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Abstract

In vitro, rheological studies establish that whole blood viscosity and yield stress are high in patients with an erythrocytosis. How-
ever, a number of factors ensure that these patients, under physiological conditions, do not show the clinical featdrés observe
other hyperviscosity states. These include red cell axial migration in flowing blood and “plug flow” in the largest inesddis.

tion, a small increase in vessel diameter leads to large increases in blood flow, and generally high blood flows prodeste the lo
blood viscosity values. The increased hemoglobin levels and the increase in oxygen-carrying capacity at high hematocrit values
compensate for the tissue hypoxia. In the “non-hypoxemic” erythrocytoses (polycythemia vera, idiopathic and apparent erythrocy
tosis), there is an increased incidence of vascular occlusion in untreated patients. The reasons for this include pbduaed peri
blood flow, increased platelet-vessel wall interactions, and the demonstrated hyperviscosity which comes into play with
abnormally low flow, seeim vivounder pathological conditions. In the erythrocytosis of hypoxemic lung disease and its associated
hypoxemia, pulmonary vasoconstriction enhances susceptibility to hyperviscosity effects in particular. Moreover, theigasoconst
tion caused by the hypoxemia prevents the normal adaptive changes of increased vessel diameter. Microcytic hypochromic red cel
changes of iron deficiency do not cause a higher viscosity value at any given hematocrit value compared with normal red cells.
However, in hypoxemic states oxygen-carrying capacity should be maximized, since the hemoglobin value is disproportionately
lower at any given hematocrit in the presence of microcytic hypochromic cells compared with normal red cells.
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Introduction Table
The Classification of the Erythrocytoses

HEMORHEOLOGY IS THE STUDY ofblood flow and

the deformation of blood cells and blood ves Raised Hematocrit (females >0.48; males >0.51)
sels. The erythrocytoses are a heterogeno l
group of disorders characterized by an in RCM (interpreted against ICSH reference values)

creased proportion of red cells in the periphere
blood. The term “erythrocytosis” is preferred
to “polycythemia,” since “erythrocytosis” accu- Increased RCM Normal RCM
rately describes the increase in red cell conte) Absolute erythrocytosis Apparent erythrocytosis
of the blood, while “polycythemia” only means Primary erythrocytosis
an increased number of cells in the blood, with ~ Congenital Tr“é‘cat'on oithe
out_specifying the cell type inv_olved. There are A cquired PO|§Cc;{ﬁgfrﬂ;\r/era
various types of erythrocytosis, and a classifi
cation of them has recently been published (1 secondary erythrocytosis
This is shown in the Table. Traditionally, the  Congenital, e.g., high oxygen affinity Hb,
autonomous high Epo production
Acquired, e.g., hypoxemia, renal disease

Adapted from a presentation at Grand Rounds in the Departme Idiopathic erythrocytosis
of Medicine, Mount Sinai School of Medicine, on May 18, 1999. - - - -
ICSH = Radionuclide panel of the International Council for
Address correspondence to Professor T.C. Pearson, Departm Standardization in Haematology (104)
of Haematological Medicine, The Guy’s, King's and St. Thomas T - packed cell volume or hematocrit
School of Medicine (University of London), St. Thomas’ Hospital, = RCM = red cell mass
Lambeth Palace Road, London SE1 7EH United Kingdom. Epo = erythropoietin
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erythrocytoses have been regarded as one of tlirecrease significantly until the hematocrit was
conditions in which hyperviscosity of the blood above 0.55 (4). However, with the use of rota-
occurs. This paper examines this statement biyonal viscometers, where the shear rate can be
presenting the hemorheological studies thatixed, it can be shown that there is a linear rela-
have been performed in the erythrocytosestionship between the logarithm of blood viscos-
bothin vitro andin vivo. In vivoresults in se- ity and hematocrit at each shear rate. In addi-
lected forms of erythrocytosis are presented ttion, the relationship between blood viscosity
show that they vary considerably, despite thend hematocrit becomes steeper as the shear rate
similarin vitro results, which will be examined is reduced (Fig. 1). Thus, in the physiological

first. range of hematocrit from 0.40-0.50, there is a
25% rise in viscosity at a shear rate of 230 s
In Vitro Hemorheology in the but a nearly 80% rise at a shear rate of 0:¥7 s
Erythrocytoses The yield stress value reflects the attractive

forces between red cells in stationary conditions

The viscosity of a fluid is its resistance to(5). The value for yield stress depends on the
flow. In steady streamline, so-called laminar,plasma protein concentration, notably globulin
flow of a simple liquid in a straight, rigid tube, and fibrinogen (6, 7) at any given hematocrit,
theoretically concentric cylindrical layers of but the hematocrit is the dominant influence on
fluid undergo shearing, i.e., they slide over eaclthe yield stress value. There are different meth-
other. The force applied to a fluid layer isods of measuring yield stress. Thus, there is no
termed the “shear stress” (as measured in milliprecise agreement on the hematocrit effect, but
pascals — mPa) and the velocity gradient obbest-fit relationships between the two parame-
tained between adjacent layers of the fluid iders have been given by the logarithm of yield
the “shear rate” (inverse seconds-1).s Resis- stress against hematocrit (8) or the cubed root of
tance to flow arises from friction between adja-yield stress against hematocrit. Using a differ-
cent fluid layers; this frictional flow resistance ent measuring system, a tenfold rise in yield
is the fluid’s viscosity (millipascal seconds —stress has been shown to occur between a hema-
mPaes) (2). Viscosity is given by the shearocrit of 0.45 and 0.55 (9).
stress divided by the shear rate. Simply, if a From these observations of viscosity and
trivial force on a fluid layer produces a high ve-yield stress, there can be no doubt that the
locity of that layer relative to an adjacent layerraised hematocrit values observed in the ery-
then the viscosity of the fluid is very low and
vice versa.

Simple fluids that show the same viscosity 70
value irrespective of the shear rate at which the 1
are measured are termed “Newtonian fluids. 60 -
Whole blood, unlike plasma, behaves in a nor
Newtonian fashion. That is, its viscosity is
markedly dependent on the prevailing shee
rate. At high shear rates, above approximate
100 s? (3), whole blood achieves its minimum
viscosity value. In this situation, the red cells
maximally deform and align themselves to pro
duce the minimum resistance to flow. With pro-
gressive lowering of the shear rate below thi
level, red cell aggregation occurs increasingl
and the viscosity rises exponentially. Thus, i 10 ////”’,:///
measuring blood viscosity, it is important to fix 230 s!
the shear rate at which the value is being dete L — : . ' ,
mined. If blood is stationary, a force, termed th 0.40 0.50
“yield stress value,” is required to initiate flow.

The single most important determinant of Hematocrit
whole blood viscosity is the red cell qontent OfFig. 1. The relationship of whole blood viscosity [milli-
the blood, reflected by the hematocrit. In thépascal seconds- mPass] meastireditro to hematocrit at
earliest experiments using capillary viscomea range of shear rates [inverse seconys-sReproduced
ters, it was observed that blood viscosity did ngwith permission (8).
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throcytoses cause a hyperviscosity state as mea-
suredin vitro.

tion leads to a significantly wide plas-
matic zone compared with the dimen-
sions of the vessel and the cellular com-
Relationship of In-Vitro Observations and ponents (14).
In-Vivo Findings under Physiological

Conditions 3. In the microcirculation the hematocrit
is lower than in larger vessels, and in
capillaries the flow must be considered
to be determined by plasma viscosity

and the deformability of individual

The volume rate of fluid (Q) flowing in a
steady, streamline fashion in a rigid, straight
tube depends on the pressure gradient (P) along

the tube, the length (1) and radius (r) of the tube cells.
and the viscosityrf) of the fluid according to
the Hagen-Poiseuille equation: 4. \fessel diameter can profoundly affect

flow, and this is seen particularly in the
arterioles. Examination of the Hagen-
Poiseuille formula shows that while flow
is inversely related to viscosity, it is di-
rectly related to the fourth power of the
radius. Thus, a 10% increase in vessel di-
ameter leads to an approximately 50% in-
crease in blood flow.

_APTUr4
Q="% In

Q = flow; AP = mean arterial pressure — venous
pressure; r = radius of vessel; | = length of vessel;
n = viscosity

This formula was determined in the middle of the
last century. However, it gives a first approxima-

tion for blood flow through an organ (2): 5. The shear rates encountered in the cir-

culation are sufficiently high to ensure

AP minimum blood viscosity values.

Vascular resistance viscosity

Q:

In addition, since one of the main objectives
of blood flow is to maintain oxygen delivery to
The flow resistance is partly derived from thethe tissues, the high hemoglobin value in the ery-
geometrical resistance of the conducting bloodhrocytoses, and hence the high oxygen-carrying
vessels (vascular resistance) and partly the flowapacity of the blood, mitigates the influence of
resistance of blood (blood viscosity). the increased blood viscosity in reducing blood

In vivomeasurements of apparent blood visflow and, thus, reducing oxygen delivery to the
cosity under physiological conditions are muchtissue. This situation is quite dissimilar to all
lower than those obtaineth vitro (10-12). other forms of hyperviscosity, where patients are
The conditions under which blood viscosity isgenerally anemic. Finally, when considering
measuredin vitro oversimplify the complex blood flowin vivo, one has to appreciate that it is
conditions existingn vivo (13). The major fac- highly dynamic and that disturbances of the nor-
tors involvedin vivo, which lead to the com- mal cardiovascular physiology, such as heart
plexity, are as follows (8): failure and vessel disease, can lead to significant

deviations from the normal physiology.

1. In the arteries, down to a diameter of ap-
proximately 100um, flow is determined
by inertial rather than viscous forces. The
inertial force is given by the product of
the mean flow velocity and the vessel di-
ameter.

Clinical Observations in “Non-hypoxemic”
Erythrocytoses

Included in this group of disorders are poly-
cythemia vera, idiopathic and apparent erythrocy-

. Flow in vessels leads to axial migration
of red cells, giving a relatively cell-free
layer of plasma, which has low viscos-
ity, around the central core of red cells.
In large vessels, this phenomenon can
lead to a non-sheared central core of
cells — “plug flow” (13). In vessels
below 300um in diameter, axial migra-

tosis, and secondary renal erythrocytosis. In all of
these forms of erythrocytosis, an increased inci-
dence of vascular occlusive events has been found.
In polycythemia vera (PV), which character-
istically presents at approximately 60 years of
age, vascular complications occur in 30—-50% of
patients at presentation (15). The occlusive
complications occur equally in arteries and in
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veins. A similar observation has been made in The role of the hematocrit level in deter-
the treatment phase of PV (16). If patients remining the incidence of vascular occlusion
main untreated following presentation, the meevents in PV has been thoroughly explored.
dian survival is 18 months, with the majority There is general agreement that the more ade-
dying of vascular occlusion (17). The arterialquately the hematocrit is lowered, the less
complications in PV are of two types — largerlikely are these complications (16, 34, 35), and
vessel and microvascular. The larger vessel athat, ideally, the hematocrit should be con-
terial occlusion may occur in any part of the cir-trolled at less than 0.45. In idiopathic erythro-
culation, but it does appear that the cerebral vesytosis, similar observations have been made,
sels are particularly prone to thrombosis (15, 17indicating a positive correlation between the
18). Microvascular occlusions are a particulathhematocrit and vascular occlusion (36, 37).
feature of PV not seen in other forms of ery-
throcytosis. They are almost certainly due to Evidence of Hyperviscosity Syndrome and
quantitative and qualitative platelet changes, Blood Flow in the “Non-hypoxemic”
since similar complications occur in the related Erythrocytoses
myeloproliferative disorder, primary thrombo-
cythemia (19-21). The typical features are ery- From the presentation of the clinical find-
thromelalgia and/or purplish pregangrenousngs in these forms of erythrocytosis, it can be
changes of the digits, usually, but not always inconcluded that a study of cerebral blood flow
volving the lower limbs. In the cerebral circula- (CBF) would have relevance. Cerebral blood
tion, transient episodes of neurological dysfuncflow rates have been extensively measured both
tion, for example, amaurosis fugax, hemiparesiat presentation and following treatment to
and epileptic attacks, may occur (22 —24). lower the hematocrit to normal. For each pa-

In idiopathic erythrocytosis, there is an agetient and in each group of erythrocytosis, a neg-
presentation similar to that of PV, but with aative correlation exists between CBF and hema-
marked male predominance (25). In one study dfocrit (38 —-40). The typical findings are shown
these patients, half presented with arterial comin Fig. 2. From the results af vitro blood rhe-
plications, notably intermittent claudication, andology in the erythrocytoses presented earlier, it
17% with superficial or deep vein thrombosis
(26). In another study, thrombo-embolic events
were similar to those observed in PV (27). Ex
amination of the cause of death showed that, ¢
in PV, a cerebral occlusive event was particularl *
likely to be responsible (26, 27). 60

With regard to apparent erythrocytosis, twc
retrospective studies have been publishec g
Burge et al. (28) reported that in a group of pa
tients followed for a median of 4 years, the
mortality was six times greater than expecte( ‘g 40,
for a sex- and age-matched population. Four ¢ 3
the observed six deaths were due to vascularo S 30|
clusion. Weinreb and Shih (29) described <
larger cohort of patients followed for 12 years. g
In patients with, dominantly, a reduced plasm: = 20;
volume, 35% had had a major vascular occlu o
sive event within 5 years of presentation. r=-0.67

In secondary non-hypoxemic erythrocy- 10, 0.001<p<0.01
toses, vascular occlusion has been anecdotal
reported. For example, patients with post
renal-transplant erythrocytosis often develog 0.45 0.50 0.55 0.60
thrombotic complications (30), the incidence of Hematocrit
which is much greater than in those post—trans};i 5> The inverse relationshi ween cerebral bl
plant patients who do not develop an erythrocyy &, (CBF)eand Tomatoutit in pgtil;ﬁtts ?NeithC;oﬁ/t():ﬁhgn?ic;d
tosis (31). Athrombotic complication may leadyera and idiopathic erythrocytosis (some patients had been
to the discovery of a cause of an erythrocytosisphlebotomized to achieve a lower hematocrit). Repro-
such as hypernephroma (32) and fibroids (33) duced with permission (8).
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could be argued that the observed hyperviscosoncluded that the observed changes in CBF at
ity at raised hematocrit values limits CBF.elevated hematocrit values are a result of the
However, a number of observations negate thatoncomitant rise in hemoglobin value and in
conclusion. First, if hyperviscosity of the blood oxygen-carrying capacity. Studies of patients
was a limiting factor, one would expect thatwith elevated plasma viscosity and hyperleuko-
vessel dilatation would occur to improve flow. cytosis confirm this view (42, 43).

Yet comparison of the retinal appearances inthe Limb blood flow has also been studied in
hyperviscosity of macroglobulinemia and of PVthese patients. As is found in the cerebral cir-
shows completely dissimilar findings (Fig. 3). culation, there is an inverse relationship be-
While in macroglobulinemia the vessels aretween limb blood flow and hematocrit (44).
grossly distended, any changes are minimal i\gain, it is the maintenance of oxygen transport
PV. Second, the reactivity of the cerebral vesto the limbs that is the relevant controlling in-
sels to hypercapnia, which causes vessel dilatdluence. Animal experiments have also led to
tion, is not impaired at presentation comparedhe conclusion that the raised blood viscosity in
with the results obtained following lowering the an erythrocytotic state does not limit flow (11,
hematocrit to normal (41). Thus, it must be45). There is a further factor to be considered

Fig. 3. The retinal appearances of three patients with sim-
ilarly high whole blood viscosity measuredvitro. A. Pa-
tient with polycythemia vera (hematocrit 0.69). The ves-
sels appear relatively normaB. Patient with macroglobu-
linemia (hematocrit 0.26). The retinal vessels show classi-
cal hyperviscosity changes with dilatation, tortuosity and
hemorrhage. C. Patient with hypoxemic erythrocytosis
(hematocrit 0.70). Vessel dilatation and tortuosity are pre-
sent and almost certainly due to hypercapnia (P=C8B

mm Hg; Pa@= 60 mm Hg). The retinal appearance did not
change on reduction of the hematocrit to 0.50, due to the
persistence of the hypercapnia.
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in muscle flow, and that is the effect of muscle  Thrombus formation preferentially occurs
contraction. Using an isolated dog calf musclearound bifurcations, beyond stenoses and at
with dilated vessels, rhythmic muscle contrac-atheromatous plaques, where flow is often dis-
tion has been shown to offset the effects of théurbed. The shearing forces modify platelet
raised blood viscosity when the hematocrit isbinding sites, leading to von Willebrand factor
raised (46). Possibly, muscle contraction leadévWF) binding to platelet Gp Ib and Gp llb/llla
to the emptying of small veins, leading to a re{54—-56). Vortices, with reverse flow, can be
duction in post-capillary pressure, and also faformed (57). At the edges of the vortices, the
cilitating the passage of red cells through theactivated platelets can adhere via VWF to ex-
pre-capillary and capillary networks. posed subendothelial components of the vessel
wall. From the previous discussion, it is not
Relationship of Clinical Findings in the Non-  surprising that this occurs more readily at high
hypoxemic Erythrocytoses and Hemorheology platelet counts and hematocrit values. Platelet
aggregation and adhesion, and thrombus forma-
While the reduction in peripheral blood tion are initiated by the release of adenosine
flow might not be caused by hyperviscosity perdiphosphate (ADP) from damaged vessel-wall
se, the change might increase the likelihood ofells, platelets and red cells (58, 59). In veins,
thrombosis. Certainly, it is established thatthrombi characteristically start in the pockets of
slow or static flow in veins enhances the risk ofvenous valves. Blood flow in veins accelerates
thrombus formation (47) and venous thrombo-as it passes through the valves, but then vortices
sis is more common in the elderly and the obesand stagnation occur in the downstream pockets
(48). In the arterial circulation, if the cerebral(57). In these sites, platelet aggregation fol-
blood flow findings are typical, then an approx-lowed by fibrin formation occurs with a greater
imate 30% reduction in flow occurs betweenadmixture of red cells than in arteries, due to
hematocrit values of 0.45 and 0.55 (Fig. 1), andhe slower blood flow characteristics (60). In
this could enhance the thrombotic tendency. PV, apart from an increase in platelet concen-
There are two other relevant considerationstration, there are intrinsic platelet abnormalities
platelet-vessel wall interactions, and the role ofavoring the initiation or stabilization of a
hemorheological blood changes once abnorthrombus. These include a loss of PGBcep-
mally low flow conditions prevail. Increased tors (61) and increased anti-plasmin levels (62).
red cell concentration enhances platelet contact The microvascular occlusive events of PV
with the vessel wall. In flowing blood, there isare due to either platelet embolization from
an axial migration of the red cells, with a dis-proximal atheromatous plaques (15, 63) or local
placement of the platelets (and white cells) toaggregation and adhesion, typically to arteriolar
ward the vessel wall, into the so-called plaswalls, where thrombi can form and occlude the
matic zone, which gets narrower as the hemattessel (64 —-66). Increased platelet formation of
ocrit rises (49). In this context, it is importantthromboxane in asymptomatic PV has been
to remember that platelet counts are presentedemonstrated, presumably reflecting sponta-
as a number per unit volume of whole blood, alheous activationn vivo (67). This activation
though in fact the platelets are only distributechas been shown to precede arterial microvascu-
in the plasma. In effect, in terms of the physiodar thrombosis (68, 69).
logical function of platelets, it is the plasma  With respect to hemorheological factors fol-
platelet count that should be considered. Thudpwing reduction or cessation of flow, when tis-
as the prevailing hematocrit rises, the platelesue hypoxia occurs due to a fall in perfusion
concentration in the plasma rises, and in flowpressure, reactive vasodilation occurs. As pre-
ing blood, the platelets are brought into closesented earlier, the small changes in vessel di-
contact with the endothelium. While plateletsameter can dramatically improve flow. Gener-
do not adhere to the intact endotheliumyitro  ally, in the non-hypoxemic erythrocytoses these
systems examining the adhesion of platelets toompensatory changes are not impaired. How-
the subendothelium demonstrate greater adhever, there may be some reduction in reactivity
sion at increased hematocrit values (50—-52). lif there is vessel disease (70, 71) in the vicinity
addition, nitric oxide produced by the endothe-of ischemic tissue (72). Once maximal vasodi-
lium acts as a platelet anti-aggregant, but is rdation has occurred, blood flow is then depen-
moved by combination with hemoglobin. dent on the perfusion pressure and the rheolog-
Higher hemoglobin levels lead to a more effec-ical properties of the blood (73). Itis in this sit-
tive neutralization of nitric oxide (53). uation that the demonstrated hyperviscosity of
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the blood in the erythrocytosés vitro comes level in improving oxygen transport and the ef-
into play. As the blood flow falls, the viscosity fect of increased hematocrit value on blood vis-
increases and a vicious circle is initiated. If stacosity. Hypoxemia and hypercapnia lead to pe-
sis occurs, the high yield stress of blood, whichripheral vessel dilation and pulmonary vessel
is present at high hematocrit values, may be masoconstriction. The effects on the peripheral
critical determinant of the outcome (74). Givenvessels can readily be shown by the retinal ap-
these considerations, it is not surprising that anpearances (Fig. 3). Measurements of CBF in
imal experiments have shown that the area ahese patients present rather variable results,
non-perfused brain following vessel occlusionwith some patients showing a reduction in CBF
is greater in hypertransfused animals than invhile others show a considerable increase, de-
those animals with normal hematocrit valuesspite the hyperviscosity state, due to cerebral
(75, 76). There is similar evidence in humansvessel dilation, in turn due to hypercapnia (83,
For example, the size of cerebral infarct follow-84). Generally, cerebral oxygen transport is
ing carotid occlusion (77) and the area of retiinaintained or increased (83).
nal non-perfusion following retinal vein occlu- It is in the pulmonary vasculature of these
sion (78) are directly correlated with the hema-patients that there are specific hemorheological
tocrit value. problems. The chronic hypoxemia, which
causes pulmonary vasoconstriction, leads to
The Hypoxemic Secondary Erythrocytoses smooth muscle hyperplasia and less compen-
satory vasodilation to mitigate the hyperviscos-

While thein vitro rheological findings are ity of the blood. Thus, both the change in pul-
the same in these forms of erythrocytosis as imonary vessel geometry and the increased
the non-hypoxemic types, there are differenblood viscosity lead to a high pulmonary vascu-
circulatory conditions prevailingn vivo. To il- lar resistance (85, 86). Reduction of the hema-
lustrate this, two hypoxemic secondary erythrotocrit by phlebotomy, which also causes a re-
cytoses will be considered: chronic lung diseasduction in blood volume in some patients, has
and high-oxygen-affinity mutant hemoglobins. been shown to reduce pulmonary vascular resis-

When hypoxemia is due to chronic lung dis-tance (79, 87, 88). The balance between blood
ease, there is an inverse relationship betweemxygen-carrying capacity and viscosity has
the arterial oxygen saturation (SgCand the been addressed by the study of Weisse et al.
red cell mass, hemoglobin and hematocrit val{88), who showed that reducing the hematocrit
ues. However, a number of additional factorgo 0.50-0.52 led to an improvement in exercise
play a part in an individual patient. These in-tolerance. Exercise tolerance was not enhanced
clude the presence of carbon monoxide irwhen hematocrit was reduced further to 0.45.
smokers, the extent of hypercapnia, differenceBortunately, current medical care in these pa-
in renal blood flow, acid-base status, changes itients includes the use of chronic oxygen ther-
extracellular pH, variability in the Sgposi- apy. This has the dual benefit of lowering the
tion of the oxygen dissociation curve, the ca-hematocrit and pulmonary vascular resistance,
pacity of the marrow erythropoietic responseand leads to an improvement in morbidity and
and changes in plasma volume (79). prognosis (81).

The development of an erythrocytosis in pa-  Occasionally, patients with hypoxemia, par-
tients with chronic lung disease is associatedicularly those that have been phlebotomized,
with an increased risk of cor pulmonale (80)have iron-deficient red cell changes with low
and a median survival in the order of 2—3 yearsnean corpuscular volume (MCV) and low mean
(81). Death is usually ascribed, not unexpecteorpuscular hemoglobin (MCH) values. There
edly, to a cardiopulmonary cause (82). Vascuis extensive literature examining the effect of
lar occlusive events, such as cerebral infarctionthese red cell changes on blood viscosity. The
deep vein thrombosis and pulmonary embolusverall opinion is that, at a given hematocrit,
do occur, but are less frequently described andhicrocytic hypochromic red cells do not pro-
less precisely defined than in PV, probably dueluce a higher viscosity value than do nor-
to a shorter survival of these patients and thenochromic normocytic cells (89-93). How-
complex interactions of numerous other factorsver, it is essential to realize that some blood
in their medical symptoms/signs. analyzers underestimate the true hematocrit in

The question that commonly arises in thethe presence of microcytic hypochromic red
management of these patients is the balance beells (94), a fact not appreciated by some au-
tween the effect of the increased hemoglobirhors. This has led them to incorrectly interpret
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the effect of microcytic hypochromic red blood vivo hemorheological changes. Under physio-
cells on blood viscosity (95, 96). logical conditions, the hyperviscosity state
On the other hand, in hypoxemia, oxygen-demonstratedh vitro in the erythrocytoses does
carrying capacity should be maximized. In thenot present a rheological problem, although
presence of these microcytic hypochromic reglatelet-vessel wall interactions are enhanced.
cells, the hematocrit and hence viscosity of thedowever, if circulatory adaptations in the vari-
blood is greater than for blood containing nor-ous types of erythrocytoses are limited or ex-
mochromic normocytic cells at the same hemohausted or other general circulatory distur-
globin value (97). Thus, judicious iron therapybances occur, the blood hyperviscosity plays a

may be indicated in some hypoxemic patients teritical role in reducing flow and causing
correct the microcytic hypochromic changesgreater ischemia and tissue damage.

Unfortunately, this will increase the frequency
of phlebotomy to achieve a lower hematocrit
value.

With respect to high-oxygen-affinity hemo-
globins and resultant tissue hypoxemia, more
than 40 different mutant hemoglobins with in-
creased oxygen affinity, nearly all chain vari-
ants, have been described. Thevivo adapta-
tions to the reduced oxygen delivery to the tis- 3.
sues include increased hemoglobin levels and
cardiac output. Markedly increased cerebral 4.
blood flow, despite elevated hematocrit values
has been demonstrated in members of one fam-
ily with Hb Yakima (98). Some patients with

2.
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