot rate values and both factor VIII:c (r = 0.32, p 
< 0.001) and PaI-1ag (r = 0.23, p < 0.01) plasma 
levels.

eNOS gene genotype distribution and allele fre-
quency were in agreement with those predicted by 
Hardy-Weinberg equilibrium in patients and con-
trols. a significant higher prevalence of  eNOS -
786c and 894t, but not of  4a allele was observed 
in patients in comparison to controls. 

When we assumed a dominant model of  inher-
itance (i.e. eNOS -786cc+tc vs -786tt) a sig-
nificant association between the eNOS gene -786c 
and 894t rare variants and the disease was found. 
the multivariate analysis, adjusted for gender, age 
and traditional cardiovascular risk factors (hyper-
tension, dyslipidemia and smoking habit) revealed 
that eNOS 894t rare variant was an independent 
predisposing factor to ISSHL. When the eNOS 
-786c and 894t rare variants were present (-
786cc+tc and 894tt+Gt combined genotype), 

the Or for the predisposition to the disease was 
2.99 (95%cI 1.43-6.20; p = 0.003) and in subjects 
carrying all three eNOS rare alleles (-786cc+tc 
and 894tt+Gt and 4a4a+4a4b combined geno-
type), the Or was 3.6 (95%cI 1.83-7.18; p = 
0.0002).

We observed a higher percentage of  altered eryth-
rocyte deformability in subjects carrying the eNOS 
rare variants in comparison to those carrying the 
wild-type allele: DI was altered in 73.2%, 70% and 
74% of  patients carrying the eNOS -786c, 894t 
and 4a rare variants, respectively, and in 41.7%, 
53.3% and 56.6% of  patients carrying the -786t, 
894G and 4b wild-type alleles. the same pattern 
was observed in control subjects: erythrocyte de-
formability was altered in 9.3%, 8.6% and 8.3% of 
controls carrying the eNOS -786c, 894t and 4a 
rare variants, respectively, and in 2.7%, 4.4% and 
5.4% of  controls carrying the -786t, 894G and 
4b wild-type alleles. to evaluate the influence of 
eNOS polymorphisms on erythrocyte deformabil-
ity apart from the disease we used a logistic model 
in which erythrocyte deformability was considered 
the dependent variable; from the univariate analy-
sis, eNOS -786c and 894t rare alleles significantly 
affected the altered erythrocyte deformability, and 
the influence on this parameter was higher in sub-
jects carrying these two variants. after adjustment 
for traditional cardiovascular risk factors, the 
eNOS rare variants remained associated with al-
tered erythrocyte deformability, and the presence 
of  -786c and 894t alleles significantly modified 
the influence on erythrocyte deformability.

Table 1 | Univariate and multivariate analysis of clinical and 
laboratory characteristics in ISSHL patients and controls

Univariate 
analysis 

OR (95% CI)

Multivariate 
analysis° 

OR (95%CI)

Hematocrit (%) 1.18 (1.05-1.32)** 1.06 (0.86-1.32)

WBV 0.512 s-1 (mPa·s) 6.97 (3.12-15.55)** 1.43 (0.34-5.95)

WBV 94.5 s-1 (mPa·s) 17.08 (6.85-42.59)** 5.62 (1.28-24.77)*

PLV (mPa·s) 4.73 (1.75-12.76)** 3.92 (0.90-17.06)

DI 12.20 (5.32-27.97)** 5.96 (1.61-22.03)**

SonACT (s) 4.93 (1.93-12.57)** 4.79 (1.02-22.48)*

Clot rate (%/min) 7.63 (2.87-20.23)** 5.41 (1.30-22.59)*

Time to peak (min) 1.07 (0.33-3.51) 1.31 (0.18-9.70)

Fibrinogen (mg/dL) 1.66 (0.45-6.17) 0.76 (0.08-7.32)

Factor VIII:C (%) 2.95 (1.18-7.39)* 5.02 (1.02-24.69)*

PAI-1ag (ng/mL) 2.60 (1.21-5.56)* 3.74 (1.01-13.87)*

* p < 0.05; ** p < 0.01

° Adjusting for sex, age, hypertension, dyslipidemia, smoking habitus, 
haemorheological and Sonocot variables, factor VIII:C, PAI-1ag, he-
matocrit, fibrinogen.

WBV = whole blood viscosity; PLV = plasma viscosity; DI = deform-
ability index; SonACT = activated clotting time; PAI-1ag = plasmino-
gen activator inhibitor 1 antigen.
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Retinal�vein�occlusion�and�hyperviscosity
among the traditional cardiovascular risk factors, 

hypertension, smoking habit and diabetes, but not 
dyslipidemia, were significantly more frequent in pa-
tients than in healthy subjects. With regard to labora-
tory parameters, a significant difference in WBV at 
both 0.512 s-1 and 94.5 s-1, white blood cells, DI and 
homocysteine, but not PLV, hematocrit and fibrino-
gen, was observed between patients and controls. In 
order to investigate the possible association between 
rVO and haemorheological parameters the study 
population was divided into tertiles of WBV at 0.512 
s-1 and 94.5 s-1  and DI and a logistic regression anal-
ysis was performed which has shown, at univariate 
analysis, a significant association of the highest ter-
tiles of WBV at 0.512 s-1 (Or: 2.31, 95%cI 1.42-3.77; 
p < 0.0001), WBV at 94.5 s-1 (Or: 4.91, 95%cI 2.95-
8.17; p < 0.0001), and the lowest tertile of DI (Or: 
5.53, 95%cI 3.13-9.75; p < 0.0001) with the disease.

after adjustment for age, sex, hypertension, smok-
ing habit and diabetes (model 1 analysis), white blood 
cells (model 2) as well as for hematocrit, fibrinogen 
and homocysteine (model 3) the highest tertiles of 
WBV at both shear rates and the lowest tertile of 
DI were found to be significantly associated with the 
disease (Table 2).

�Systemic�sclerosis,�haemorheologic�profile�
and�eNOS�polymorphisms
a marked alteration of  all haemorheological 

parameters in SSc was found. Levels of  fibrino-

gen and c-reactive protein (crP), but not hema-
tocrit, were significantly higher in SSc patients 
than in controls. Patients with either lcSSc (n = 
75) or dcSSc (n = 38) showed altered haemor-
heological variables compared with controls (p 
< 0.0001). a significant difference in crP lev-
els was observed between the lcSSc and dcSSc 
groups. No relationship was found between high 
crP levels and rheologic parameters (p > 0.05 
for all variables); no correlation was detected be-
tween the haemorheologic profile and ulcers (n 
= 54 patients) (p > 0.05 for all rheologic param-
eters).

On videocapillaroscopy, 57 patients had an ear-
ly pattern, 41 had an active pattern and 15 had 
a late pattern of  changes. the haemorheologic 
profile was not different among the three groups 
(data not shown). In Table 3, data obtained from 
univariate and multivariate analyses are report-
ed. In multivariate analysis, WBV at 94.5 s-1, DI 
and PLV remained significant and independent 
risk factors for SSc after adjustment for age, sex, 
hypertension, hematocrit, fibrinogen, NOS3 pol-
ymorphisms and haemorheological parameters. 
In 20 SSc patients not receiving ccB therapy, we 
analyzed the rheologic profile. No difference was 
observed between SSc patients receiving ccB 
therapy and those not receiving ccB therapy (p 
= 0.3 for WBV at 0.512 s-1, p = 0.5 for WBV at 
94.5 s-1, p = 0.8 for PLV and p = 0.4 for DI, by 
Mann-Whitney test for unpaired data).

Table 2 | Multivariate logistic regression analysis of clinical and laboratory characteristics in RVO patients and controls

Model 1* Model 2** Model 3***

OR (95%CI) p OR (95%CI) p OR (95%CI) p
Age 0.99 (0.98-1.02) 0.9 0.99 (0.97-1.02) 0.8 0.99 (0.96-1.02) 0.7
Gender (males vs females) 1.08 (0.68-1.69) 0.7 1.27 (0.78-2.07) 0.3 1.23 (0.68-2.23) 0.5
Hypertension 3.15 (1.94-5.12) < 0.0001 3.19 (1.91-5.23) < 0.0001 3.20 (1.74-5.88) < 0.0001
Diabetes 2.09 (0.93-4.73) 0.07 2.29 (0.97-5.4) 0.06 2.91 (1.11-7.68) 0.03
Smoking habit 2.34 (1.35-4.07) 0.002 2.24 (1.24-4.03) 0.007 2.05 (1.02-4.12) 0.04

WBV at 94.5 s-1 shear rate, mPa·s
     1st tertile Reference Reference Reference
     2nd tertile 1.6 (0.82-3.16) 0.2 1.68 (0.82-3.45) 0.2 1.90 (0.72-5.06) 0.2
     3rd tertile 4.29 (2.52-7.31) < 0.0001 4.08 (2.30-7.21) 0.006 8.97 (3.72-21.63) < 0.0001

WBV at 0.512 s-1 shear rate, mPa·s 
     1st tertile Reference Reference Reference
     2nd tertile 0.55 (0.29-1.04) 0.06 0.57 (0.29-1.09) 0.9 1.17 (0.48-2.84) 0.7
     3rd tertile 2.78 (1.15-6.72) 0.005 1.73 (1.00-3.00) 0.05 2.78 (1.15-6.72) 0.02

Deformability Index
     1st tertile 4.99 (2.76-9.05) < 0.0001 4.75 (2.53-8.94) < 0.0001 4.84 (2.05-11.44) < 0.0001
     2nd tertile 1.20 (0.61-2.36) 0.6 1.13 (0.54-2.34) 0.7 1.02 (0.37-2.79) 0.9
     3rd tertile Reference Reference Reference

*Adjusted for age, gender, hypertension, diabetes, smoking habit.  
** Adjusted for age, gender, hypertension, diabetes, smoking habit and white blood cells.  
*** Adjusted for age, gender, hypertension, diabetes, smoking habit, white blood cells, hematocrit, fibrinogen and homocysteine.
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No deviation from the expected population geno-
type proportions predicted by Hardy-Weinberg 
equilibrium was detected at NOS3 polymorphisms 
site. a significant difference in genotype distribu-
tion for the NOS3 894G > t polymorphism, but 
not for the -786t > c and 4a/4b polymorphisms, 
was observed between SSc patients and controls; 
with regard to the NOS3 allele frequency, we found 
a significantly higher prevalence of  the NOS3 -
786c (p = 0.04) and 894t (p = 0.007) rare alleles, 
but not of  the 4a rare allele, in patients than in 
controls. Fifty-nine of  113 patients (52.2%) carried 
the -786c/894t haplotype. at univariate analysis, 
by using a dominant model of  inheritance, NOS3 
-786c and 894t alleles influenced the predisposi-
tion to SSc (p = 0.02 and p = 0.003, respectively). 
after adjustment for age, sex and hypertension, 
only the simultaneous presence of  the -786c and 
894t alleles represented a susceptibility factor for 
SSc (p = 0.004). Nevertheless, after adjustment for 
haemorheological parameters as well, the simulta-
neous presence of  these 2 alleles did not remain a 
factor predisposing to the disease.

In order to evaluate the influence of  NOS3 poly-
morphisms on haemorheological parameters, we 
used a logistic model in which the single haemorhe-
ological parameter was considered the dependent 
variable apart from the disease; in the univariate 
analysis, the NOS3 -786c and 894t alleles, but not 
the 4a allele, significantly influenced all rheologic 
parameters; nevertheless, after adjustment for age, 
sex, hypertension, hematocrit and fibrinogen, these 
NOS3 rare variants significantly influenced the DI 
(Table 4). In subjects carrying the NOS3 -786c and 
894t alleles we observed that NOS3 -786c/894t 
haplotype significantly influenced the DI, but not 
the other rheologic parameters, at both univariate 
and multivariate analyses (Or 4.26, 95%cI 2.37-
7.65, p < 0.0001 and Or 2.65, 95%cI 1.24-5.67, p 
= 0.01, respectively).

the role of  NOS3 polymorphisms in influencing 
the haemorheologic profile was also tested in the 
control population. We observed that in subjects 
carrying the NOS3 894t allele, the percentages 
of  altered WBV and DI were higher than those in 
subjects carrying the 894G wild-type allele (WBV 

at 0.512 s-1, 17.6 % vs 11.3 %; WBV at 94.5 s-1, 17.6 
% vs 6.5 %; DI, 17.6 % vs 4.8 %). Interestingly, the 
NOS3 894t allele influenced the DI, but not the 
other rheologic parameters, at both univariate and 
multivariate analyses (Or 4.21, 95%cI 1.08-16.50, 
p = 0.04 and Or 3.97, 95%cI 1.00-17.58, p = 0.05, 
respectively).

DISCUSSION
the results of  these studies suggest that hypervis-

cosity is associated with some clinical disorders in 
whom a microvascular damage is invoked as pos-
sible pathophysiological mechanism. Impairment 
of  blood fluidity may significantly affect tissue 
perfusion and result in functional deterioration, 
especially if  disease processes also disturb vascu-
lar properties. In particular, in the first study, we 
focused our attention on both haemorheological 
factors and parameters of  haemostatic system. the 
findings obtained document, in fact, a high preva-
lence of  alterations of  blood rheology associated 
with haemostatic changes which suggest blood 
clotting activation in ISSHL patients. Interestingly, 
at multivariate analysis WBV at high shear rates 
and erythrocyte filtration represent risk factor for 
ISSHL with Or > 5. these data suggest a role for 
an altered erythrocyte deformability, hypercoagu-
lability and hypofibrinolysis in the pathophysiol-
ogy of  blood flow reduction in cochlear microvas-
cular district eventually leading to sudden hearing 
loss. actually, at low shear rates, erythrocytes form 
rouleaux and WBV is predominantly a function of 
erythrocyte concentration and aggregation proper-
ties, whereas at high shear rates erythrocyte act as 
free particles, and WBV is primarily determined 
not only by erythrocyte concentration but also by 
PLV and erythrocyte deformability [21]. In the first 
study DI and WBV at high shear rate but not PLV 
and hematocrit, resulted independently associated 
with ISSHL, so suggesting that reduced erythro-
cyte deformability may be a relevant mechanism 
in determining ISSHL. among the possible causes 
of  decreased erythrocyte deformability, which is 
mainly determined by the physical properties of 
the membrane skeleton, we have analyzed the role 

Table 3 | Haemorheological profile and systemic sclerosis: univariate and multivariate analysis

*Adjusted for age, gender, hypertension,  hematocrit, and fibrinogen. 
**Adjusted for age, gender, hypertension,  hematocrit, fibrinogen, eNOS -786T > C and 894G > T polymorphisms, and for haemorheological variables.

 Univariate analysis Multivariate analysis* Multivariate analysis**

Variable OR 95% CI p OR 95% CI p OR 95% CI p

WBV 0.512 s-1 (mPa.s) 12.4 6.4-24.1 < 0.0001 1.4 0.4-5.02 0.6 1.5 0.4-5.5 0.5
WBV 94.5 s-1 (mPa.s) 15.8 7.9-31.8 < 0.0001 5.4 1.4-20.5 0.01 5.4 1.4-19.9 0.01
PLV (mPa.s) 8.0 4.4-14.5 < 0.0001 2.8 1.2-6.5 0.01 2.8 1.2-6.5 0.01
Deformability index 10.6 5.2-21.4 < 0.0001 3.7 1.4-9.9 0.01 3.9 1.4-10.8 0.007
Fibrinogen 4.8 2.5-9.2 < 0.0001 2.6 1.1-6.3 0.04 2.6 1.1-6.5 0.04



150 Lucia Mannini, Emanuele Cecchi, Cinzia Fatini, et al.

of  eNOS polymorphisms causing a reduced nitric 
oxide availability. In fact, experimental studies 
[9, 11, 12, 22] suggested that NO may modulate 
erythrocyte deformability and aggregation with a 
concentration-dependent effect and demonstrated 
that NOS inhibition resulted in an impairment of 
erythrocyte deformability, which could be restored 
by NO donors. though, the mechanism respon-
sible for the effect of  NO on erythrocyte deform-
ability has yet to be fully defined. a NO regula-
tory effect on red cell deformability by soluble 
guanylate cyclase, involved in the production of 
cGMP, has been hypothesized [23] and experimen-
tal studies showed a role of  NO in modulating ion 
transport across the red cell membrane [24, 25]. 
to date, L-arginine, a precursor of  NO, exhibits 
activity as a vasodilator, platelet aggregation in-
hibitor and modulator of  immunologic processes 
and epithelial permeability [26]; so arginine sup-
plementation might represent a therapeutic benefit 
in the presence of  eNOS polymorphism related to 
reduced NO availability. the presence of  eNOS 
gene rare variants, which are related to impaired 
NO availability, affect red blood cell deformabil-
ity and blood viscosity, so possibly contributing 
to microcirculatory alterations, such as those 
found in ISSHL, which represent a suitable model. 
However, further studies are needed to address the 
molecular mechanism by which the eNOS gene 
is involved in the modulation of  haemorheologic 
profile in patients suffering from other microvas-
cular disorders. 

Interestingly, we found a significant associa-
tion between haemorheological alterations and 
changes in haemostatic system in ISSHL patients, 
suggesting that the occurrence of  rheological 
modifications may be relevant in determining mi-
crovascular occlusion by triggering blood clotting 
activation and impaired fibrinolysis in these pa-

tients. Nevertheless in these patients factor VIII:c, 
coagulation parameters measured in whole blood 
test and PaI-1ag remained important risk factors 
for ISSHL after adjustment for haemorheological 
parameters. these results are in agreement with 
previous studies reporting both increased plasma 
levels of  PaI-1ag and factor VIII:c as risk factors 
for arterial and venous thrombosis [27, 28]. a stim-
ulated endothelium may account for the elevated 
levels of  PaI-1 found in ISSHL patients which, in 
turn, contribute to the thrombophilic state. High 
wall shear stress, such as that occurring in stenosed 
vessels or due to blood hyperviscosity, may per-
turb vascular endothelium [29] and, thus, stimulate 
platelet adhesion and aggregation and the expres-
sion of  procoagulant activities. at the same time 
high factor VIII levels may enhance thrombin gen-
eration and, thus, result in increased platelet acti-
vation and fibrin formation processes. In keeping 
with this finding are the results of  the global evalu-
ation of  haemostasis by Sonoclot analysis that has 
shown significant alterations in Sonact and clot 
rate values in ISSHL patients with respect to con-
trols. clot rate is influenced by the rapid increase in 
blood viscosity, due to the conversion of  fibrinogen 
to fibrin and reflects the speed at which the clot is 
being formed. In ISSHL patients hypercoagulabil-
ity is suggested by shorter Sonact values and by 
higher clot rate values, indicating an enhanced rate 
of  thrombin generation and fibrin formation, and 
by higher factor VIII:c plasma levels than in con-
trols.

We hypothesized that the altered erythrocyte 
deformability and the consequently increased 
blood viscosity may account for these haemostatic 
changes. actually, the luminal surface of  the blood 
vessel is constantly exposed to haemodynamic 
shear stress, that, according to Poiseuille’s law, is 
proportional to blood flow viscosity and inversely 

Table 4 | Haemorheological profile and eNOS polymorphisms in SSc patients: univariate and multivariate analysis

 

*Adjusted for age, gender, fibrinogen, hematocrit, hypertension, and haemorheological parameters.

   Univariate analysis                            Multivariate analysis*

Dependent variable Variable OR 95% CI p OR 95% CI p

Deformability index eNOS-786CC+TC 3.9 2.1-7.4 < 0.0001 2.3 1.01-5.4 0.04
 eNOS 894TT+GT 3.1 1.6-5.9 0.001 2.2 1.01-4.8 0.04
 eNOS aa+ab 1.3 0.7-2.4 0.3 -

WBV 0.512 s-1 eNOS-786CC+TC 2.2 1.2-3.8 0.008 1.2 0.4-3.3 0.8
 eNOS 894TT+GT 3.6 2.04-6.4 < 0.0001 2.6 0.9-7.4 0.07
 eNOS aa+ab 1.1 0.6-2.03 0.6 -

WBV 94.5 s-1 eNOS-786CC+TC 2.2 1.2-3.9 0.008 0.9 0.3-2.6 0.9
 eNOS 894TT+GT 3.3 1.8-5.8 < 0.0001 1.0 0.4-2.8 0.9
 eNOS aa+ab 1.5 0.8-2.6 0.2 -

PLV eNOS-786CC+TC 1.9 1.1-3.3 0.02 1.2 0.6-2.4 0.6
 eNOS 894TT+GT 1.7 1.02-2.9 0.04 0.8 0.4-1.7 0.6
 eNOS aa+ab 1.7 0.9-3.1 0.06 -
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proportional to the third power of  internal radius. 
this condition may create a vicious circle between 
endothelial damage and erythrocyte deformability, 
which can influence each other, thus leading to mi-
crovascular occlusion.

as ISSHL patients were investigated during the 
first week after the acute event we cannot rule out 
that elevated PaI-1ag and factor VIII:c plasma 
levels might be, at least in part, related to the acute 
phase reaction. However this seems unlikely be-
cause levels of  fibrinogen were not different be-
tween patients and controls. a limitation of  this 
study is that these parameters were measured after 
the event and there is no evidence here that those 
in the population who have such blood alterations 
will be at higher risk of  ISSHL. However, this hap-
pens for all retrospective studies. 

the observed changes in viscosity, blood clotting 
and fibrinolysis may contribute, at least in part, 
to the pathophysiological mechanism of  ISSHL. 
Since the more recent studies performed in patients 
affected by ISSHL have shown inconsistent effects 
of  haemodilution alone as a possible therapeutic 
option [30, 31], the clinical implications of  these 
results are that not only hyperviscosity but overall 
hypercoagulability should be the target for thera-
peutic approaches in these patients. 

Interestingly, hyperviscosity has been also found 
to be associated with the occurrence of  retinal vein 
occlusive disease, in particular as regard the high-
est tertile of  WBV at both shear rates as well as 
the lowest tertile of  erythrocyte deformability in-
dex. contrasting data has been previously reported 
by some studies concerning a possible association 
between alterations of  haemorheological variables 
and the occurrence of  rVO but no conclusive re-
sults have been obtained [32-37]. Such conflict-
ing results can be explained by either the scanty 
number of  patients studied in most of  these stud-
ies or by the fact that only some of  these studies 
analyzed the whole pattern of  haemorheology in 
association with the disease. Our study, evaluating 
the entire haemorheological profile together with 
inflammatory parameters and hematocrit, in a rele-
vant number of  rVO patients and healthy subjects, 
confirms the significant role of  haemorheological 
variables in the occurrence of  this disease.

Our findings are in keeping with some previous 
studies evaluating haemorheological variables in 
rVO patients [33, 36]. In our study, WBV has been 
found to be associated with an increased risk of 
rVO at both shear rates investigated, after multi-
ple statistical adjustment. this allows us to state 
that blood viscosity plays a relevant role in the 
pathogenesis of  rVO. Indeed, haemorheology in 
rVO seems important particularly because altered 
blood fluidity could lead to further decreased flow, 
initiating and/or causing progression of  vessel wall 
alterations. 

another relevant finding of  our study is the obser-
vation that an increased erythrocyte deformability 

is significantly protective against rVO. erythrocyte 
deformability plays an important role in determin-
ing blood viscosity in the presence of  slow venous 
flow and high vascular resistance, conditions that 
are normally present in the central retinal vein at 
the level of  lamina cribrosa. Hence, an altered pat-
tern of  deformability for red cells can lead to a ve-
nous stasis and then to a reduced blood flow, by de-
termining occlusion of  retinal vessels. In our study, 
abnormalities of  DI have been found to be present 
in a high percentage of  rVO patients as compared 
to age and gender-comparable healthy subjects 
and have been observed to be significantly associ-
ated with an increased risk of  the disease. Previous 
studies investigated red cell deformability in rVO 
patients but inconclusive data were obtained [32-
34]. this can be ascribed to the different methods 
used for the measurement of  such parameter.

at variance with previous studies, conversely, 
we did not find a significant association between 
plasma viscosity and rVO [34, 35, 37]. this con-
flicting result can be explained by the differences 
among these studies in terms of  study populations, 
methods of  measurements as well as control popu-
lations and main cardiovascular risk factors.

Notably, however, the results obtained in our 
study can be helpful for the clinical management 
of  rVO patients. Up to now, no established treat-
ment for rVO is available. the increasing role of 
hypercoagulability in these patients supports the 
role of  antithrombotic drugs, but medical manage-
ment of  patients with rVO consists primarily on 
the treatment of  the underlying systemic diseases. 
the presence of  an altered haemorheological pro-
file, on the other hand, can give to physicians a fur-
ther therapeutic option for the treatment of  rVO 
patients. currently, some reports indicating a pos-
sible beneficial role of  haemodilution therapy in 
the management of  rVO have been reported, but 
data are limited [32, 38]. Moreover, a beneficial ef-
fect of  treatment with pentoxyfilline, a therapeu-
tic agent able to determine a significant improve-
ment of  perfusion to occluded vessels, as well as 
of  haemorheology, has been proposed in rVO 
patients by hypothesizing a relevant role for pro-
haemorheological agents in the clinical manage-
ment of  this occlusive disease, but data supporting 
this approach are lacking [39].

to date, statins and antiplatelet drugs have been 
reported to significantly influence haemorheologi-
cal profile [40, 41] and, interestingly, a recent report 
showed a role for platelet activation in the patho-
genesis of  rVO [42]. thus, the results of  our study 
likely suggest a possible usefulness of  the approach 
with these drugs to rVO patients. this is also in 
line with a recent meta-analysis of  studies evalu-
ating thrombophilia in rVO, which suggests that 
these patients have a risk profile of  “arterial” more 
than of  “venous” type [43].

In conclusion, recent literature and our findings 
point to a possible approach to rVO with haemodi-
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lution, statins and antiplatelet drugs. randomized 
controlled trials are needed to confirm usefulness 
of  such treatment in these patients.

Finally, we documented a marked alteration of 
haemorheological variables and the role of  NOS3 
gene -786t > c and 894G > t polymorphisms 
in influencing the haemorheologic profile in SSc 
patients. We found haemorheological alterations 
not only in dcSSc and in the presence of  cuta-
neous ulcers, but also in lcSSc in the absence of 
cutaneous ulcers. this result may indicate that 
the haemorheologic status is involved in SSc “per 
se”,  independently of  clinical manifestations. 
Our results confirm the effect of  two NOS3 poly-
morphisms in modulating the rheologic pheno-
type and, in particular, the erythrocyte deform-
ability also in SSc patients. Indeed, these results 
highlight a possible mechanism by which a poten-
tial reduced availability of  NO, related to NOS3 
-786t > c and 894G > t polymorphisms, might 
influence the predisposition to SSc. actually, we 
demonstrated that an altered haemorheologic 
profile represents an independent risk factor for 
SSc, as described in ISSHL and rVO, two other 
clinical conditions in which a microcirculatory 
alteration is involved. thus, it could be hypoth-
esized that these polymorphisms might modulate 
susceptibility to the disease by influencing the 
haemorheologic profile in addition to their influ-
ence on vascular biology. the effect of  the NOS3 
polymorphisms on the haemorheologic environ-
ment, related to potentially reduced NO levels, 
might be supported by our observation of  a high-
er percentage of  altered haemorheologic param-
eters in healthy subjects carrying the NOS3 894t 
rare allele.

Previous studies involving a limited number of 
patients indicated rheologic disorders related to 
erythrocyte aggregation and PLV in SSc [44, 45]. 
this is the first study to evaluate all rheologic pa-
rameters, such as PLV, WBV and DI; their altera-
tion may be involved in the modification of  the mi-
crovascular district found in SSc. 

the pathogenetic mechanism of  SSc are not yet 
completely defined. However, we know that im-
paired endothelial production of  NO is involved in 
the breakdown of  vascular tone control and vessel 
patency.

to date, there is evidence for impaired NO pro-
duction as a potential result of  the 894G > t poly-
morphism in exon 7 and of  the -786t > c poly-
morphism, which reduces the promoter activity by 
~ 50%, thereby lending experimental support for 
the notion of  a physiologic role of  this SNP. Data 
from experimental studies demonstrated that ho-
mozygosity for the rare variant of  the -786t > c 
polymorphism in the promoter region of  the NOS3 
gene is associated with a deficit of  eNOS expres-
sion in human endothelial cells exposed to laminar 
shear stress, as well as with a reduced NO-medi-
ated vasomotor function [46]. Interestingly, a re-

cent report by Sandrim et al. [47] suggested that 
there is a genetic contribution of  NOS3 haplotype 
to the development of  endothelial dysfunction in 
hypertensive patients, and thus this contribution 
is obscured when specific NOS3 genotypes alone 
are considered. Similarly, we demonstrated that the 
NOS3 -786c/894t haplotype significantly affected 
the rheologic parameters in SSc, thus supporting 
the hypothesis that studies based on haplotypes 
may provide more reliable information than SNP-
based studies.

Our results, which confirm that NOS3 polymor-
phisms represent a susceptibility factor for SSc [48], 
are concordant with those of  Metzger et al. [49], 
who reported an association between NOS3 gene 
haplotype and lower circulating nitrate and nitrite 
concentrations. In contrast, the results of  our study 
are not concordant with those of  other studies that 
did not demonstrate the association between NOS3 
polymorphisms and SSc [50, 51]. these conflicting 
findings might be a result of  the interethnic differ-
ences in the distribution of  genetic polymorphisms 
[52], thus explaining the different clinical signifi-
cance in each ethnic group from a different genetic 
background. at present, the number of  candidate 
genes analyzed is really limited for revealing the 
complex nature of  this disease and its heterogene-
ous phenotype. 

Nonetheless, the results of  this study confirm 
that also in SSc patients a potential reduction in 
NO availability related to NOS3 polymorphisms 
may modulate erythrocyte deformability, thus 
contributing to endothelial injury with the same 
pathophysiological mechanism above discussed for 
ISSHL patients.

In the present study, in addition to erythrocyte 
involvement, we observed an increased PLV in SSc 
patients. this datum is attributable not only to in-
creased fibrinogen levels, but also to the increase 
of  other plasma components, such as albumin and 
immunoglobulins [53]. Since ccB therapy has 
been reported to modulate rheologic parameters in 
hypertension, we investigated the rheologic profile 
in 20 additional SSc patients not receiving ccB 
therapy. actually, an altered rheolgic profile has 
been observed in SSc patients independently of 
ccB therapy, possibly suggesting that the micro-
circulatory alteration is more relevant to rheologic 
parameters than the benefit derived from ccB 
therapy.

this study has two main limitations. First, 
apart from the -786t > c polymorphism, which 
is known to suppress NOS3 gene transcription, 
thus lending experimental support to its physi-
ologic role, the effects of  the 894G > t and 4a/4b 
polymorphisms remain at present a matter of 
debate. actually, the 894G > t polymorphism in 
exon 7 results in a conservative amino acid sub-
stitution and could affect eNOS activity, but the 
initial suggestion that the 894t variant is more 
susceptible to proteolytic cleavage [54] might be 
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attributed to experimental conditions. Finally, a 
functional role for the 4a/4b polymorphism in in-
tron 4 has not been demonstrated, even though 
it has been reported to be associated with altered 
plasma NO levels [55] and responsible for varia-
tions in the genetic control of  plasma nitrite and 
nitrate levels [56].

the second limitation lies in the lack of  stud-
ies about the possible benefit of  therapy with NO 
donors in SSc patients. these experimental data 
might shed light on the potential link between the 
NOS3 genotypes and the rheologic parameters, 
thus substantiating the relevance of  our results.

Our findings document an altered rheologic pro-
file in SSc patients and demonstrate that this al-
teration is modulated by NOS3 polymorphisms. 
this seems to shed light on a novel mechanism that 
might influence the microcirculation in SSc and 
allows us to comprehend how disease genotypes 
associated with the basic biology become clinical 
phenotypes. these findings suggest further inves-

tigation of  the molecular mechanism by which the 
NOS3 gene is involved in the modulation of  the 
rheologic profile. elucidation of  additional inter-
actions mediated by NOS3 polymorphisms might 
offer exciting opportunities for future investiga-
tions and new therapeutic possibilities.

In conclusion, the results of  our investigations 
suggest that alterations in haemorheological vari-
ables, either determined by genetic susceptibility 
or not, can be involved in the pathophysiological 
mechanism of  some clinical disorders in which a 
disturb of  the microvascular district is invoked and 
can be the target of  new possible therapeutic strat-
egies. However, prospective studies are needed to 
strengthen our findings in patients with microvas-
cular disorders. 
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INTRODUCTION
the blood can be considered a tissue consisting of 

liquid plasma and cells (i.e., red blood cells, white blood 
cells and platelets). From a rheological point of view, it 
can be considered a suspension of interacting deform-
able particles of different shapes and dimensions in 
a suspending liquid (generally assumed Newtonian). 
the blood is characterised by a viscoelastic behaviour, 
mainly due to the properties of the suspended parti-
cles. traditionally, also for some experimental diffi-
culties, only its liquid-like component is characterised 
yielding the viscosity as the only measured rheological 
parameter.

Differences between healthy and uremic individuals 
patients are generally overlooked also in the design and 
testing of medical. However, some pathologies and 
drug or extracorporeal treatments may affect the blood 
rheology by changing either its liquid (e.g., protein, fat 
or salt concentrations) or solid (e.g., cell deformability, 
shape, dimension, etc.) component, or both. In some 
cases, the cell properties have been characterised with 

empirical instruments or complex techniques [1] often 
requiring sample dilution that might strongly affect the 
final measurement.

Fundamental rheological tests, already used in 
other fields for the characterisation of suspensions, 
might be effectively used for the blood to character-
ise properties related to its microstructure.

Fundamental tests are performed under well known 
kinematic conditions: either a deformation field is ap-
plied and the corresponding stress field is measured, 
or a stress field is applied and the induced deforma-
tion is measured [2]. However, the fundamental tests 
commonly used for the characterisation of viscoelas-
tic materials (and consisting in small amplitude oscil-
lations) were not proven sensitive enough for blood 
characterisation, possibly as an effect of the simulta-
neous evaluation of the liquid-like and the solid-like 
components, the former being greater than the latter.

these considerations suggest that transient tests 
might be a feasible alternative capable to roughly sep-
arate the blood liquid-like from its solid-like rheologi-
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Summary. the blood is a viscoelastic material often studied as a Newtonian or non-linear liquid. 
Some pathologies and extracorporeal blood treatment processes may affect both the liquid and solid 
blood component. an adequate rheological technique, able to detect these alterations, may provide 
clinicians with an important diagnostic aid. creep tests consisting in the application of a constant 
stress are very promising because they may roughly separate the liquid-like (i.e., at long response 
times) from the solid-like (i.e., at short response times) component of the blood rheological behav-
iour. In this paper, some preliminary results obtained in creep tests on healthy and uremic individu-
als are reported showing the potentiality of this technique.

Key words: blood, creep, elasticity, renal pathology.
 
Riassunto (L’influenza di alcune patologie renali sul comportamento reologico del sangue). Il sangue 
è un materiale viscoelastico spesso studiato come un liquido Newtoniano o al massimo non lineare. 
alcune patologie e trattamenti farmacologici o extracorporei del sangue possono alterarne sia la 
componente solida che quella liquida. tecniche reologiche adeguate in grado di individuare que-
ste alterazioni potrebbero costituire un importante strumento diagnostico a disposizione del clini-
co. tra le varie possibili tecniche il creep, che consiste nell’applicazione al campione di uno sforzo 
costante, sembra estremamente promettente grazie alla sua capacità di separare, seppur in modo 
approssimativo, la componente solida del comportamento reologico del sangue, valutata a tempi 
brevi di risposta, da quella liquida, valutata a tempi lunghi. In questo lavoro sono riportati i risultati 
preliminari ottenuti nello studio di campioni di sangue da individui sani e con patologie renali, con 
l’obiettivo di dimostrare le potenzialità di questa tecnica. 

Parole chiave: sangue, creep, elasticità, patologie renali. 
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cal behaviour. It is known that if the observation or 
process characteristic time is lower than the material 
relaxation time (i.e., the Deborah number is De > 1), 
a solid-like response is observed, whilst if it is greater 
(i.e., De < 1), a liquid-like behaviour is observed [2, 
3]. among other transient tests, creep tests in which 
a step stress of known amplitude is applied for a 
definite time, is very promising because weakly struc-
tured systems seem more sensitive to stress than to 
strain challenges. It is also worth to remind that low 
stress creep tests should cause a minimal damage to 
the material structure, and the measured parameters 
could be directly related to the material properties 
and should not depend on the deformation history.

In this paper, some preliminary results obtained in 
the course of creep tests performed at low stress on 
blood from healthy and diseased individuals are re-
ported to validate creep for blood rheological char-
acterization.

RHEOLOGICAL ANALYSIS
creep tests are based on the application of a sudden 

constant stress (τ0) to the sample and on the measure-
ment of the induced deformation (γ). experimental 
results are usually expressed in terms of the material 
compliance J(t), i.e., the strain-to-stress ratio, as fol-
lows [2, 3]:

           γ (t)
 J(t)= ––– (1)
          τ0

a typical plot of the time varying compliance of a 
viscoelastic material is shown in Figures 1a, 1b. It is 
possible to identify the following three regions [4]:

-  the instantaneous elastic compliance at time zero, 
related to the pure elastic behaviour (often negli-
gible or difficult to measure experimentally);

-  the delayed elastic compliance, caused by the vis-
coelastic effects;

-  the long-term viscous compliance, mainly related 
to the pure liquid behaviour.

creep data have been analysed according to differ-
ent techniques. the most common approach uses a 
mechanical model consisting of a Maxwell element 
in series with one or more Kelvin-Voigt elements [4]. 
this model features many fitting parameters poorly 
related to the material structure. 

In this paper, starting from a pioneering work [5], a 
rather novel approach to creep analysis was used that 
is based on the identification of two different regions:

-  a region at long response times, where the blood ex-
hibits a liquid-like behavior. In this region, the recip-
rocal slope of the compliance vs time curve can be 
interpreted as its viscosity at the applied stress;

-  a region at short response times, where the vis-
coelastic behaviour is dominant. the hysteresis 
area between the extrapolated behaviour at long 
response times and the actual blood behaviour 
provides a measure of the total blood elasticity 
(Figure 2). a cell specific elasticity can be esti-
mated as the ratio between the hysteresis area in 
a differential time interval, A(t, t+dt), and the 
total hysteresis area.

this approach yields two parameters strictly relat-
ed to the specific material properties (i.e., viscosity 
and cell specific elasticity), and can be very useful 
for a true material characterization. experimental 
viscosities estimated at the applied stress were relat-
ed to the haematocrit according to the model pro-
posed by Dintenfass, as follows [6]:

 ηr = (1-kTC)–2.5 (2)

where: C is the red blood cell (rBc) concentra-
tion, k is the rBc packing density, kC represents 
the effective rBc volume, T is the taylor factor (re-
lated to the apparent rBc internal viscosity to the 
plasma viscosity ratio), and ηr is the dimensionless 
viscosity of the blood relative to plasma:

        ηblood
 ηr = ––––––––– (3)
       ηplasma

In the course of pure viscosity measurements, all 
these parameters depend on the actual shear rate (or 
stress) that is applied. In this work, the viscosity was 
always evaluated at the same 0.09 Pa stress. Plasma 

time

time

Fig. 1 | Scheme of creep test operation: a) the applied stress; b) 
a typical deformation induced in a viscoelastic material.

A

B
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viscosity, assumed constant with the shear rate, was 
evaluated according to a literature correlation as a 
function of the actual blood cholesterol (Chol), fi-
brinogen (Fib), trygliceride (Tg), and high density 
cholesterol (HDL) concentration by means of the 
fitting coefficients a, b, c, d, and e, as follows [7]:

 ηplasma = a + b · Chol + c · Fib + d · Tg + e · HDL (4)

the plasma viscosity estimated according to equa-
tion 4 ranged between 1.47 mPa·s and 1.51 mPa·s, in 
good agreement with literature values [6, 8]. cell con-
centration, C, is usually replaced with the haematocrit, 
Hct. kT is a sort of cell rigidity that, in this work, was 
used as a fitting parameter. Its value was reported to be 
about 0.9 for healthy individuals [6].

MATERIALS AND METHODS
Blood samples were collected with eDta (0.5 µl/

ml blood) from healthy individuals and from patients 
with renal insufficiency (rI), nephrotic syndrome 
(NS) or subjected to kidney transplantation (tx). 
tests were performed on blood donated by three 
individuals of  each sex in each group. Haematocrit 
and some information on the pathology and drug 
treatment of  the donors is reported in Table 1. the 
investigated transplant patients were immune sup-
pressed with different doses of  either tacrolimus or 
cyclosporine. the extent of  renal damage of  the 
investigated rI patients was characterised in terms 
of  the patients’ plasma creatinine concentration, 
CL, where 1 < CL < 3 suggests minimal damage 
and CL > 3 an extensive damage. creep tests were 
performed on a rheometrics DSr200 controlled 
stress rheometer equipped with parallel plates (ϕ 
= 40 mm) and a Peltier temperature control sys-
tem. tests were performed at 37 °c, a 1.5 ± 0.1 mm 

constant gap for up to 1000 s at 0.09 Pa, the lowest 
stress permitted by the instrument to minimize the 
damages to the blood. a few tests were performed 
at a 9 Pa stress to evaluate the damage to the blood 
structure caused by higher stresses. Water loss 
from the sample was minimized by using a cell cov-
er supplied by rheometrics. Direct inspection of 
the blood sample at the end of  each test confirmed 
that no significant alteration had occurred during 
the test. experiments were performed in triplicates 
on each sample. the blood samples were also ana-
lysed by optical microscopy at 1000x magnification 
(OPtecH Biostar B4, Germany) after coloration 
with the May-Grunwald Giemsa reactant, to study 
the cell morphology immediately before and after 
each the rheological test. the biochemistry of  all 
samples was characterised as routinely done in the 
clinics.

RESULTS AND DISCUSSION
the typical compliance vs time curve that was ob-

tained for blood at low stress is shown in Figure 3. 

Table 1 | Information on patients’ identity, haematocrit 
(normal values reported under the column title) and sex  
of healthy individuals

Donor ID Haematocrit (%)
(Female 36-46; Male 41-53)

Sex

GF 45.3 M
FR 46.3 M
PG 46.9 M
AF 33.4 F
EF 37.4 F
PF 42.0 F

t

J(t)

t+dt

Total Elasticity

A(t,t+dt) Viscosity

t

Fig. 2 | Typical compliance vs time 
curve obtained in the course of a creep 
test: the analysis proposed in this pa-
per characterizes the blood behaviour 
in terms of viscosity (at long response 
times) and total elasticity (at short 
response times).
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Figure 3 shows also that these curves were highly 
reproducible for healthy individuals of either sex. 
the difference observed for individuals of differ-
ent sex is likely caused by the different haematocrit, 
as shown in Table 1. In fact, compliance is a bulk 
property that is affected by both the single particle 
property (e.g., its morphology, rigidity, etc.) and the 
particle concentration. Similar curves were obtained 
with the blood of the other investigated individu-
als. the standard deviation of each experimental 
compliance point typically averaged 10%, and never 
exceeded 15%.

Figures 4a, 4b show that creep tests performed at 
low stress did not cause observable damages to the 
tested blood. Hence, the measured properties may 
be expected to provide information on the actual 
blood structure. Figures 4a, 4c show that creep tests 
at a 9 Pa stress damaged and fragmented many cells 
in the blood sample, opposite to that observed at a 
stress two orders of magnitude lower. 

the measured relative viscosity of  the blood of 
healthy individuals was in good agreement with those 
reported in literature and with the predictions of 
equation 2. consistently, the kT parameter was esti-
mated to be 0.904±0.018 in good agreement with the 

0.9 value reported for healthy individuals [6]. the agree-
ment of the relative viscosity of the blood of diseased 
individuals with those predicted by equation 2 was not 
as good as for healthy individuals. In fact, equation 2 
consistently overpredicted the relative viscosity. this is 
particularly true for tx and NS patients, as shown in 
Figures 5 and 6, where relative viscosity is reported as 
haematocrit function in a linear scale. Possibly, this is 
to be blamed on effect of the pathology on both the 
humoral and the cellular blood component, viscosity 
depending on the blood composition rather than on 
the cell properties only. However, no clear trend was 
observed.

the total blood elasticity of healthy individuals, 
estimated as the total hysteresis area, decreased with 
the haematocrit, although the paucity of available 
data did not permit to establish a clear statistical 
trend. this suggests that the blood deformability de-
creases as the haematocrit increases, as was expected 
higher particle concentrations causing an enhance-
ment of the solid-like behaviour of the blood.

Specific information on the cell properties, rather 
than on the blood as a whole, were obtained by nor-
malizing the hysteresis area in a differential time in-
terval, A(t,t+Dt), over the total hysteresis area to 

1.106

1.105

1.104

1.103

1.102

10

1
0 200 400 600 800 1000

Time (s)

J 
(1

/P
a)

Fig. 3 | Compliance vs time curves ob-
tained for healthy individuals: female, 
open symbols; male, closed symbols.

Fig. 4 | Microscopic take of blood from a healthy female individual, 1000x magnification: a) before the creep test, b) after a creep test 
stress at 0.09 Pa; c) after a creep test at 9 Pa.
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give a specific elasticity. Practically identical curves 
were obtained for all healthy individuals independ-
ent of their sex. this result suggests that the specific 
elasticity does not depend on the haematocrit and 
provides intensive information on the cell properties 
that do not change with sex, as was expected. 

Figures 7a, 7b show that the specific elasticity of 

the blood of transplant patients is not significantly 
different from that of the controls. Table 2 shows 
that these patients were given either one of two dif-
ferent immunosuppressive drugs (i.e., tacrolimus or 
cyclosporine), which have been reported to have dif-
ferent effects on the blood cells. In fact, tacrolimus 
was reported to deteriorate the rheological prop-
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1.5
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MTB
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30 35 40 45 50
Ht (%)

Fig. 5 | Relative viscosity of the  
blood of kidney transplantation (TX) 
patients as a function of the haemat-
ocrit: experimental values for female 
(open symbols) and male (full sym-
bols) patients; best-fit predictions 
from equation 2 (line).
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Fig. 6 | Relative viscosity of the blood 
of nephrotic syndrome (NS) patients 
as a function of the haematocrit: ex-
perimental values for female (open 
symbols) and male (full symbols) pa-
tients; best-fit predictions from equa-
tion 2 (line).

Table 2 | Information on patients’ identity, haematocrit (normal values reported under the column title) drug treatment, and 
sex of patients with kidney transplantation

Donor ID Haematocrit (%)
(Female 36-46; Male 41-53)

Drug treatment Drug daily amount per 
bodyweight (mg/d/kgBW) Sex

GP 37.6 Tacrolimus High M
OG 39.1 Tacrolimus Low M
AA 38.7 Cyclosporine High M
IL 31.0 Cyclosporine Low F
RA 38.6 Tacrolimus Low F
MTB 36.2 Cyclosporine High F
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erties of rBcs by negatively affecting both their 
aggregability and deformability [1]. cyclosporine 
was reported to reduce rBc deformability but to 

increase their aggregability causing an enhanced 
solid-like behaviour [1]. Figure 7b shows that only 
in the case of  the male patient taking the highest 
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Fig. 7 | Experimental specific elastic-
ity vs time curves for kidney trans-
plantation (Tx) patients:
a) female; b) male.
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dose of tacrolimus (i.e., GP) the specific elasticity 
was consistently lower than the controls over the 
first 200 s of testing. Sub-toxic drug doses and the 
opposed effect of cyclosporine on cell aggregability 
and deformability might have caused minimal dif-
ferences from the controls in the other investigated 
patients. 

Haematocrit values and sample ID for NS patient 
were reported in Table 3; Figures 8a, 8b show that 
the specific elasticity of the blood of the NS patients 
was also generally very close to that of the controls. 
Only in the case of the two patients (i.e., SDF and 
Pa) with Lupus erythematosus the specific elastic-
ity was significantly and consistently lower than the 
controls. 

Figures 9a, 9b show that the specific elasticity 
of  the blood of  rI patients with slightly elevated 

creatinine clearance (reported in Table 4) was only 
slightly lower than that of  the controls. In the case 
of  rI patients with an elevated creatinine clearance 
(Table 4) the specific elasticity was consistently 
lower than that of  the controls over the first 200 s 
of  testing. these results suggest that the observed 
reduction might be correlated to the extent of  the 
renal damage.

In all the cases in which a reduced specific elastic-
ity was observed, the difference with respect to the 
controls was consistently more evident within the 
first 50 s from the stress application. It is also worth 
noticing that the estimated blood viscosity of these 
patients was not far from that of the controls sug-
gesting that, at least in these cases, the measurement 
of the specific elasticity was a more sensitive marker 
of the blood alterations caused by the pathology.

CONCLUSIONS
the results reported in this paper suggest that 

creep tests might be useful for the diagnostic moni-
toring of renal pathologies and provides support for 
further research. In fact, creep tests may be quickly 
performed and yield in one shot reliable measure-
ments of both the liquid-like (i.e., the viscosity) and 
the solid-like (i.e., the elasticity) component of the 
blood rheological behaviour.

Viscosity measurements provide information only on 
massive alterations to both the humoral and the cellu-
lar blood components but are not sensitive to patho-
logical alterations to the blood cell properties only. 
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Fig. 9 | Experimental specific elasticity 
vs time curves for renal  insufficiency 
(RI) patients: a) female; b) male.

Table 3 | Information on patients’ identity, haematocrit 
(normal values reported under the column title) and sex of 
patients with nephrotic syndrome

Donor ID Haematocrit (%)
(Female 36-46; Male 41-53)

Sex

SM 39.8 M
MR 41.2 M
SDF 42.7 M
AM 41.8 F
AF1 37.7 F
PA 42.5 F
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the specific elasticity obtained from low stress 
creep tests as the ratio between the hysteresis area in a 
differential time interval and the total hysteresis area 

may provide information on the blood cell prop-
erties (e.g., their deformability and aggregability) 
independent of  the actual cell volume fraction (i.e., 
the haematocrit), as was shown for healthy individ-
uals. the tests on blood from rI patients suggest 
that the specific elasticity might even be related to 
the progression of  the renal damage caused by the 
pathology.

Work is under way to seek for possible correlations 
between the specific elasticity and markers of the ex-
tent of the renal damage for different renal patholo-
gies in the attempt to validating the use of creep tests 
as a diagnostic tool.

Submitted on invitation.
Accepted on 3 april 2007.

Table 4 | Information on patients’ identity, haematocrit (nor-
mal values reported under the column title), plasma creatinine 
concentration, and sex of patients with renal insufficiency

Donor ID Haematocrit (%)
(Female 36-46; Male 41-53 )

Creatinine conc
(mg/dL) Sex

AO 34.8 1<CL<3 M
PC 37.6 CL>3 M

PB 33.8 CL>3 M

BG 40.8 1<CL<3 F
LA 40.8 1<CL<3 F
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Summary. the maintenance of erythrocyte shape and membrane integrity is bound to the modifica-
tion of deformability and/or permeability. Usually, this features are not investigated with normal 
laboratory tests. the membrane stiffness, the cell geometry, and the viscoelasticity components are 
influencing factors on survival and functionality of the erythrocytes. Only few studies have analyzed 
the viscoelastic characteristics of  red blood cells, even less are the studies on patients affected by 
sickle cell disease (ScD), a pathology characterized by acute and chronic impairment of cell flex-
ibility due to the formation of intracellular sickle haemoglobin (Hb S) polymers. a critical point 
of ScD is represented by the rheologic alterations of sickle cells determined by the transition from  
sol to gel of haemoglobin producing a dramatic change in cell viscosity and viscoelastic properties. 
We have investigated the behaviour of the blood in ScD, from an original rheological point of view, 
by evaluating the viscoelastic properties of sickle cells  in oscillating harmonic sinusoidal mode. a 
comparison between patients with different severity of the disease, with transfusion dependence 
(tD) or without transfusion dependence (NtD), has been carried out. this study has confirmed 
the rheologic impairment of Sc blood. the tD patients showed a minor heterogeneity of rheologic 
behaviour in comparison with NtD patients, because of the normalizing effect of transfusion. the 
analysis of viscoelastic properties might be an additional useful tool for monitoring transfusional 
and pharmacological treatments.

Key words: sickle cell disease,  blood viscosity, erythrocyte deformability, blood visco-elastic  properties.

Riassunto (Anemia falciforme: aspetti emoreologici). Le alterazioni morfologiche, la modificazione 
in deformabilità e/o permeabilità dell’eritrocita a cui seguono danni di tipo emoreologico, normal-
mente non son evidenziabili con i normali test di laboratorio, e innescano una serie di reazioni a 
catena che possono determinare un danno irreversibile con conseguente sequestro da parte degli 
organi emocateretici. Non molti sono gli studi sulle caratteristiche viscoelastiche degli eritrociti, an-
cora meno sono quelli su pazienti portatori di anemia falciforme (aF), una patologia caratterizzata 
da un danno acuto e cronico della flessibilità cellulare dovuta alla formazione di polimeri intra-
cellulari di emoglobina S. Un aspetto critico della aF è rappresentato dalle alterazioni reologiche 
delle cellule falcemiche determinate dalla transizione da sol a gel dell’emoglobina accompagnata da 
un drammatico cambiamento della viscosità e delle proprietà viscoelastiche del globulo rosso. In 
questo lavoro sono stati studiati pazienti sia omozigoti per aF che portatori di doppia eterozigosi 
S/α o β - talassemia, trasfusione dipendenti (tD) e non trasfusione dipendenti (NtD), valutando 
le proprietà viscoelastiche tramite regime oscillatorio. Questo studio ha confermato la presenza di 
alterazioni reologiche nella aF. I pazienti tD, essendo normalizzati dall’effetto della trasfusione, 
hanno mostrato una minore eterogeneità rispetto ai pazienti NtD. La valutazione in regime oscil-
latorio delle proprietà viscoelastiche potrebbe essere un ulteriore utile strumento che permette di 
monitorare trattamenti trasfusionali e farmacologici.

Parole chiave: anemia falciforme, emoreologia, deformabilità dei globuli rossi, proprietà viscoelastiche del sangue.

Sickle cell anemia: haemorheological aspects
Maria Cristina Martorana(a), Giorgio Mojoli(b), Paolo Cianciulli(c), Anna Tarzia(d), Emilio Mannella(a) 
and Patrizia Caprari(d)

(a)Centro Aziendale Produzione Emocomponenti (CAPE), Azienda Ospedaliera San Camillo-Forlanini, Rome, Italy
(b)Rheology Application Specialist, Miane, Treviso, Italy 
(c)Day Hospital Talassemici,  S. Eugenio Hospital, Rome, Italy
(d)Dipartimento di Ematologia, Oncologia e Medicina Molecolare, Istituto Superiore di Sanità, Rome, Italy

INTRODUCTION
“the history of our understanding of sickle cell 

disease can be likened to the opening of the prover-
bial russian egg: at once another egg appears with-

in, and inside that another and yet another and so 
on. thus, in the study of sickle cell disease, first we 
see the ailing and anemic patient, then his deoxygen-
ated, sickling red cell, then its abnormal haemoglob-
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in, and  finally, hidden away inside the beta chain of 
the molecule, a single displaced amino acid” [1].

Oral history passed down through african gen-
erations told of an inherited illness with episodes 
of sudden onset bone pains and of many infantile 
deaths. the earliest known medical paper with the 
original name of “sickle cell disease” was published 
in 1874 by africanus Horton [2].

the scientific pathway from man to molecule be-
gins with the recognition of the clinical aspects of 
sickle cell disease (ScD) at the beginning of the 
past century. Herrick’s initial description in 1910 of 
elongated crescent-shaped cells led to a variety of 
in vitro experiments which attempted to explain this 
phenomenon.

Many later studies showed that the formation of 
sickle polymer is complex and involves multiple types 
of chemical interactions. a large body of precise 
and coherent informations has been gathered on the 
mechanisms underlying the polymerization of S he-
moglobin (Hb S). they form the cornerstone of our 
understanding of the pathogenesis of ScD [3-6].

SICKLE CELL DISEASE: 
A FOUNDER MUTATION
ScD, marked by misshapen red blood cells, is 

usually caused by a founder mutation. It fits in the 
germ-line mutations category and it is passed down 
intact over generations [7].

the Sc mutation today can be found in five differ-
ent haplotypes (Senegal, Benin, Bantu, arab-India, 
cameroon) leading to the conclusion that the muta-
tion appeared independently five times in five dif-
ferent founders in human history. their highest fre-
quency occurs in tropical areas but the  population 
migrations have ensured that they are encountered 
in most different countries [8]. 

the frequency of a founder mutation in the popu-
lation is governed by two competing forces in which 
the beneficial effects drive the frequency of the mu-
tant gene up, while the harmful effects damp down 
the frequency. the ScD is a well-known example of 
the so called balancing selection: it apparently arose 
repeatedly in regions ridden by malaria, in africa 
and the Middle east. a single copy of Sc gene helps 
the carrier to survive malarial infection (protective 
effect) while two copies produce a homozygous sick 
state with lower survival rates [7].

as a result of heterozygote advantage against ma-
laria, the inherited haemoglobin disorders are the 
commonest monogenic disease [8]. the inherited 
disorders are classified into two groups: the struc-
tural variants and the thalassaemias (thal). the first 
group results from single-amino-acid substitutions 
in α or β chains; the second group is characterized 
by abnormal globin gene function resulting in total 
absence or in quantitative reduction of α or β globin 
chain synthesis. the α- and β-thalassaemias are a 
heterogeneous group of haematological disorders 
with a high incidence in a wide areas extending from 

Mediterranean and african regions, the Middle 
east, the Indian sub-continent, South-east asia, 
Melanesia and Pacific Islands [8].

the distribution of the βs gene in the Old Word 
corresponds to that of falciparum malaria [9-11]. 
In the various populations of equatorial africa, the 
gene frequency ranges from 5% to more than 14%; 
it is about 4% among caribbeans, europeans, and 
North and South americans of african descendent. 
the sickle gene is also indigenous to Sicily, Greece, 
India, Saudi arabia, Israel, turkey and Iran [9-14]. 

SICKLING DISORDERS
the sickle cell picture shows the propensity of 

the red blood cells to assume a sickled configura-
tion when blood is deoxygenated, accompanied by 
the loss of potassium and water which it provides 
an inhospitable environment for the parasite of 
Plasmodium Falciparum. 

ScD pathophysiology is mediated by acute and 
chronic impairment of cell flexibility due to the for-
mation of intracellular Hb S polymers as cells are 
partially deoxygenated in the microcirculation.

the vicious circle of the erythrocyte membrane 
damage of ScD is well-known. the sickling phe-
nomenon depends on the formation of deoxyhae-
moglobin S and the transition from a sol to a gel 
is accompanied by a dramatic increase in viscosity. 
the consequent increase in intracellular haemo-
globin concentration accelerates and potentiates the 
rate of deoxygenation of the erythrocytes at which 
further polymerization can occur. this is the begin-
ning of the numerous structural and functional ab-
normalities of  sickle red blood cell [3-6, 13-16].

the clinical manifestations of ScD vary enor-
mously between and among the major genotypes 
ranging from asymptomatic subjects to patients dis-
abled by recurrent pain and chronic complications. 
typically, patients are anaemic but lead a relatively 
normal life with painful episodes. Virtually every 
organ system in the body is subject to vaso-occlu-
sion, which accounts for the characteristic acute and 
chronic multisystem failure of this disease. 

In the homozygous state (Hb SS) and in double 
heterozygous conditions (Hb S/β thalassemia), the 
presence of Hb S induces heterogeneous morbidity, 
that can be grouped in four major categories: chron-
ic haemolytic anaemia, systemic manifestations with 
increased susceptibility to infections, vaso-occlusive 
episodes or painful “crises” of varying severity and 
frequency, organ damage as consequence of multi-
ple vaso-occlusive events [15]. 

SICKLE BLOOD CELL RHEOLOGY
the whole blood viscosity is a function of both the 

number of erythrocytes and their deformability and 
of the plasma proteins. It is known that the blood 
is a non-Newtonian fluid and its viscosity is mark-
edly dependent on shear rate. the plasma has a high 



166 Maria Cristina Martorana, Giorgio Mojoli, Paolo Cianciulli, et al.

protein-mediated effects and exhibits rBc-rBc 
adhesive interactions at lower shear rates that are 
mediated by large plasma proteins (i.e. fibrinogen) 
[4-8, 17-19]. 

In ScD the viscosity is dominated by HbS gela-
tion and by the presence of dense sickle cells. as re-
ported by Ballas and Mohandas [18], a wide number 
of interrelated factors influence the micro – and 
macro – rheology of the sickle blood: plasma com-
ponents, haematocrit (Hct), the unsickling-sickling 
red cells cycles, the cellular dehydration, the erythro-
cyte deformability and mechanical fragility,vascular 
factors, α-globin genotypes and β globin aplotypes, 
the white cell populations, the haemostatic factors, 
the epistatic genes, and the environment. all the 
above-mentioned determinants together with the 
alterations of the Virchow triad on the haemostatic 
system and genetic factors [19-21] are responsible 
for aberrant interaction of sickle rBc with vascular 
endotelium and can modulate the ScD severity. 

Upon deoxygenation the viscosity of sickle blood 
rises sharply, because the polymerization of deoxy-
HbS, therefore in ScD the presence of anaemia 
with a decrease in Hct can be considered protective 
of microcirculatory flow. the increase in Hct by 
transfusion therapy, used in severe cases of ScD, 
can rise the viscosity and upset this balance result-
ing in hyperviscosity and clinical deterioration. the 
transfusion guidelines for ScD have defined the 
post-transfusional Hct value is less than 0. 35 (or 
Hb concentration of <11-12 g/dL) and sickle red 
blood cells (SS-rBcs) between 30 and 50 % [22, 
23]. Until today the management of ScD is of sup-
portive care and the red cell membrane deformabil-
ity and the hypoxia are the cardinal points of the 
pharmacodynamic research. the use of hydroxyu-
rea (HU), a rheological drug, has been proposed for 
its ability to rise the level of fetal haemoglobin (Hb 
F), increase mean cell volume and reduce neutrophil 
count. therefore, HU increases the whole cell de-
formability with a consequent better oxygen supply 
to the tissues [2, 22]. 

the viscoelastic properties of the sickle gel depend 
on both the density and rigidity of the component 
fibers. thus, rheological measurements on sickle 
gels have not only provided new insights into the 
structure of the gel but also have clear-cut implica-
tions regarding the deformability of sikle cells in 
vivo [15].

the effects of the rheological properties of the 
gel and the intrinsic behaviour of haemoglobin S, 
with or without other genetically determined abnor-
malities of the α or β chain, can be regarded as the 
proximate and most immediate cause of the vaso-
occlusive manifestations in these patients. In fact, a 
hallmark of these patients is the vaso-occlusion of 
small and sometimes large vessels that allow a high-
er morbidity and mortality, because of the involve-
ments of the vaso-occlusive formations.

Decreased deformability of sickle cells has been 
documented using a variety of techniques, includ-

ing viscosimetry, filtration, ektacytometry, and mi-
cropipete aspiration of individual cells [18-21] that 
have pointed out, respectively, an increased viscos-
ity of blood, decreased filtration rate of diluted cell 
suspension through narrow pores, decreased abil-
ity of cells to undergo deformation in shear fields, 
and increased aspiration pressures needed to induce 
entry of cells into micropipets. these studies have 
demonstrated a marked heterogeneity in the extent 
of erythrocytes rheologic abnormalities in differ-
ent ScD subjects and often in the same individual 
blood sample [18-21].

In order to study the rheological behaviour of sick-
le blood cells in ScD, a comparison between trans-
fusion dependent (tD) or no-transfusion dependent 
(NtD) patients with different severity of the disease 
was carried out by evaluating the viscoelastic prop-
erties of sickle cells  in oscillating harmonic sinusoi-
dal mode. 

MATERIALS AND METHODS
Blood samples
the blood samples were collected by venepuncture 

using plastic tubes containing 4.7 mM K3 ethylene-
diaminetetra-acetic acid (eDta K3) and processed 
within 2 hours. the samples from ScD patients (Day 
Hospital talassemici, S. eugenio Hospital, rome, 
Italy) were analyzed in triplicates and in comparison 
with samples from healthy blood donors as controls 
(periodic healthy blood donors of Donors Group 
– Italian red cross, centro aziendale Produzione 
emocomponenti – azienda Ospedaliera San camillo 
– Forlanini).

Patients
ten ScD patients (mean age 33 years) were ana-

lyzed: n. 5 subjects tD and n. 5 subjects NtD. Both 
groups included two HbSS and three HbS/β thalas-
saemia patients. Moreover, two tD patients and 
one NtD patient carried a combined 3.7 alfa globin 
gene mutation. all tD patients showed a rate of 
HbS less than 35% whereas the rate of NtD ranged 
from 66 to 68%.

the regular transfusional terapy of tD patients 
was justified by clinical severity of the disease: bone 
infarction, hepatobiliary injury, priapism, skin ul-
cers and cardiac complications. the NtD group 
showed a milder clinical picture with the exception 
of the patient n.8 that had manifested the avascular 
necrosis of the femoral head. 

Haemorheological assays
For the haemorheological assays a rotational vis-

cosimeter rV20 was used with the couette measuring 
system cV100. the coaxial cylinder sensor systems 
are known as Me 31. Shear rate and test tempera-
ture were controlled through the rheocontroller rc-
20 (HaaKe - Karsruhe, Germany). Blood samples 
were analyzed according to the recommendation of 
the International committee for Standardization in 
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Haematology (IcSH) [24]. each blood sample was 
measured at 37 °c in oscillation harmonic sinusoi-
dal mode to determine its viscoelastic properties. 
the oscillating movement allows us to investigate 
the structure of the fluid and to study its dynamic 
and mechanical behaviour.

Viscoelastic properties were analyzed by elastic 
modulus G' and viscous  modulus G''. G' represents 
the elastically stored energy in a sample subjected to 
oscillating deformation, while G'' marks the amount 
of energy which is dissipated into heat as the result 
of viscous flow. 

We used two analytical procedures to evaluate the 
rheological behaviour: strain and frequency tests. 
Strain test was used to determine the deformability 
pattern of the sample in order to analyze the linear 
viscoelastic region. the test was conducted at con-
stant ω (deformation velocity), varying the strain 
(amplitude of deformation). Frequency test was 
used to measure the dynamic and mechanical prop-
erties of the fluid which enables us to investigate its 
viscoelastic behavior under several stress conditions.

We studied the tangent of phase shift angle (tan 
delta = G''/ G') as a function of strain rate at a con-
stant value of deformation amplitude, selected on 
the previously determined linear viscoelastic range 
by strain test. the frequency test was evaluated in 
the range from 0.1 to 10 Hz. (f  = ω/2π).

For the evaluation of G' and G'' values we used the 
mathematical model known as “Power law”:

X=K*Yn

where X is the independent variable and Y is the 
dependent variable.

It is possible to associate different variables to the 
X and Y value and to calculate the related constants. 
In this way we can evaluate all the behaviours of in-
terest using only two constants instead of a large 
number of experimental data. 

the meaning of each constant  depends on the 
considered variable. 

the function is represented by a curve, the constant 
“K” is associated with the position of the curve inside 
the graph plane, and the constant “n”, with the slope 
of the curve. the calculated constants were compared 
with those obtained from healthy controls.

RESULTS 
the distribution of the viscoelastic behaviours ex-

pressed as tan delta (tg δ), G', and G'', are shown in 
Figures 1-4. 

the tg δ curves obtained by tD patients (1-5), 
NtD patients (6-10) and normal control (c) have 
been evaluated in the linear viscoelastic range from 
0.1 to 10 Hz. the tg δ curve of the normal control 
was independent from the applied strain rate, while 
the tg δ curves of both tD and NtD groups showed 
different trends. In the tD-patients 1 and 5 (Figure 
1) tg δ values were higher than control ones at 0.1 
Hz, while were comparable to control values at 10 
Hz. In the tD-patients 2, 3, 4 the slope of the tg δ 
was comparable with that of control in the explored 
frequency region (0.1-10 Hz). as concerns tD-pa-
tient 2, a particular behaviour was observed being 
tg δ  value comparable to control value at 0.1 Hz but 
increased at 10 Hz.

Similarly, the tg δ curves of the NtD patients 
(Figure 2) presented two different trends. In NtD-
patients n. 6, 8 and 10, the tg δ values were higher 
than the control ones at 0.1 Hz, while the curves of 
the NtD-patients n. 7 and 9 ran together with the 
control one. It is notewhorty that the tg δ values of 
patients n. 6 and 8 were very low at 10 Hz as com-
pared with the control ones. 

Since tg δ curves represents the G''/ G' ratio, we 
have also analised  G' and G'' separately in order to 
evaluate the relationship between elastic G' and vis-
cous G'' modulus in tD and NtD patients.
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Fig. 1 | Analysis of tangent δ (tg δ) in 
transfusion dependent SCD patients 
(1-5). 
C = control.
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as regards the tD patients (Figures 3A-B), the 
most relevant observations were a decrease in the 
constant K values in tD-patients 1, 2, and 5, while 
the tD-patients 3 and 4 reported  K values similar 
to control ones. 

the constant n values, that are associated with 
the slope of the G' and G'' curves, presented viscous 
modulus greater than elastic one (G'' > G') in the tD-
patients 2, 3 and 4, while the trend of G' and G'' was 
comparable to control in the tD-patients 1 and 5.
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Fig. 2 | Analysis of tangent δ (tg δ) 
in no-transfusion dependent SCD pa-
tients (6-10).
C = control.

Fig. 3 A-B | Analysis of G' elastic modulus and G'' viscous mod-
ulus in transfusion dependent SCD patients (1-5).
C = control; K = width constant; n = behaviour coefficient; TD 
= transfusion dependent. 

Fig. 4 A-B | Analysis of G' elastic modulus and G'' viscous mod-
ulus in no-transfusion dependent SCD patients (1-5).
C = control; K = width constant; n = behaviour coefficient; 
NTD = no-transfusion dependent.
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as regards the NtD patients (Figures 4A-B), 
the analysis of G' and G'' moduli demonstrated a 
wide heterogeneity of K values, and in particular 
a marked decrease in G'  and G'' was observed in 
NtD-patients 6, 9 and 10. about the constant n the 
viscous modulus was greater than the elastic one 
(G'' > G' ) in NtD-patients 7 and 9 by showing a 
reversal of control trend.

DISCUSSION
today, people affected by ScD have a “quality-

adjusted life-years” and it is important to study this 
complicated disease with a multidisciplinary ap-
proach. It is not yet well understood the relationship 
between the physiological and rheological aspects 
and between the drug treatments and/or transfu-
sional therapy and the rheological informations. 

the red cell membrane viscosity and deformability 
in ScD has been showed to be different from those 
of normal erythrocytes, being sickled cells poorly de-
formable and this decrease in deformability leads to 
an increase in whole blood viscosity. consequently, 
an increased impediment to flow induces an irregu-
lar erythrocyte aggregation, producing a reduction 
in oxygen saturation and resulting finally in further 
sickling of cells and vaso-occlusion in the microcir-
culation.

the measurement of viscoelasticity of the blood is 
a direct indicator of both the elastic and the viscous 
responses of the whole blood structure. the elastic 
(storage) modulus G'  represents the assessment of 
the elastic storage of energy primarily due to kinetic 
deformability of the erythrocytes while the viscous 
(loss) modulus G'' is the assessment of the rate of 
energy dissipation due to cell deformation.  

We have investigated the behaviour of the blood in 
ScD, from an original rheological point of view, by 
evaluating the viscoelastic properties of sickle cells 
in oscillating harmonic sinusoidal mode. a compar-
ison between patients with different severity of the 

disease, with tD or without NtD, has been carried 
out. 

this study has confirmed the rheologic impair-
ment of Sc blood and  has allowed to evidence 
an improvement of blood rheologic properties due 
to transfusion therapy. the tD patients showed a 
minor heterogenenity of rheologic behaviour in 
comparison with NtD patients, because of the 
normalizing effect of the transfusion. Furthermore, 
two different trends of tg δ were observed indipend-
ently by the treatment: a control-like behaviour 
and a marked slope. the evaluation of G' and G'' 
moduli has allowed to identify the different rheo-
logic abnormalities of  the patients, in particular the 
more solid-like behaviour of  NtD patients with a 
decreased deformability. In spite of  the undeniable 
damages of  the transfusional therapy [23-25], up 
to today it seems to be a treatment strategy to pre-
vent further complications of  vasoocclusive events. 
Nevertheless, some silent subclinical processes can 
be masked for the existence of  the chronic hyper-
coagulable state and in the presence of  diminished 
flow and stasis. 

the analysis of viscoelastic properties might be an 
additional useful tool in monitoring transfusional 
and pharmacological treatments and their effective-
ness by providing particular insights into the deform-
ability characteristics of sickle blood. Furthermore, 
the viscoelastic behaviour might give qualitative in-
formations about the flow behaviour of the sickle 
blood and how the erythrocyte deformability affects 
the blood flow under different conditions.
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INTRODUCTION
Therapeutic plasma exchange (TPE) is an extra-

corporeal blood purification technique able to re-
move from plasma macromolecules not removable 
by means of haemodialysis and/or to replace defi-
cient plasma factors [1]. About twenty years after 

the birth and the empirical application of TPE [2], 
authoritative studies typed the diseases in which TPE 
may be useful and looked for guidelines in indica-
tions for TPE. Four categories of diseases had been 
identified [1, 3, 4]: the first category includes the dis-
eases in which controlled trials suggested TPE as the 

Indirizzo per la corrispondenza (Address for correspondence): Marco Ballestri, Divisione e Cattedra di Nefrologia Dialisi e 
Trapianto Renale, Azienda Ospedaliero-Universitaria di Modena, Via del Pozzo 79, 41100 Modena, Italy. E-mail: ballestri.
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Plasma exchange in acute and chronic 
hyperviscosity syndrome: a rheological 

approach and guidelines study
Marco Ballestri(a), Federica Ferrari(a), Riccardo Magistroni(a), Maria Mariano(b), 

Giovanni Battista Ceccherelli(b), Giorgio Milanti(b), Marisa De Palma(b) and Alberto Albertazzi(a)
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Summary. Therapeutic plasma exchange is an extra-corporeal technique able to remove from blood 
macromolecules and/or replace deficient plasma factors. It is the treatment of choice in hyperviscos-
ity syndrome, due to the presence of quantitatively or qualitatively abnormal plasma proteins such 
as paraproteins. In spite of a general consensus on the indications to therapeutic plasma exchange 
in hyperviscosity syndrome, data or guide lines about the criteria to plan the treatment are still lack-
ing. We studied the rheological effect of plasma exchange in 20 patients with plasma hyperviscosity 
aiming to give data useful for a rational planning of the treatment. Moreover, we verified the clinical 
applicability of the estimation of plasma viscosity by means of Kawai’s equation. Plasma exchange 
decreases plasma viscosity about 20-30% for session. Only one session is required to normalize 
plasma viscosity when it is < 2.2 mPas, whereas a maximum of 3 sessions are required when it is 
> 2.2 till to 6 mPas. A fourth session is useless, especially if  the inter-session interval is < 15 days. 
By means of a polynomial equation, knowing basal-plasma viscosity and the disease of a patient, 
we can calculate the decrease of viscosity obtainable by each session of plasma exchange then the 
number of session required to normalize the viscosity. Kawai’s equation is able to evaluate plasma 
viscosity in healthy volunteers, but it is not clinically reliable in paraproteinemias. 

Key words: therapeutic apheresis, plasma viscosity, hyperviscosity syndrome, plasma exchange. 
 
Riassunto (Plasma exchange nella sindrome da iperviscosità acuta e cronica: approccio reologico e 
studio di linee guida). Il plasma exchange è una tecnica terapeutica extracorporea che consente di 
rimuovere dal sangue macromolecole lesive e/o supplementare fattori plasmatici carenti. Costituisce 
il trattamento di elezione della sindrome da iperviscosità, dovuta alla presenza nel plasma di pro-
teine quantitativamente o qualitativamente anomale. Nonostante l’ampio consenso all’impiego del 
plasma exchange nella sindrome da iperviscosità, non vi sono al momento istruzioni operative o linee 
guida per la pianificazione del trattamento. Abbiamo studiato gli effetti emoreologici del plasma 
exchange in 20 pazienti con iperviscosità plasmatica al fine di ricavare dati utili per una pianificazi-
one razionale della terapia aferetica. Abbiamo inoltre verificato l’applicabilità clinica della formula 
di Kawai per il calcolo teorico della viscosità plasmatica. Una singola seduta di plasma exchange 
riduce la viscosità plasmatica del 20-30%. Una sola seduta normalizza la viscosità plasmatica quan-
do questa è < 2.2 mPas, mentre sono necessarie 3 sedute quando la viscosità è > 2.2, fino a 6 mPas. 
Una quarta seduta non risulta utile, specie se eseguita ad un intervallo < 15 giorni. Conoscendo 
la viscosità plasmatica iniziale e la patologia del paziente, utilizzando un’equazione polinomiale, è 
possibile calcolare il decremento di viscosità per ogni seduta ed il numero di sedute necessarie per 
normalizzarla. L’equazione di Kawai non consente un calcolo attendibile della viscosità plasmatica 
nei pazienti con paraproteinemia. 

Parole chiave: aferesi terapeutica, viscosità plasmatica, sindrome da iperviscosità, plasma exchange.
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standard therapy i.e. thrombotic thrombocytopenic 
purpura or hyperviscosity; second category includes 
the diseases for which there is available evidence 
suggesting efficacy of TPE, i.e. systemic vasculitis, 
or myeloma-paraproteinemias; third category in-
cludes the disorders which have not adequately tests 
of efficacy of TPE at this time, i.e. progressive sys-
temic sclerosis or multiple sclerosis; fourth category 
includes the disease for which it’s not demonstrated 
efficacy of TPE in controlled trials, i.e. psoriasis or 
amyotrophic lateral sclerosis. Despite of a large con-
sensus on guidelines concerning the indications to 
TPE, data or guidelines about the criteria to plan 
the treatment are still lacking [4]. 

We studied the use of TPE in dysproteinemias 
which can cause different kidney lesions (i.e. cast 
nephropathy, light chain deposition disease) and/or 
plasma hyperviscosity. Acute hyperviscosity syn-
drome (HS) can occur when the normal plasma vis-
cosity (PV) of 1.4 mPas increse up to 4-5 mPas and 
it is more common in Waldenström’s macroglob-
ulinemia, than multiple myeloma or cryoglobulins 
[5]. In particular, acute HS can appear when plas-
matic IgM is > 5 gr/dL or IgG3 and monomeric 
IgA > 4-5 gr/dL or polimeric IgA > 10-11 gr/dL. 
Clinical manifestations of acute HS are due to both 
vascular occlusion and impaired haemostasis; it in-
cludes ocular, neurological and cardiovascular dys-
functions and bleeding [6]. Really, acute HS is a very 
rare event whereas we often observe patients with 
asimptomatic light or mild plasma hyperviscosity, 
2-3 mPas, due to paraproteins, high levels of immu-
noglobulins, alfaglobulin or lipids. TPE is the trat-
ment of choice of acute HS and it is however able to 
effectively and rapidly correct plasma viscosity dur-
ing the period that other therapeutic interventions 
such as chemotherapy take effect. It’s well known 
that the efficiency of TPE is different for different 
molecules and ranges from 15 to 75%; it is highest 
for IgM because of their prevalent intravascular dis-
tribution and is 4-5 fold lower for IgG because of 
their wide extravascular distribution [1, 7]. In spite 
of this, quantitative data about the rheological ef-
fect of TPE are lacking and parameters regarding 
the start, the frequency and the end point of TPE 
are usually empirically settled. 

Aims of the study were: a) to get a status-report 
of our clinical behaviour; b) to quantify the rheo-
logical efficacy of TPE; c) to give data useful in plan-
ning TPE; d) to create a model for computation the 
number of TPE-sessions required to normalizing PV 
in each patient on the basis of his basal PV and his 
disease; e) to verify the clinical applicability of the es-
timation of PV by means of Kawai’s equation (KE). 
In fact, KE could be very helpful in hospital units 
where viscometers or rheometers are unavailable.

METHODS
We studied 20 patients undergone to TPE for 

a total of 51 treatments. The mean age of the pa-

tients was 65±14 years. They were undergoing to 
TPE because of multiple myeloma (MM) 30%, 
Waldenström’s macroglobulinemia (WM) 25%, 
monoclonal gammopathy of undetermined signifi-
cance (MGUS) 5%, cryoglobulinemia (CG) 25%, 
other inflammatory disease (ID) 15% with increased 
alfa-globulins and/or polyclonal immunoglobulins, 
such as collagenopathies.

The technique of plasma exchange was: continu-
ous flow system; mean volume of exchange 40 ml/
kg/session; acid-citrate-dextrose as anticoagulant. 
Replacement solution composition: albumin 3.3%, 
Na 154 mEq/L, K 3 mEq/L, Ca 2.5 mEq/L.

We measured PV with the rheometer Hakke-
CV100 (Hakke GmbH, Karlsruhe, Germany) at 
even temperature of 37 °C and shear rate 300 s-1, ac-
cordingly with the indications of the International 
Committee for Standardization in Haematology 
standards [8]. The measures had been done pre and 
post TPE. In CG, the PV had been measured at tem-
perature of 30 °C too. 

Moreover, we estimated the rough PV pre and post 
TPE and in 30 healthy volunteers by means of the 
equation of Kawai [9, 10]: 

PV = 0.204 + (0.177×PT)

where PV is plasma viscosity expressed as mPas and 
PT are plasma proteins expressed as g/dL.

All the data concerning PV were analyzed after the 
end point of TPE program, therefore results and val-
ues of PV did not influence planning and frequency 
of the treatments.

RESULTS AND DISCUSSION
First of all, we could obtain a status-report of our 

clinical behaviour at this time. Empirically, we pre-
scribed 3 TPE for patients with MGUS, 4 for MM 
and 5 for WM. In CG and ID we tend to prescribe 
a major number of treatments, till to 7. The interval 
between the treatments was less than a week (from 1 
to 5 days) for the first 4 sessions, and usually above 
15 days for following sessions. The end point of TPE 
was empirically decided for patients with parapro-
teinemias, whereas for the other diseases, included 
CG, it was determined especially on the basis of 
laboratory and clinical signs of remission.

Figure 1 shows the rheological effects of each TPE-
session. The rheological efficiency (RE) of TPE in 
decreasing PV was major when major was basal-PV. 
By the analysis of the figure we can roughly foresee 
that the normalization of a basal-PV < 2.2 mPas re-
quires only one TPE-session; whereas, the required 
sessions are almost 2 when basal-PV is > 2.2 till 
up to 6 mPas. Nevertheless, it must be considered 
that the RE of each session is varying during a TPE 
program. In fact, the RE tended to progressively 
decrease in relation to the progressive decrease of 
PV. Really, as shown in Figure 2a, a significant fall 
of RE appeared only during the fourth consecutive 
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session of TPE. Moreover, TPE is very able to re-
move molecules, but it don’t stop their production 
and PV could tend to rise during the break between 
the sessions. Figure 2b shows the mean increasing 

of PV between consecutive sessions of TPE, due 
to redistribution and/or neo-production of plasma 
proteins and/or paraproteins. Really, PV reached 
again to the starting levels only in occasion of the 
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Fig. 1 | Rheological effects of each therapeutic plasma exchange session. Higher is basal plasma viscosity therefore grater is the decrease 
of viscosity post apheresis. A single one session of plasma exchange normalizes plasma viscosity when it is < 2.2 mPas. Whereas 2 ses-
sions sare required when plasma viscosity is > 2.2 till to 6 mPas.
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Fig. 2 | a) the fall in rheological efficiency of plasma exchange (DPV pre-post) was significant only during the fourth consecutive ses-
sion. It increased again after an interval ≥15 days, when plasma viscosity (PV) was increased too. Whereas, the break between the first 
four sessions was ≤ 5 days. b) mean plasma viscosity pre-plasma exchange (PrePV) during consecutive session. PrePV progressively 
decreased till to a nadir after the third session and increase again after the break ≥15 days. 
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fifth session, usually performed ≥15 days after the 
fourth. Nevertheless, we take into account that rate 
of productions can be very variable and depending 
to type and severity of the disease and to medical 
treatments such as chemotherapy. 

The study of rheological effect of the TPE-sessions 
in the different diseases confirmed the greatest efficacy 
in decreasing PV in WM (about 33 ± 0.12 %), because 
of the prevalent intravascular distribution of IgM [1]. 
The decrease was 20 ± 0.21% in MM, 17 ± 0.04 % in 
MGUS, 19 ± 0.12 % in CG and 33 ± 0.09 % in ID. 
The high rheological efficiency of TPE obtained in ID 
could be explained by the complex genesis of hyper-PV, 
probably due to synergic effect of alfa- and gamma-
globulins. On the contrary, in CG, the influence of im-
munoglobulins became evident only when we measured 
PV at temperature 30 °C, whereas at 37 °C, the hyper-
PV seemed mainly due to alfa-globulins. Nevertheless, 
because of the little number of cryoglobulinemic pa-
tients, we did not obtain the statistical significance. 

The analysis of PV-decreasing in function of ba-
sal-PV showed a polynomial relation expressed by 
the following equation (Figure 3):

DPV = (0.0531 PV Pre2) + (0.370 PV Pre) - 0,332 where 
DVP is the gradient of PV pre-post a single session of 
TPE and PV Pre is PV at the start of the session. 

The standard error of this equation is 0,1 (R2 = 0.96; 
p = 000). The error lightly increases when PV Pre is 
< 2 mPas, but in this case only one session of TPE is 
sufficient to normalize PV and no long planning is re-
quest. Testing the correlation in the different diseases, 
we could confirmed a more closely correlation only 
in the lympho-immunoproliferative disorders and we 
could be define more specific numeric coefficients to 
reduce the standard error. In particular, DPV = (0.045 
PV Pre2) + (0.4485 PV Pre) - 0.4533 for MM (R2 = 
0.99; p = 0.000); DPV = (0.0347 PV Pre2) + (0.4584 
PV Pre) - 0.4307 for WM (R2 = 0.95; p = 0.000) and 
DPV = (0.0499 PV Pre2) + (0.403 PV Pre) - 0.3949 (R2 
= 0.97; p = 0.000) for MM + WM.

KE was perfectly reliable when applied to estimate 
PV in healthy volunteers and in patients affected by 
ID (Table 1). On the contrary, it was not reliable 
in calculating PV pre-TPE in patients with parap-
roteinemias because of an evident undervaluation. 
KE was again reliable post TPE-session, that is after 
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Fig. 3 | Correlation between gradi-
ent of plasma viscosity pre and post 
apheresis (DPV) in function of basal 
plasma viscosity (PV). It’s possible 
to roughly calculate a polynomial 
relation by mean of which the DPV 
of each plasma exchange can be pre-
dicted. Then, the number of sessions 
required to normalize PV can be es-
timated. a) Curve calculated on the 
basis of the overall cases. b) Curve 
calculated on the basis of GM and 
MM patients. 
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removal of paraproteins from plasma. The absence 
of statistic significance in MM and MGUS group 
was due respectively to the high variance and to the 
small dimension of the sample. These observations 
confirm that hyperviscosity in paraproteinemias is 
due not only to the concentrations of paraproteins 
[5], but also to their abnormal shape, abnormal po-
lymerisation, and/or interaction with other plasma-
proteins. On the contrary, the increase of PV in ID is 
due to an excess of normal plasma proteins (mainly 
alfa-globulins and/or polyclonal immunoglobulins) 
and only their concentration influences PV. 

 
CONCLUSIONS
TPE is a useful technique able to rapidly correct HS 

and mainly decrease PV about 20-30% each session. 
Probably, the existing empirical approach to planning 
TPE-treatment in hyper-PV causes a little overdose 
of this therapy. Only one TPE-session is required to 
normalize PV when it is < 2.2 mPas, whereas a maxi-
mum of 2-3 session are required when it is > 2.2 till 
up to 6 mPas. In general, a fourth session is useless 
especially if the inter-session period is < 10-15 days. 

We can roughly calculate the decrease of PV obtain-
able by each TPE-session and the number of session re-
quired to normalize PV, knowing basal-PV and the dis-

ease of a patient. The polynomial equation suggested is: 
=(0.0499 PV Pre2)+(0.403 PV Pre)- 0.395. However it 
is possible to use more disease’s specific coefficients.

KE is not clinically reliable to evaluate PV in para-
proteinemias because paraproteins can influence PV 
by means of interaction mechanisms and independ-
ently by their concentrations.

Actually we are performing studies on larger popula-
tions, this effort will permit to develop a simply soft-
ware for automatic planning of TPE-treatment in HS.

Moreover, we need studies able to clarify when the 
correction of hyper-PV is indicated. Acute HS is of 
very rare occurrence, therefore light or mild chronic 
asymptomatic hyper-PV is of very frequent observa-
tion in patients with paraproteins, inflammation dis-
orders, hyper-fibrinogenemia, hyper-lipoproteinemia, 
metabolic syndrome and so on. The rule of chronic 
hyperviscosity in stimulating endothelial responses is 
probably underestimated and we cannot exclude the 
existence of a chronic HS (CHS) able to impair mi-
crocirculation and promote progression of target or-
gan-damage. Probably, TPE will not be the treatment 
of choice for CHS: it will be a new venture. 

Submitted on invitation.
Accepted on 3 April 2007.

Table 1 | Difference between plasma viscosity (PV) measured (M) and roughly calculate with Kawai’s equation (KE)

PV Pre: PV pre plasma exchange; PV Post: PV post plasma exchange; HV: healthy volunteers; MM: multiple myeloma; WG: Waldenström’s macroglobuline-
mia, MGUS; monoclonal gammopathy of undetermined significance; CG: cryoglobulinemia; ID: other inflammatory diseases. Kawai’s equation (KE).

  HV	 All	 MM	 WM	 MGUS	 CG	 ID

PV Pre M (mPas) 1.47 ± 0.10 1.96 ± 0.99 2.94 ± 1.93 2.02 ± 0.43 1.42 ± 0.20 1.47 ± 0.27 1.70 ± 0.19
 KE 1.47 ± 0.06 1.58 ± 0.30 1.93 ± 0.26 1.66 ± 0.18 1.35 ± 0.01 1.25 ± 0.15 1.74 ± 0.12
 p n.s. 0:03 n.s. 0.008 n.s. 0:02 n.s.

PV Post M (mPas)  1.21 ± 0.23 1.20 ± 0.03 1.33 ± 0.27 1.18 ± 0.24 1.09 ± 0.21 1.22 ± 0.22
 KE  1.14 ± 0.18 1.64 ± 0.28 1.15 ± 0.03 1.07 ± 0.03 1.01 ± 0.08 1.19 ± 0.08
 p  n.s. n.s. n.s. n.s. n.s. n.s.
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INTRODUCTION
In 1989, 10.1% of all blood components trans-

fused in the USa were irradiated to prevent the 
graft-versus-host disease and the percentage has 
certainly increased in more recent years [1]. Some 
experts even advocate universal irradiation of cel-
lular blood components [2]. 

the recommended dose of radiation (25 to 30 
Gy of gamma or X rays) [3] is remarkably effective 
in abrogating the t-lymphocyte proliferation, but 
also entails untoward effects. In particular, eryth-
rocytes suffer a damage, which manifests itself  as 
a decreased post-transfusion viability, an increased 
haemolysis and a leakage of potassium in the extra-
cellular space [1]. Surprisingly little data are avail-
able about the mechanism(s) that impair viability. 
One of the factors involved could be the erythrocyte 
deformability. We studied the deformability changes 

after irradiation, together with other cell properties 
and characteristics, and tried to correlate them to 
the loss of viability. In the first part of the present 
review, we will examine the data on viability and the 
possibly related parameters. In the second part, we 
will discuss the mechanism(s) underlying the loss of 
deformability after irradiation.

�IRRADIATION�
AND�RED�BLOOD�CELL�VIABILITY
the kinetics of in vivo survival of red cells, trans-

fused after a long storage in vitro, is usually com-
posed of a steep initial decrease, followed by a 
slower linear decline. It is a classic two-component 
curve, with the first component due to the rapid re-
moval of non-vital red cells from circulation, whilst 
the second is caused by progressive aging. the two 

Deformability and viability of irradiated red cells
Roberto�Reverberi(a),�Maurizio�Govoni(b)�and�Marina�Verenini(b)

(a)Servizio di Immunoematologia e Trasfusionale, Arcispedale S. Anna, Ferrara, Italy 
(b)Servizio di Immunoematologia e Medicina Trasfusionale, Ospedale Maggiore, Bologna, Italy

Summary. the irradiation of blood components with X or gamma rays is necessary to prevent the 
graft-versus-host disease, but it also provokes untoward effects. In particular, red cells are damaged 
and have a decreased in vivo recovery, an increased in vitro haemolysis, and a leakage of potassium 
in the supernatant. the results of the clinical studies show that the loss of viability progressively 
increases with the storage after irradiation. On the other hand, the storage before irradiation is 
inconsequential. the mechanism through which irradiation causes the loss of viability is unknown, 
but a critical examination of the literature and our results indicate that the erythrocyte deformability 
is the only parameter related to viability to show sufficiently precocious and important changes. We 
also tried to identify the mechanism by which irradiation influences deformability and examined, 
in particular, the changes in the mean cell volume (McV) and vesiculation. However, the temporal 
behaviour of both suggests no causal relationship.

Key words: irradiation, erythrocyte viability, erythrocyte deformability, erythrocyte filterability.
 
Riassunto (Deformabilità e vitalità di globuli rossi irradiati). L’irradiazione degli emocomponenti 
con raggi gamma o X è indispensabile per prevenire la graft-versus-host disease, ma provoca anche 
effetti collaterali. In particolare, i globuli rossi subiscono un danno che si evidenzia come diminuita 
vitalità in vivo, aumento di emolisi in vitro e rilascio di potassio nel sopranatante. I risultati degli stu-
di clinici dimostrano che la perdita di vitalità aumenta progressivamente con la conservazione dopo 
irradiazione. al contrario, la conservazione prima dell’irradiazione è ininfluente. Il meccanismo con 
il quale l’irradiazione provoca la perdita di vitalità è ignoto ma un esame critico della letteratura 
e dei nostri risultati mostra che la deformabilità eritrocitaria è l’unico parametro correlato con la 
vitalità che subisca variazioni abbastanza precoci ed importanti dopo irradiazione. Noi abbiamo 
cercato di identificare anche il meccanismo che lega l’irradiazione e la perdita di deformabilità ed, in 
particolare, abbiamo rivolto la nostra attenzione ai cambiamenti di volume corpuscolare medio dei 
globuli rossi (McV) ed alla vescicolazione. tuttavia, il comportamento nel tempo di ambedue non 
suggerisce una relazione causale.

Parole chiave: irradiazione, vitalità eritrocitaria, deformabilità eritrocitaria, filtrabilità eritrocitaria.
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components are influenced by different factors [4] 
and therefore they are (partially) independent. the 
initial component is estimated 24 h after transfusion 
(24-h recovery). the second requires measurements 
more prolonged in time (long-term survival).

the first studies on the effects of irradiation on 
red cell viability were performed during experimen-
tal research on extracorporeal irradiation of blood 
as a therapy for leukaemia [5]. the dose levels var-
ied from 350 to 2000 Gy, one or two orders of mag-
nitude greater than those used today. autologous 
blood was irradiated in the extracorporeal circula-
tion, labelled with 51cr and immediately reinfused. 
Schiffer et al. [5] noticed the two-component curve. 
the 24-h recovery correlated linearly with the dose. 
On the contrary, the relationship with long-term 
survival was exponential, with a modest variation 
up to 500 Gy and marked effects at higher doses.

the first study on stored blood was conducted 
by Button et al. [6] (Table 1). the viability of 
packed red cells or whole blood, stored 21 days 
in citrate-phosphate-dextrose (cPD) and irradiated 
before transfusion, was measured in 17 and 16 pa-

tients, respectively, and compared with non-irradi-
ated controls. the dose ranged from 50 to 200 Gy. 
the authors observed no significant difference in the 
24-h recovery, but long-term survival was impaired 
at all dose levels, although the difference was statis-
tically significant with 200 Gy only (t50: 23.2 days, 
vs 28.7 in the controls).

considering the first results, it is surprising that 
long-term survival was reported in two further stud-
ies only [7, 8]. In both cases, the dose was 25 Gy and 
survival was slightly reduced [7] or not varied [8].

Studies reporting the 24-h recovery were more nu-
merous (Table 1). In most cases, authors utilized 
volunteers who were transfused, at an appropri-
ate interval of time, with autologous irradiated or 
non-irradiated red cells. this kind of experimental 
design permits to lessen the influence of the vari-
ability between subjects and to obtain significant 
results studying just a few cases. Friedman et al. [9] 
used red cells stored in Nutricel (aS3), irradiated 
(20 Gy) on day 1 and transfused after 21 or 28 days 
of storage (6 volunteers). they observed that the 
24-h recovery was significantly decreased by irradia-

Table�1 | Summary of available data on 24-h recovery of irradiated red blood cells

Author Storage 
solution Dose (Gy)

Day of 24-h Recovery (%)
P Note

Irradiation Transfusion Irradiated Control

Button [6] CPD

50 21 21 78.0
81.2

NS
Whole blood100 21 21 84.3 NS

200 21 21 77.5 NS
50 21 21 82.6

81.7

NS

100 21 21 83.8 NS

200 21 21 78.4 NS

Friedman [9] AS3 20
1 21 82.7 90.4 ≤0.03

1 28 80.7 85 ≤0.03

Davey [10] AS1 30 0 42 68.5 78.4 <0.02

Moroff [7] AS1 25
1 28 78.5 83.7 NR

14 42 69.5 76.4 NR

Suda [12] AS1 15 0 6 90.9 91.1 NS Frozen

Mintz [13] AS1 30 0-1 35 78.0 81.8 NS

Miraglia [13] CPDA-1 35
0 5 89.7 90.6 NS Frozen

7 14 85.3 83.7 NS
Frozen-rejuvenated14 18 79.5 82.6 NS

Davey [15] AS3 25 0 42
78.9

/ 0.012
Leucoreduced

72.3 Non leucoreduced

Moroff [8] AS1 25

1 28 78.1 84.8 <0.01

14 42 68.8 76.3 <0.01
14 28 81.3 84.3 NS
26 28 80.7 82.0 NS

Valeri [14] CPDA-1 25 3-6 6-9 86.0 83.2 NS Frozen

NS = Not significant.  
NR = Not reported.
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tion (21 day storage: 82.7 vs 90.4%; 28 day storage: 
80.7 vs 85.0%), although it remained higher than 
75%. a similar study, with red cells stored in adsol 
(aS1), irradiated on day 0 (30 Gy) and transfused 
on day 42, confirmed the decreased recovery (68.5 
vs 78.4%) [10]. In 6 out of 8 irradiated blood units, 
recovery was lower than 75%, whilst that only hap-
pened in 1 case out of 8, with control red cells. these 
results were substantially confirmed by Moroff et al. 
[7], again with red cells in aS1 and a dose of 25 Gy 
(Table 1). On the contrary, Mintz and anderson 
[11], in similar conditions (red cells in aS1, 30 Gy) 
found no significant difference after 35 days of stor-
age from irradiation. 

a more complex experimental design was used by 
Moroff et al. [8], in order to verify the influence of 
storage before and after irradiation. results showed 
convincingly that storage before irradiation entailed 
no difference in viability with the controls. On the con-
trary, the more the storage after irradiation was pro-
longed, the more viability was decreased (Table 1). 

In three studies, red cells were irradiated before [12, 
13] or during [14] the frozen storage. In those experi-
ments, the dose levels ranged from 15 to 35 Gy and 
the storage after irradiation was at most 6 days. No 
difference in recovery was observed. Finally, only 
one study evaluated the effect of leucoreduction 
[15]. red cells from 7 volunteers were collected in 
aS3, irradiated on day 0 with 25 Gy and transfused 
on day 42. Half  of the blood units had been leucore-
duced by filtration before irradiation. they showed 
a slightly but significantly better recovery (78.0 vs 
72.3%).

altogether, it may be concluded that 24-h recov-
ery is impaired by irradiation and the difference 
between irradiated and control red cells increases 
as storage after irradiation is prolonged (about 2% 
per week [16]). On the other hand, storage before 
irradiation seems to be inconsequential. In the light 
of  these facts, the recommendation by Food and 
Drug administration (FDa) that red cells should 
not be stored more than 28 days after irradia-
tion seems appropriate [17]. On the contrary, the 
european guidelines [18] (and the Italian law [19]) 
appear unjustified in forbidding irradiation after 
the 14th day of  storage: data clearly show that it is 
better to irradiate the blood units after 28 days of 
storage, rather than storing up to day 28 red cells 
irradiated on day 14.

the few data on survival suggest that at the cur-
rent dose levels the effect of irradiation is minimal 
or absent. Finally, it may be noticed that all studies 
cited in Table 1 come from North america: this ex-
plains why red cells stored in SaGM, the solution 
used in europe, were not studied.

�FACTOR(S)�RESPONSIBLE�
FOR�THE�DECREASED�VIABILITY
From the above-mentioned considerations, some 

characteristics emerge, which must be possessed by 

the factor(s) responsible for the decreased viability. 
In principle, the following characteristics could be 
used to identify the factor(s): it must differ between 
irradiated and control red cells; the difference must 
increase with the dose and the length of storage after 
irradiation; however, it must not vary immediately 
after irradiation; moreover, it should presumably be 
a factor also influencing viability prescinding from 
irradiation.

Role of adenosine-triphosphate (ATP)
Bearing in mind the data accumulated on the re-

lationship between atP and erythrocyte viability 
[20], atP concentration or total adenine nucleotide 
concentration are the most plausible candidates. 
However, many studies found no significant dif-
ference between irradiated and control red cells 
[9, 15, 21-23]. Moroff et al. [8] reported that atP 
was decreased, in comparison to the controls, in 
red cells irradiated on day 14 and measured on day 
42. However, in the same study, the difference was 
not significant in blood units irradiated on day 1 
and measured on day 28. In both cases, in vivo re-
covery was significantly different. Vice versa, atP 
was significantly decreased in blood units irradiated 
on day 14 and measured on day 28, but in vivo re-
covery was not. a discrepancy between in vivo re-
covery and atP concentration, with the first one 
significantly decreased and the second not, was also 
found by Friedman et al. [9] and Davey et al. [15]. 
a decreased atP concentration, in comparison to 
controls, was described by Moore and Ledford [24] 
(40 Gy) and Leitner et al. [25] (30 Gy), after 21 days 
of storage post-irradiation; by Hillyer et al. [26] (35 
Gy) and Davey et al. [10] (30 Gy), after 42 days. 
Notwithstanding the statistical significance, Moore 
and Ledford [24] commented that the difference was 
small, similar to that encountered between different 
data sets collected in the same conditions. they sup-
posed, therefore, that it would not have been bio-
logically significant. Finally, in the three studies in 
which atP concentration was measured systemati-
cally every 7-14 days [24-26], the difference between 
irradiated and control red cells did not increase pro-
gressively in time. this last fact, and the modest var-
iation in comparison to the controls, indicates that 
atP is not the factor responsible for the impaired 
viability. 

In�vitro�haemolysis 
Irradiation causes immediate haemolysis of red 

cells, but only at much higher doses than currently 
used [27]. In those circumstances, the cell membrane 
is damaged, ions can freely diffuse across and this 
causes an osmotic lysis. at usual doses, haemolysis 
does not appear immediately after irradiation [24, 
25, 28]. During the storage post-irradiation, haemo-
lysis increases more markedly in the irradiated red 
cells than in the controls, but the difference is only 
significant after 4 [8], 5 [24, 25] or 6 weeks [10, 26]. 
In fact, we found that the irradiated samples showed 
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a greater haemolysis since the first week of storage, 
in comparison to the controls (Figure 1). However, 
haemolysis was very low in the first weeks of stor-
age and, in any case, values remained lower than 1% 
even after 5 weeks. therefore, haemolysis represents 
no more than a small percentage of the red cells that 
do not survive after 24 hours.

Osmotic resistance
In a classic study on red cell storage, osmotic re-

sistance (more exactly, haemolysis in 0.6% Nacl) 
was the parameter best correlated with the in vivo re-
covery, excepting atP concentration [29]. Osmotic 
resistance actually measures the surface/volume ra-
tio, which decreases during storage because of the 
loss of part of the cell membrane [30]. One of the 
first studies on irradiation of red cells reported sur-
prising results about the osmotic resistance: imme-
diately after irradiation there was no difference with 
the controls, but after an incubation at 37 °c for 
24 hours, osmotic resistance increased with doses 
of 500-1000 Gy and markedly decreased with 2000 
Gy [5]. the authors offered no explanation for this 
phenomenon but, 40 years later, we are able to for-
mulate a plausible conjecture: the decreased resist-
ance at the higher dose probably reflects the severe 
membrane damage also responsible for immediate 
haemolysis (see above). the increased resistance at 
lower doses is probably provoked by a less severe 
damage but sufficient to activate, during the 37 °c 
incubation, the K-cl cotransport [31]. this, on its 
part, causes dehydration and an increase in the sur-
face/volume ratio. the only other study [32] that re-
ported data on osmotic resistance, utilized a dose of 
radiation much nearer (50 Gy) to the recommended 
one. Before measurement, red cells were incubated 
at 37 °c for an hour. contrarily to the study cited 
above [5], irradiation caused a modest but signifi-

cant increase of haemolysis in 0.65% Nacl. the dif-
ference with the controls was already evident after 
a week of storage but did not increase afterwards. 
In the presence of a powerful antioxidant (tirilazad 
mesylate), haemolysis in 0.65% Nacl halved in both 
the irradiated sample and the control. autologous 
plasma (final haematocrit 42-47%) was even more 
effective (six fold reduction). authors attributed 
the erythrocyte damage by irradiation and storage 
to oxidative processes, and the protective effects of 
plasma to antioxidant properties. In conclusion, os-
motic resistance is influenced by factors not related 
to erythrocyte viability [4] and, therefore, it cannot 
be directly responsible for the loss of viability after 
irradiation.

Deformability and other rheologic parameters
a close relationship between erythrocyte deform-

ability and viability was described four decades ago 
by Haradin et al. [33]. they used a rudimentary fil-
terability technique and the measurement of viscos-
ity. However, examining their published graphs, the 
inferred relationship could be explained by the fact 
that both viability and the rheologic modifications 
are time-dependent. a more convincing demonstra-
tion was offered by card et al. [34], who studied a 
subject whose red cells lose viability at an acceler-
ated pace during storage. all haematological and 
biochemical parameters (including atP) were nor-
mal, except deformability (measured with the ekta-
cytometer), which worsened much faster than in the 
controls. there are just a few studies on the rheology 
of irradiated red cells. a Japanese group evaluated 
the elongation of erythrocytes under various shear 
stresses (deformation index) [21, 35, 36]. red cells 
in mannitol, adenine, phosphate (MaP), irradiated 
with 15 or 35 Gy of X rays, showed a lower deforma-
tion index, in comparison to controls, starting from 
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Fig.�1 | Free haemoglobin (haemoly-
sis), expressed as a percentage of the 
total haemoglobin content, after ir-
radiation with 25 Gy of gamma rays. 
Irradiation was performed on day 1. 
Data are medians of 6-12 samples. 
Error bars connect the first and the 
third quartile. (Closed circles: irradi-
ated; open squares: non irradiated)
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2-3 weeks of storage [35]. the difference in terms 
of percentage of erythrocytes not deformable at low 
shear stress (33 dyn/cm2) was even more evident. 
Similar results were obtained with gamma rays (35 
Gy) [36]. Surprisingly, with the same experimental 
apparatus, red cells irradiated with 50 Gy (X rays) 
and stored up to 4 weeks in cPD did not show any 
difference with the controls [21]. In this last study, 
the authors did not find variations of mean cell vol-
ume (McV) during storage. On the contrary, in the 
studies with MaP, McV decreased progressively 
during storage. Presumably, this happened partly 
because of the hypertonicity of MaP, and partly 
because of the potassium leakage (see below). We 
consider it probable that this kind of deformability 
measurement be mainly a function of McV. an al-
ternative explanation for the difference between the 
results with cPD and with MaP is the presence of 
plasma in the first. a study already quoted above 
showed that plasma protects the red cells against 
the oxidative damage [32]. In any case, considered 
the results with MaP, which certainly preserves the 
erythrocytes better than cPD, we may conclude 
that this deformability test is not correlated with 
viability. another kind of experimental apparatus, 
according to Barjas-castro et al. [37], measures the 
elasticity of single erythrocytes. In fact, however, it 
is based on the deformation of cells dragged along 
the direction of flow. Up to 14 days of storage in 
citrate-phosphate-dextrose-adenine-1 (cPDa-1), 
there was no difference between red cells irradiated 
with 25 Gy and controls (not even in comparison to 
day 0). the differences appeared after 21 days and 
were very marked after 28 days. Despite the opinion 
of the authors, the results leave many doubts about 
the sensitivity of this test.

We studied the deformability of leucoreduced red 
cells, irradiated with 25 Gy and stored in saline-ad-

enine-glucose-mannitol (SaGM). Our technique 
measures the filterability through 3 µm pores and 
was designed to eliminate the influence of known 
disturbing factors: the red cell suspension is free 
of leucocytes, platelets and plasma; the test is per-
formed at 37 °c in a buffer at pH 7.4 and normal 
osmolarity [38]. With our technique, we evidenced 
differences of deformability already after a week of 
storage in several anticoagulant and nutrient solu-
tions [39]. Figure 2 shows the results obtained with 
irradiated red cells and controls (the same blood 
units were divided in two aliquots). On the day after 
irradiation the differences are not evident, but they ap-
pear already after a week and increase progressively in 
time (note that the data reported in Figure 2 are loga-
rithmically transformed). Judging from the graph 
(Figure 2), irradiated red cells present deformability 
values, after a week of storage, similar to non-irradi-
ated red cells after 3 weeks. altogether, erythrocyte 
deformability, as measured by our filterability tech-
nique, has a temporal behaviour corresponding to 
what is known about viability.

�IN�WHAT�WAY�IRRADIATION�
INFLUENCES�DEFORMABILITY?
If  deformability is really the factor responsible for 

the loss of red cell viability after irradiation, it is ap-
propriate to look for the mechanism that connects 
the two. Obviously, none of the factors discussed 
above can be the missing link. In this part, we will 
examine the relationship between irradiation and 
some characteristics that may influence deform-
ability, like McV and vesciculation. Moreover, we 
will consider the leakage of potassium, which has a 
temporal behaviour much like deformability. First 
of all, however, we will discuss the primary effects 
of irradiation.
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Fig.�2 | Red cell filterability (deform-
ability) after irradiation with 25 Gy 
of gamma rays. Filterability is the 
time necessary for a 10ml volume of 
a dilute red cell suspension to pass 
through a 3µm pore filter. A higher 
value means a lower deformability. 
Raw data were logarithmically trans-
formed and expressed as percentages 
with reference to the initial sample 
(day 0). Irradiation was performed 
on day 1. Data are means of 6-12 
samples. Error bars represent 1 SD. 
(Closed circles: irradiated; open 
squares: non irradiated)
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Primary effects of radiation on red cells
Mature erythrocytes are relatively radioresistant 

in comparison to other blood cells [27] and the type 
of  damage is different: in nucleated cells, the main 
target of  radiation is DNa. therefore, leucocytes 
are exquisitely sensitive to alpha particles. Instead, 
red cells prevalently suffer an indirect damage, 
caused by water radiolysis that generates reactive 
oxygen species (rOS). For this reason, X or gam-
ma rays are more effective [40]. Further indications 
that the damage is indirect are the inverse dose-rate 
effect [41], the protection provided by freezing or 
dehydration [42] and, vice versa, the enhancement 
due to the presence of  oxygen [43]. an inverse dose-
rate effect means that it is more damaging to ad-
minister the total dose in a longer time, rather than 
in a shorter. the explanation for this paradoxical 
phenomenon just lies in the generation of  rOS: if  
rOS are produced in a low concentration, i.e. when 
the dose rate is low, they prevalently react with the 
surrounding protein or lipid molecules. In this way, 
they produce the radical chain reaction that leads 
to protein oxidation and lipid peroxidation [42]: 
e.g., up to 20 different amino acids can be damaged 
by a single rOS [44]. When the dose rate is higher, 
the concentration of  rOS is greater and they tend 
to react with each other. In this way, the propaga-
tion of  the radical chain reaction is limited and ter-
mination reactions are prevailing [41]. However, the 
relationship between total dose, dose-rate, time and 
biological effects is more complex: at the same total 
dose and dose rate, the administration in two parts, 
divided by 3.5 hours of  interval, conferred a certain 
protection: 2.4 times less haemolysis, less metHb, 
less damage to membrane lipids, but the damage to 
proteins was not changed [45]. Freezing or dehydra-
tion very effectively protect biological molecules 
from the effects of  irradiation so that, to obtain 

the same injury, doses up to 100 times higher are 
needed [42]. In these conditions, rOS cannot freely 
diffuse and the radical chain reaction is blocked. 
therefore, direct effects of  radiation prevail [42]. On 
the contrary, the presence of  oxygen enhances the 
effect of  rOS 16 times in comparison to anaerobic 
conditions [46]. the radiolysis of  water, i.e. the dis-
sociation of  its molecules, provokes the formation 
of  several rOS: hydroxyl radicals (•OH), hydrated 
electrons and hydrogen atoms [43]. In the presence 
of  air, hydrated electrons and hydrogen atoms rap-
idly react with oxygen forming peroxide radicals. 
these last ones react more slowly and are easily in-
activated in intact cells because of  the presence of 
endogenous catalase [40]. therefore, hydroxyl radi-
cals are the main responsible for the indirect effects 
of  irradiation. In anaerobic conditions, the domi-
nating process induced on red cells by radiation is 
the aggregation of  membrane proteins, caused by 
the formation of  S-S bridges. In aerobic conditions, 
oxygen suppresses the cross-linking and catalyses 
an intense protein oxidation and lipid peroxidation 
[46]. In the presence of  antioxidants, red cells are 
partially protected against lipid peroxidation and 
the decrease in the osmotic resistance [32]. However, 
the effects on potassium leakage are modest (-10% 
to -20%) [47] and data on red cell viability are lack-
ing. altogether, the primary effects of  radiation do 
not offer an immediate explanation of  the effects on 
deformability.

Red cell volume (MCV)
In the paragraph on rheologic parameters, we 

commented that some deformability tests are prob-
ably influenced by McV. Presumably, our filterabil-
ity test also is influenced by McV or, at least, this is 
a plausible explanation for the sensitivity to pH (at 
acidic pH, red cells swell) and osmolarity changes 
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Fig.�3 | Mean cell volume (MCV) of 
red cells after irradiation with 25 Gy 
of gamma rays. Irradiation was per-
formed on day 1. Data are means of 
6-12 samples. Error bars represent 1 
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(increasing the osmolarity of  the medium, the 
erythrocytes decrease their volume) [38]. Data on 
McV changes after irradiation are scanty and con-
tradictory. Brugnara and churchill [48] found that 
McV increased and mean corpuscular haemoglob-
in concentration (McHc) decreased during stor-
age, as expected [20], but there were no differences 
between irradiated and control red cells. Suzuki et 
al. used red cells in cPD, as in the experiment cited 
above, but they did not observe any change, neither 
caused by storage, nor by irradiation [21]. the same 
group, using red cells in MaP, found significant 
differences between irradiated and control red cells 
since the first week of  storage, but in these experi-
ments McV decreased and McHc increased with 
time [35, 36]. Finally, we and others [23] observed 
significant differences between irradiated and con-
trol red cells, but in our case McV increased dur-
ing storage (Figure 3). actually, the increase in the 
McV during storage is a matter of  fact [4], at least 
with the common storage solutions. However, ac-
cording to some studies [49], the swelling is revers-
ible and it masks a real decrease in the cell volume 
that appears when the erythrocytes are incubated 
at 37 °c for 24 hours in autologous plasma. these 
volume changes are blocked inhibiting the K-cl 
cotransport, but not inhibiting the Na-K pump, 
nor the Na-K-cl cotransport, nor the ca-activated 
K channel [31]. these opposite changes in the cell 
volume according to the manipulation of  the eryth-
rocytes could explain the different results reported 
above. However, in the quoted articles [35, 36] there 
is no mention of  any incubation at 37°c before the 
measurement of  the red cell indices. In any case, in 
our experiments the differences between irradiated 
and control red cells appeared no sooner than after 
two weeks (Figure 3); therefore they were not so 
early as to explain the loss of  deformability.

Vesiculation
During storage, erythrocytes lose their normal dis-

cocytic form and become echinocytes. these morpho-
logical changes are only partially reversible, because 
microvesicles are released from the extremity of the 
spicules [20]. these vesicles are rich of membrane but 
contain very little haemoglobin [50]. Since in this way 
the surface/volume ratio decreases, vesiculation could 
represent a plausible mechanism for the loss of de-
formability after irradiation. to our knowledge, there 
are no further data on this argument, apart from those 
collected by us (Figure 4). We measured the true ace-
tylcholinesterase activity in plasma, which is exclu-
sively associated with cell membranes and therefore is 
an excellent marker of vesiculation. the release of mi-
crovesicles is more pronounced in the irradiated sam-
ples, but the difference is small in comparison with the 
variability among the different subjects. Moreover, it 
appears too late (not less than 21 days) to be responsi-
ble for the loss of deformability.

Potassium leakage
the release of potassium into the supernatant is the 

only parameter we have studied to show differences 
between irradiated and control red cells as precocious 
as deformability (Figure 5). this phenomenon was 
described in the first studies on irradiation [6] and sub-
sequently confirmed by all others. However, the leak-
age of potassium is not characteristic of irradiation, 
because it also appears during the storage of non-ir-
radiated red cells. Brugnara and churchill demon-
strated that the Na-K pump is not damaged but only 
inactive, owing to the low temperature of storage [48]. 
Once incubated at 37 °c, the red cells recover intrac-
ellular potassium and at the same time the McHc. 
the difference between irradiated and control red 
cells is already evident after a week and is probably 
due to an increase of the passive permeability of the 
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Fig.� 4 | True acetylcholinesterase 
activity (vesiculation) in the super-
natant after irradiation with 25 Gy 
of gamma rays. The true acetyl-
cholinesterase activity is exclusively 
associated with cell membrane and 
therefore is an excellent marker of 
vesiculation. Irradiation was per-
formed on day 1. Data are means of 
6-12 samples. Error bars represent 1 
SD. (Closed circles: irradiated; open 
squares: non irradiated)
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membrane [48]. It is interesting to note from Figure 5 
that the difference between irradiated and control cells 
reaches a maximum early (about 7 days) and, after-
wards, it tends slowly to decrease. this behaviour was 
reported by others, too [36, 48], and clearly shows that 
potassium is not released because of haemolysis only 
(compare Figure 1 and Figure 5). Despite some simi-
larity, the curves of extracellular potassium (Figure 5) 
and deformability (Figure 2) are sufficiently different 
to suggest that there is no cause-effect relationship 
between the two. Moreover, there is no prima facie 
mechanism to link these two parameters.

CONCLUSIONS
the storage of red cells after irradiation decreases 

viability in a linear way, approximately 2% per week 
[16]. the mechanism by which irradiation influences 
viability is not clear, but deformability is the only 
known parameter related to viability that possesses 
all the characteristics of the culprit. Deformability 
is clearly impaired by irradiation but, again, we ig-
nore by what mechanism. However, what we know 
about the effects of irradiation on viability suggests 
a number of practical measures: 

-  viability is not impaired immediately after irra-
diation, therefore the best practice is to irradiate 
just before transfusion;

-  all known experimental data suggest that the ef-

fects of irradiation are not influenced by the prior 
storage of red cells. accordingly, there is no point 
in limiting the permissible storage age before ir-
radiation;

-  red cells show the inverse dose-rate effect. therefore, 
the total dose should be reached as fast as possible 
to limit the damage to red cells. In general, more 
attention should be paid to the intensity (the dura-
tion) of the irradiation, besides the total dose: e.g., 
the total dose is usually delivered in a few minutes 
using a 137ce source, but may require more than 60 
minutes with a teletherapy unit. However, to in-
crease the dose-rate further, it would be necessary 
to use a high-energy source or to replace it earlier 
than customary;

-  at the same dose, alpha particles should be more 
damaging to white cells and less to red cells, than 
gamma or X rays. Unfortunately, alpha particles 
have such a low penetration that their use in our 
context is not practical.

In any case, we need a much greater understanding 
of the mechanisms activated by the primary effects of 
radiation on red cells. It is not improbable that those 
mechanisms are the same involved in the loss of viabil-
ity after storage. If this is the case, irradiation could be 
viewed as inducing a sort of accelerated aging. 
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IntroductIon
the deformability of red blood cells (rBcs) flow-

ing in microvessels is essential to maintain optimal 
blood circulation and to allow gas transfer between 
blood and tissues, and is implicated in several physi-
opathological processes. rBc deformability has been 
the subject of a number of investigations in the lit-
erature. One of the main research directions in this 
area has been the design of flow cells somehow mim-
icking the fluidodynamic conditions experienced by 
rBcs in the microcirculation in vivo. the experimen-
tal methods so far reported in the literature include 

sedimentation velocity of centrifuged blood [1], fil-
tration through membranes with different porosity 
[2, 3], the time spent by rBcs in passing through a 
single membrane pore [4], blood viscosity as a func-
tion of the deformation velocity [5, 1], the aspiration 
of a single rBc in a micropipette [6, 7], the diffrac-
tion of rBc suspensions undergoing shear flow in 
a couette rheometer (ektacytometer) [8], the sepa-
ration between two microspheres adherent to rBc 
surface using optical tweezers [9-11]. a measurement 
associated, though indirectly, to rBc deformabil-
ity is that of blood viscosity, which depends both 

a methodology to study the deformability 
of red blood cells flowing in microcapillaries in vitro
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Summary. the deformability of red blood cells flowing in microvessels is essential to maintain op-
timal blood circulation and to allow gas transfer between blood and tissues. Here, we report on an 
experimental methodology to investigate the deformability of rBcs flowing in microcapillaries hav-
ing diameter close to the average cell size. the microcapillaries are placed in a rectangular flow cell, 
where a suspension of rBcs, properly diluted in albumin-additioned acD, is fed through a syringe 
under the action of a liquid head in the physiological range. Video microscopy images of the flowing 
rBcs are acquired at high magnification and later processed by an automated image analysis macro. 
It was found that rBcs from healthy donors exhibit the classical parachute shape observed in vivo. 
Furthermore, all the data of healthy rBc velocity vs liquid head are well represented by the same 
linear regression, indipendently on the donor. Preliminary results on β-thalassemia rBcs are also 
presented and show, on the average, a reduced velocity compared to healthy samples.

Keywords: erythrocytes, capillaries, erythrocyte deformability, microfluidics, thalassemia. 
 
riassunto (Una metodologia per lo studio in vitro della deformabilità di globuli rossi in flusso attra-
verso microcapillari). La deformabilità dei globuli rossi circolanti nei vasi di piccolo calibro è una 
proprietà essenziale per mantenere un flusso ottimale e per consentire gli scambi gassosi fra sangue 
e tessuti. In questo contributo viene descritta una metodica sperimentale per lo studio della defor-
mabilità di globuli rossi in flusso attraverso microcapillari artificiali di diametro paragonabile alla 
dimensione cellulare media. I microcapillari sono collocati in una cella di flusso rettangolare, in cui 
una sospensione di globuli rossi, opportunamente diluiti in acD addizionato di albumina, viene 
inviata mediante una siringa sotto l’azione di un battente liquido nel range fisiologico. Le immagini 
di globuli rossi in flusso sono acquisite ad elevato ingrandimento mediante video microscopia ottica 
ed elaborate successivamente attraverso routine di analisi dell’immagine. I globuli rossi da donatori 
sani mostrano la classica forma a paracadute osservata in vivo. tutti i dati di velocità eritrocitaria in 
funzione del battente liquido per donatori sani sono inoltre ben rappresentati dalla stessa regressio-
ne lineare, indipendentemente dal donatore. risultati preliminari su globuli rossi da pazienti affetti 
da β-talassemia mostrano in media una riduzione di velocità rispetto ai campioni da donatori sani, 
in accordo con la ridotta deformabilità di membrana associata a questa patologia.

Parole chiave: eritrociti, capillari, deformabilità eritrocitaria, microfluidica, talassemia.
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on plasma composition and on the properties and 
concentration of the suspended cells [12]. It was in-
deed found that blood viscosity is higher if rBcs are 
made less deformable (for example, by crosslinking 
with glutaraldehyde [13]). From the haemorheologi-
cal point of view, one of the most popular techniques 
is the measurement of apparent viscosity of whole 
blood or rBc suspensions at different concentra-
tions in artificial capillaries, usually made of glass or 
silica [14]. these studies include the pioneering work 
of Fåhræus [15] on the variation of apparent blood 
viscosity with capillary diameter. even though this 
rheological approach is still followed, direct measure-
ments of deformability of rBcs flowing in microcap-
illaries with size smaller than cell body are scarce in 
the literature. In fact, observations of flowing rBcs 
by optical microscopy have been mainly described for 
capillary diameters larger than cell size [14]. Data of 
rBc deformability in case of pathological cells are 
even more limited.

the progress of the experimental techniques has 
been paralleled by the development of theoretical 
analyses to model the ability of rBc to deform and 
flow through channels smaller than the size of the 
cells at rest. the deformability, defined as the exten-
sion of the cell body under the steady state appli-
cation of a fluidodynamic stress, is mainly function 
of three variables: internal viscosity, surface/volume 
ratio, and viscoelasticity of the membrane [16, 17]; 
the structure of rBc membrane has been mod-
elled on a microscale as a network of elastic ele-
ments [18, 19]. the relation between deformability 
and morphology has been also studied, focusing on 
the change from the usual biconcave shape to the 
one observed for echinocytes and stomatocytes [20]. 
Notwithstanding the recent applications of numeri-
cal simulation techniques [21] the modelling of rBc 
fluidodynamic behavior and the comparison with 
experimental data are still at a preliminary stage, 
especially for pathological situations, and further 
investigations are at order.

In fact, in spite of the progress in experimental tech-
niques, from the clinical standpoint rBc deform-
ability is still measured by quite approximate meth-
ods, for example by measuring the time of perfusion 
through filters with pores of a given size. the main 
limits of this technique are the difficult standardiza-
tion of the methodology, the intrinsic variability of 
pore size, the lack of information concerning single 
cell deformability, and the limited quantitative re-
sults that can be so obtained. therefore, the setup of 
novel experimental systems in vitro appears as a rel-
evant research goal towards a deeper understanding 
of the biological significance of rBc deformability, 
especially in a physiopathological perspective.

In this work, we describe an experimental meth-
odology to investigate rBc deformability in mi-
crocapillaries having internal diameter close to cell 
size. Our approach is based on direct visualization 
of flowing rBcs by video-enhanced microscopy 
and automated image analysis procedures to meas-

ure cell velocity and deformation. the experimen-
tal variables investigated in this work include flow 
rate, size and length of microcapillaries. rBcs from 
healthy donors and from patients suffering from β-
thalassemia have been investigated; preliminary re-
sults are presented and discussed.

MaterIalS and MethodS
Blood samples
Fresh venous blood was drawn from both healthy and  

heterozigous β-thalassemic consenting volunteers 
into Vacutainer tubes. all blood samples were used 
within 4h of collection. rBc viability was checked 
before each experiment by observing cell morphology 
under static conditions at high magnification (100x 
objective). approximately 1 mL of whole blood was 
diluted with 100 mL of anticoagulant acD (0.6% 
citric acid, 1.1% dextrose anhydrous, 2.3% sodium 
citrate, 96% water), 5 mL of human albumin and 5 
mL of PBS (phosphate-buffered saline). Such level 
of dilution ensured optimal performance of the flow 
cell. the viscosity of the suspending fluid was meas-
ured by a Ubbelohde glass viscometer immersed in a 
water bath at 37 °c, and was equal to 0.8 mPa·s. the 
presence of rBcs at the dilution used in the experi-
ments did not change significantly the value of fluid 
viscosity.

Experimental apparatus
the microcapillaries used in this work were either 

made of silica (with 5 and 6.6 µm ID, Polymicro 
technologies) or embedded in a gel matrix. In the lat-
ter case, a 2% w/w agarose solution at ca. 90 °c was 
cast in a rectangular mold enclosing a 5 micron diam-
eter gold-plated tungsten wire. after gelation, the wire 
was gently removed from the agarose slab, thus leav-
ing a 5 µm microcapillary. the diameter and the length 
of all the capillaries used in this work were carefully 
measured by video microscopy. the measurements 
were carried out by filling the capillaries with an isore-
fractive fluid to avoid optical distortions.

the flow cell (a schematic is shown in Figure 1) was 
made of two Plexiglass plates separated by a rubber 
spacer. a window was cut in the bottom plate to al-
low insertion of a coverslip slide for observations at 
high magnifications with oil immersion objectives. the 
rBc suspension was fed to the flow cell through an 
input hole by a flexible tubing connected to a syringe. 
the suspension coming out from the flow cell through 
an output hole was collected by a plastic tubing in a 
glass reservoir placed on a vertical translating stage. 
the distance between the liquid menisci in the feed-
ing syringe and the exit reservoir was adjusted by the 
translating stage. Such liquid head was measured dur-
ing the experiment by imaging both the syringe and 
the exit reservoir with a ccD video camera against a 
graph paper background. this allowed to monitor the 
pressure differential in the course of the experiment.

the flow cell was placed on the motorized x-y stage of 
an inverted microscope (Zeiss axiovert 100) equipped 
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with a motor assembly for focus control. Sample posi-
tioning was controlled by a custom LabView routine. 
In each experiment sample temperature was kept at 37 
°c by enclosing the microscope and the flow cell as-
sembly (including the feeding syringe and the exit res-
ervoir) in a Plexiglass cage equipped with an air ther-
mostating system based on a PID controller.

Images of the flowing rBcs were acquired by another 
ccD videocamera (Hitachi) and the whole experiment 
was recorded on video tape for reference (this recording 
was synchronized with that of the liquid head for later 
comparison). real time image sequences (1000 images 
at a rate of 25 frames/s) were also digitized during the 
experiment by means of a frame grabber (National 
Instrument IMaQ PcI 1409) installed on a Pentium-
based host Pc and saved in computer memory for 
later analysis. the images were processed off-line by a 
macro calling standard image analysis routines from 
the library of a commercial package (Image Pro Plus 
4.5). the fully automated macro operation allowed to 
isolate the subsets of images from each sequence where 
the passage of a cell could be identified and to deter-
mine the position of the flowing cell as a function of 
time. From these data rBc velocity was calculated as 
the slope of cell displacement vs time. Images of the 
flowing rBc were then saved in a database to evaluate 
the extent of cell deformation under the action of flow.

Images of rBcs at rest were also acquired to evalu-
ate the cell size distribution. the measurements were 
carried out by pouring a drop of the dilute cell sus-
pension between a microscope slide and a coverslip 
and acquiring images of several fields of view (the 
total number of counted cells was around 200). rBc 
size was measured by image analysis as the diameter 
of the cell body in the plane of observation (tilted 
cells were not considered in the measurements).

reSultS
In a typical experiment, the pressure differential 

across the microcapillaries was regulated by adjusting 
the relative liquid levels in the syringe and the exit reser-
voir. the liquid head was initially set to 30 cm H2O for 
about 5 minutes to fill the inlet and outlet tubings and 
the flow chamber. then, the liquid head was brought 

to 13 cm H2O by lowering the position of the exit res-
ervoir. the following decrease of the liquid head due to 
the emptying of the syringe and the filling of the exit 
reservoir was continuously recorded during the whole 
experiment by using the second ccD videocamera. 
From time to time, the syringe was refilled and the liq-
uid head set back to 30 cm H2O for about 10 minutes to 
prevent rBc sedimentation and the possible clogging 
of the outlet tubing around the exit hole.

as described in the previous section, real time im-
age sequences were acquired throughout the experi-
ment and processed off-line by the image analysis 
macro. the passage of an rBc through the micro-
capillary under observation was then associated to 
the current liquid head from the continuous record-
ing of the distance between the two liquid levels in 
the syringe and the exit reservoir. a typical plot of 
cell displacement as a function of time in a silica mi-
crocapillary from a healthy donor sample is shown 
in Figure 2a, where the symbols refer to the data 
points and the solid line is the corresponding linear 
regression (the coefficients are also shown in the fig-
ure). capillary length and diameter are 3.6 mm and 
6.6 µm, respectively. It can be noticed that the data 
points follow quite closely a linear trend (the r2 val-
ue of the regression is close to 1), thus showing that 
at the point of observation (which is located about 
halfway between the inlet and outlet microcapillary 
sections) rBc flow is under steady state conditions. 
the slope of the linear regression is the cell velocity, 
which is ca. 166 µm/s. an image of the flowing rBc 
is also shown in the inset of Figure 2a. the classi-
cal parachute shape, which is found in vivo [22], can 
be clearly observed in the image, and shows that the 
cells are indeed subjected to flow conditions similar 
to those experienced under physiological conditions. 
Similar shapes are also observed in the capillaries 
embedded in the agarose gels, as shown in Figure 2b 
(capillary ID is around 5 µm). It so appears that the 
parachute shape is due to the imposed fluidodynam-
ics, and is essentially independent on the inner sur-
face of the microcapillary.

the data analysis procedure illustrated in Figure 2a 
was systematically applied in a range of liquid heads 
from 1 to 10 mmHg. at each value of liquid head 

Fig. 1 | Schema of the flow cell.

RBC suspension

Flow cell

Microcapillaries Exit reservoir
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the velocity of 10-20 rBcs was measured. the re-
sults from three different healthy donors are plotted 
in Figure 3a. each point in Figure 3a is the average 
value of rBc velocity from several measurements at 
the corresponding liquid head, and the errors bars 
represent the standard deviation of the data. the 
three sets of points correspond to experimental runs 
from different donors with different capillary length 
from 3.6 to 4.9 mm, and the solid lines are linear fit 
to the data. all the data sets are well represented by 
the linear fit, and tend to zero at vanishing liquid 
head. this shows that the measured liquid head is 
dominated by the pressure drop between the ends of 
the microcapillaries, the other pressure losses (feed-
ing and exit tubings, pressure drop due to converg-
ing flow to the capillary) being negligible.

In Figure 3b the same sets of data as in Figure 3a 
are scaled to the capillary length of 3.6 mm by as-
suming a direct proportionality between cell veloc-

ity and capillary length. It can be noticed that this 
scaling makes the three data sets superimpose each 
other, thus generating a “master curve” of healthy 
rBc velocity vs liquid head. In other words, the mi-
crocapillary flow behaviour of healthy rBcs does 
not depend on the donor, and it can be taken as a 
reference to be compared to pathological situations. 
the solid line shown in Figure 3b is the calculated 
value of the average fluid velocity <vz> along the 
capillary axis z according to the classical equation

 ∆PR2

 〈vz〉 = –––––– (1)
 8 µL

where ∆P is the liquid head, r and L are capillary 
radius and length, respectively, and µ is the viscos-
ity of the suspending liquid (which was measured 
by glass viscometry as described in the experimen-

Fig. 2 | A) Cell displacement vs time 
in a microcapillary; B) images of 
RBCs flowing in a microcapillary em-
bedded in agarose gel.
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tal section). the above equation is based on the 
assumption of well developed parabolic flow of a 
Newtonian fluid in a circular cross-section tube 
(Poiseuille flow), and does not contain any fitting 
parameters. the agreement between equation (1) 
and the experimental data of healthy rBc viscos-
ity in Figure 3b is quite good. It shows that healthy 
rBcs move in a plug flow fashion inside microcap-
illaris of diameter comparable to cell size. the av-
erage rBc size at rest of the healthy samples was 
around 7 µm with a standard deviation of 0.5, as 
measured by optical microscopy and image analysis 
(see experimental section for details).

the measurements of rBc velocity vs liquid head 
from healthy donors were used as a control to evalu-
ate the flow behavior of pathological blood samples. 
to exemplify the application of our methodology 
to pathological rBcs, we report preliminary data 

from β-thalassemia blood samples. In Figure 4, the 
rBc velocity of four heterozygous β-thalassemia 
patients is plotted as a function of the liquid head. 
In the same figure, results from healthy rBcs are 
also shown for comparison. Figure 4 shows that 
data from the β-thalassemia patients investigated 
in this work follow a linear trend passing through 
the origin. at variance with the healthy rBc re-
sults, however, β-thalassemia data do not superim-
pose on the same “master curve”, but rather exhibit 
different slopes, one being even coincident with 
the healthy case. the remaining three pathologi-
cal data sets fall significantly below the velocity of 
healthy rBcs (the slopes are between 64% and 35% 
smaller), thus showing an increased hydrodynamic 
resistance in microcapillary flow. the lower panel 
in Figure 4 shows representative images of flowing  
β-thalassemia rBcs from the four samples investi-

Fig. 3 | A) RBC velocity vs liquid 
head for three samples from healhty 
donors in microcapillaries of differ-
ent lengths; B) same data as in A) 
rescaled to the same microcapillary 
length by assuming direct proportion-
ality between RBC velocity and mi-
crocapillary length.
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gated at a liquid head of ca. 6.5 mmHg. a para-
chute-like cell shape was observed in most images 
of the flowing rBcs, in analogy with the healthy 
samples. the rBc size distribution at rest was de-
termined by video microscopy and image analysis 
for the β-thalassemia samples of Figure 4. the aver-
age size was slightly lower compared to the healthy 
case, going from to 6.6 to 7.0. Some hematological 
data for the blood samples of Figure 4 are presented 
in Table 1. No simple correlation between rBc ve-
locity and hematological parameters can be derived 
from Table 1. a systematic investigation to extend 
these preliminary results is currently in progress.

concluSIonS
In this work, we describe an experimental method-

ology to investigate the flow behaviour of rBcs in 
microcapillaries of diameter comparable to cell size. 
Our approach is based on imaging deformed rBcs 
at high magnification by a video microscopy work-

station equipped with a motorized stage for precise 
positioning of the flow cell and a temperature con-
trol system. the acquired images are processed by 
image analysis techniques in an automated way to 
measure rBc velocity as a function of the imposed 
pressure differential. the performance of the ap-
paratus was tested on blood samples from healthy 
donors, and it was found that rBc velocity is not 
dependent on the donor and is equal to the aver-
age fluid velocity in the microcapillary as calculated 
from the classical Poiseuille equation.

Preliminary results from heterozygous β-tha-
lassemia patients are also reported, and show an av-
erage decrease of rBc velocity with respect to the 
healthy individuals. this is not unexpected, since it 
is well known that β-thalassemia is associated with 
an increased rigidity and a reduced mechanical sta-
bility of the cell membrane and cytoskeleton, lead-
ing to impaired rBc deformability [23]. evidence 
of reduced deformability in β-thalassemia rBcs 

Fig. 4 | RBC velocity vs liquid head 
for four samples from β-thalassemia 
patients and one control from a 
healthy donor.

table 1 | Haematological data of the blood samples of Figure 4

Sample Hb (g/dL) HCT (%) MCV (fL) D* (± SD)

Control 13.2 42.1 85.6 6.9 (±0.6)
1 15 47.7 75.5 6.3 (±0.63)
2 8.8 30.1 65.6 6.5 (±0.94)
3 13 40.8 60.1 7.0 (±0.92)
4 13.9 43.8 72.2 6.4 (±0.78)

D* is the RBC diameter in the plane of observation.  
SD = standard deviation.
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suspended in PBS viscosized with addition of dex-
tran has been provided by laser diffractometry [24] 
in a flat glass cell. However, a direct visualization 
of rBc shape and velocity in a microcapillary of 
comparable size, such as in the present investiga-
tion, has not been reported so far to our knowledge. 
a further advantage of our approach is that it al-
lows one to discriminate the flow deformability of 
rBcs from different patients and to give a quantita-
tive evaluation of the difference with respect to the 
healthy case. a systematic work to elucidate the mi-

crocapillary flow behaviour of β-thalassemia rBcs 
and to correlate these results with clinically relevant 
parameters is currently in progress. 
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