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a b s t r a c t
Men and women have different mean haemoglobin levels in health in venous blood — women have mean levels
approximately 12% lower than men. A similar sex-related difference in haemoglobin levels in adult animals is
found in many species of mammals, birds and reptiles, indicating that it is an important physiological phenomenon. It is probably a direct effect of sex hormones, both oestrogen and androgens, on erythropoiesis. However,
since there is no difference in erythropoietin levels between the sexes, this effect most likely takes place in the
kidney, rather than in the bone marrow. Oestrogens dilate and androgens constrict the renal microvasculature:
dilation and vasoconstriction in vessels below 300 μm in diameter respectively increase and decrease the
haematocrit in blood in arterioles, capillaries and venules, altering the oxygen delivery per unit red cell mass,
and providing a mechanism for varying the red cell mass without compensatory changes in erythropoiesis.
© 2014 Published by Elsevier Ltd.

1. Introduction
The long phylogenetic history of the sex difference in haemoglobin
levels in vertebrates indicates that males and females evolved different
mean venous haemoglobin levels for different purposes, or under different selection pressures. How and why these differences are maintained,
and their relevance in medical practice, have not been fully deﬁned to
date, and are the subjects of this review.
Adult men and adult women have different haemoglobin levels in
health [1–4]. This sex difference is independent of iron status — iron
replete premenopausal women have mean haemoglobin levels approximately 12% lower than age & race matched men [1,4]. The mean
circulating erythropoietin (Epo) level does not differ between men
and women, and in women does not differ between pre and postmenopausal women [5,6], indicating that the sex difference is constitutive,
and that women do not attempt to achieve male levels in health [5,7].
The sex difference in adult haemoglobin levels is conserved throughout
Mammalia — a higher adult male haemoglobin level occurs in almost all
mammal species studied to date, including non-menstruating and
non-placental species: chimpanzees [8], rhesus macaques [9], vervet
[10], cynomolgus [11] & capuchin monkeys [12], baboons [13], rodents
[14], dogs [15], marsupials & monotremes [16], and in seals [17]. It also
occurs in adults in many bird species [18], and in at least some reptiles
at some stages of reproduction [19]. Whether the phenomenon occurs
⁎ Irish Blood Transfusion Service, James's Street, Dublin 8, Ireland. Tel.: +353 14322861;
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even further back in phylogenetics remains to be determined, but it is
an ancient or recurring feature in evolution, which raises profound
questions of what its importance may be.
A sex difference in haemoglobin levels has not been reported in
juveniles in any species of mammal, bird or reptile: after the onset of
adulthood male mammals and birds diverge from the juvenile state,
raising their haemoglobin level by several percentage points. Females
also increase their haemoglobin levels above the juvenile level, but
not to the same extent as males.
2. Mechanisms producing the sex difference in venous haemoglobin
levels in adult animals
In general, in healthy humans, the venous haemoglobin level
correlates to a modest extent with the red cell mass, though the correlation is different for adult men and women, as discussed extensively
below. The two values are determined by largely by the same factors
(the tissue demand for oxygen determined at the juxtaglomerular
apparatus), but are subject to some independent modulators — genetic
and physiological, and are not directly interdependent. The physiological
factors may be constitutive or chronic, such as puberty and menopause,
acclimatisation to altitude, level of ﬁtness or lean body mass, or acute
such as posture or level of hydration. This lack of precise correlation exists
both for individuals and for populations. Thus while red cell mass is on
average lower per unit mass of tissue in females, the red cell mass in
individuals in either sex cannot be estimated precisely from the venous
haemoglobin level. Nevertheless for most clinical purposes venous
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haemoglobin levels can be used to imply red cell mass in individual
patients, although the imprecision in this approach becomes apparent
in the management of the apparent polycythaemia of chronic hypoxic
lung or cardiac disease.
The haematocrit in healthy individuals varies predictably with the
haemoglobin content of the blood it is measured in, and can be used
interchangeably with haemoglobin level to compare the same value in
populations of healthy individuals, and within individuals over short
periods of measurement, though not reliably outside that.
The sex difference in mean venous haemoglobin levels and red
cell mass is generally considered to be caused by a direct stimulatory
effect of androgen in men in the bone marrow in association with
erythropoietin, a stimulatory effect of androgen on erythropoietin
production in the kidney, and an inhibitory effect of oestrogen on
the bone marrow in women [20,21]. These effects have been demonstrated in vitro [22–24], and also work directly in vivo — androgens
raise the haemoglobin level in males and females [25–29], and
oestrogen lowers it [24,30]. However these direct and indirect effects
of sex hormones on either marrow erythropoiesis or renal production of
erythropoietin do not account for the absence of increased erythropoietic drive in females in response to their lower mean haemoglobin
levels [5,7]. Testosterone in male animals may enable them to reach a
desirable haemoglobin level more easily because of the synergistic
effect of androgen on the bone marrow, with for example, a lower JGA
mass. However this does not explain why females would not achieve
the same effect in some other way, should there be an advantage in
doing so. Females – adult human females at least – can raise their
venous haemoglobin levels in response to additional erythropoietic
stimuli. Andean women have higher haemoglobin levels at altitude
than women of the same ethnicity living at lower levels, while preserving the sex difference with males at the same altitude, as do Tibetan
women living at very high altitudes [31,32]. Female athletes can elevate
their haemoglobin levels in response to exogenous rhuEPO in a manner
similar to males [33,34]. Men, premenopausal women and postmenopausal women have similar plasma erythropoietin levels [5], indicating
that women do not attempt to compensate for their lower haemoglobin
levels by increasing erythropoietic drive. These observations show that
the prevailing lower haemoglobin level in females cannot be ascribed to
a lack of bone marrow or renal erythropoietic capability: they indicate
that adult females maintain their venous haemoglobin levels at a
lower level than adult males as a physiological steady state — they do
not try under physiological conditions to maintain the same levels as
adult males. Of course these factors may also indicate that males set
their physiological haemoglobin levels higher than females, or rather
that both sexes set their mean optimum level separately and to some
degree independently. Anephric patients and patients with end stage
renal failure do not exhibit a sex difference in baseline haemoglobin
levels [35] demonstrating that the sex difference is mediated largely
at the level of the kidney, rather than by direct erythropoietic action
in the bone marrow. In addition, anephric patients did not have an
erythropoietic response to therapeutic doses of androgens in a prospective randomised clinical trial of 103 men and 40 women, that included
15 patients who had undergone bilateral nephrectomy [36]. Perhaps it
would be surprising if this were not the case, since the red cell mass itself is determined at the level of the kidney, and not at the level of the
bone marrow.
It is hardly surprising that reptiles, birds and mammals have evolved
different optimum levels of red cell mass and haemoglobin levels for
males and females: red cells constitute a huge biological resource – one
third by number of the body's cell complement, and with a relatively
high turnover – that imposes enormous demands on the organism.
Different drivers in males, such as competition for mates, and in females,
such as parturition, could well have determined independent optimum
investment in red cell mass in the sexes over the long course of vertebrate
evolution. Huge phenotypic differences have existed between the
sexes since the emergence of complex life forms — different venous

haemoglobin levels evolved for different purposes would hardly be revolutionary. Indeed an absence of independently evolved haemoglobin
levels might be more puzzling given the profound differences in the
ecology and physiology of the sexes.
Erythropoietic drive in the intact adult animal is determined in very
large part by the delivery of oxygen to the juxtaglomerular apparatus
(JGA) of the kidney. Other mechanisms also play a part — including a
baseline marrow erythroid activity that maintains a haemoglobin level
around 70 g/L in anephric patients [35,37], a direct erythropoietic effect
on the marrow of angiotensin II [38], and a modulation of oxygen
consumption at the JGA by glomerular function [39]. Women with end
stage renal disease are Epo resistant compared to age-matched males
with end stage renal disease, requiring greater doses of Epo to achieve
the same (sub-physiologic) haemoglobin level, consistent with the
synergistic effect of androgen on erythropoietic dynamics in the bone
marrow [40]. This however emphasises that females could achieve the
same levels of haemoglobin by increasing Epo production — they
“choose” not to, for whatever reason. Modulation of the JGA erythropoietic response to the level of red cell mass is the probable cause of the sex
difference in haemoglobin levels, since as explained above, there is no
compensatory response on the part of the JGA to the constitutively
lower levels in healthy adult females.
The JGA could respond differently to the same total body red cell
mass through several different mechanisms acting either singly or together. Red cells in adult females could deliver more oxygen per cell
than in adult males. While there are subtle sex differences in red cells
[41–44], a difference in oxygen dissociation has not been shown to
exist, so that a difference in oxygen unloading is unlikely to account
for the effect. However differences in ﬂow dynamics in small arterioles
caused by sex-related red cell differences remain possible. In addition
the ability of the microvasculature to transfer oxygen from red cells to
the tissues may differ between the sexes at the JGA. For example, sex
differences in microvascular wall function, independent from vasodilation, that would allow females to deliver more oxygen per unit red
cell mass than males to the cells of the JGA may exist, but have been
not been reported to date. In addition, sex differences may exist in the
molecular pathways of oxygen response in the kidney. While these
effects cannot be ruled out, there are separate lines of evidence for a
sex difference in blood ﬂow in the microvasculature: a) adult females
have a higher total body haematocrit than males at the same mean
venous haemoglobin level; b) adult females have a higher mean
microvascular haemoglobin level in the ﬁnger pulp for each value of
venous haemoglobin level. A sex difference in microvascular blood
ﬂow provides a mechanism for differences in haemoglobin levels in
adults, through modulation of the signal received at the JGA at a given
level of red cell mass.
2.1. The Fåhraeus effect
Over eighty years ago Robin Fåhraeus observed a fall in the
haematocrit of blood ﬂowing into narrowing tubes below 300 μm in
diameter [45]. The mean haematocrit in blood vessels below this size
varies in proportion to the mean diameter of the vessels [46–49]
(Fig. 1). In microvascular networks this effect is augmented by a
separate differential segregation of red cells and plasma at vessel
bifurcations. The net effect is that blood ﬂowing through the microvasculature has a lower unit red cell content than blood in the larger veins
and arteries, and that the haematocrit at a given point in a blood vessel
is affected by the diameter of the vessel at that point.
A necessary consequence of the reduction in red cell content in the
blood of the microvasculature is that the whole body haematocrit,
determined by the simultaneous measurement of red cell mass and
plasma volume, is less than the venous haematocrit. This was initially
recorded by Chaplin et al. [50], who found that the mean whole body
haematocrit was 10% lower than that of the venous blood, using simultaneous measurement of red cell mass by 51chromium, and plasma
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Fig. 1. Using photographic and videomicroscopy capture and analysis of blood ﬂowing in an in vivo preparation of rat mesentery vascular networks, the authors demonstrated how the
haematocrit of the blood ﬂowing through arterioles, capillaries and venules changed in relation to the diameters of the blood vessels. The original caption reads: “Vessel segment
hematocrit plotted against diameter (combined data from three networks). All hematocrits are normalized with respect to systemic hematocrit (Hsys). Top panels: normalised tube
hematocrit (HT/Hsys) for arteriolar (ART), arteriovenous (AV), and venular (VEN) segments. Solid lines represent hematocrit reduction predicted by the Fåhraeus effect as measured
in vitro assuming HD equals Hsys. Middle panels: upper lines give mean values and standard deviations of HT/Hsys. Lower lines give corresponding coefﬁcients of variation (CV). Bottom
panel: normalized discharge hematocrit HD/Hsys.”
Reproduced with kind permission of the publisher from Figure 5 in. Pries AR, Ley K, Gaehtgens P. Generalization of the Fahraeus principle for microvessel networks. Am J Physiol. 1986;251:
H1324–32. (Reference [46]).

volume by albumin radiolabelled with 131iodine. Chaplin's initial observations on 28 subjects were repeated many times by others, and the initial ratio of 0.91 for whole body haematocrit ÷ venous haematocrit was
conﬁrmed [51], though the inter-subject variability is considerable, to
the extent that the ratio has no clinical utility in calculating the red
cell mass or plasma volume of individual patients. Only four subjects
in Chaplin's study (3 males and one premenopausal female) were
normal volunteers; the remaining 24 had various haematological abnormalities. In contrast, in a study of 22 normal individuals, 11 men
and 11 premenopausal women, with mean venous haemoglobins of
140 g/L and 139 g/L respectively, and using dual isotope labelling,
Karlson and Senn [52] measured the ratio at 0.91 in men and 0.974 in
women, demonstrating that the red cell content of the microvasculature
is higher in females than in males at the observed level of venous
haemoglobin.
A similar phenomenon was reported by Tong et al. [53] using
a different approach. They measured paired venous and ﬁnger
pulp haemoglobin levels in 35,258 blood donors within conﬁned
haemoglobin ranges: 25,762 women with ﬁnger pulp haemoglobin
levels b 125 g/L, and 10,496 men with ﬁnger pulp haemoglobin levels
b 135 g/L. They reported a signiﬁcant difference between the sexes in
the relationship between venous and ﬁnger pulp haemoglobin levels —

on average the difference between the haemoglobin levels in ﬁnger
pulp and venous blood was approximately 4 g/L less in women. In addition, in women the gap between ﬁnger pulp and venous haemoglobin
levels was constant until the age of 45 years, but increased sharply thereafter, whereas in men a continuous low rate of decline persisted over the
entire age range [7] (Fig. 2). Cable et al. [54] reported similar sex differences in the variation between the haemoglobin content of blood from
veins and ﬁnger pulp. These studies conﬁrm that women have more
red cells in their microvasculature relative to the veins (and heart and
arteries) than men have. The tissues of the human ﬁnger pulp are
organised as an organ of touch and heat sensitivity. The blood ﬂow is
arranged as a fan of arterioles spreading from a basal arterial arch just
distal and anterior to the terminal interphalangeal joint. Blood ﬂows distally and laterally to be collected into a venular network on the lateral
side of the ﬁnger pad [55,56]. The vessels of the ﬁnger pulp are all
small arterioles, capillaries and venules, below the diameter where the
Fåhraeus effects operate, so that the mean red cell content of the blood
will vary with the mean diameter.
The microvasculature in females contains more red cells per unit
volume of blood than in males as demonstrated by the higher microvascular and whole body haematocrit and haemoglobin levels in the studies of Karlson, Tong and Cable [52–54], even though the mean red cell
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Fig. 2. Difference between venous and capillary haemoglobin levels in men and women. (A) The mean difference and standard error between venous and capillary haemoglobin levels
(ΔVC) in 35,985 paired capillary and venous samples were taken from 25,557 females and 10,428 males in whom the capillary haemoglobin was N11.5 g/dL to b12.5 g/dL and N12.5
to b13.5 g/dL, respectively, and from 81 male and 74 female ﬁrst time blood donors where the capillary haemoglobin levels were above the cut-off for inclusion in the original study
group. There is a signiﬁcant change comparing lower capillary Hb with higher venous Hb (by Kruskal–Wallis followed by Dunn post-test). The ΔVC increases in a linear manner as
measured by Spearman correlation, in both females and males as the capillary haemoglobin levels in the groups decline (r = −0.9879, P b 0.0001 for the female group; r = −0.9152,
P = .0005 for the male group). (B) The mean difference and standard error between venous and capillary haemoglobin levels (ΔVC) compared between age groups. The dot plot
shows mean age versus mean ΔVC within each age group in men and women. Within the male cohort, there was a negative correlation; r = −0.978, P = .0001. ΔVC is lower in
women and rises with increasing age. The linear correlation is much lower, and the slope is in the opposite direction; r = 0.7818, P = .0102. It is clear from the dot plot that ΔVC is stable
in women until they reach their 50s, when there is a sizeable increase. By the age of 65–59 years, ΔVC standard error in women overlaps with that of men.
Reproduced with permission from Murphy WG, Tong E, Murphy C. Why do women have similar erythropoietin levels to men but lower hemoglobin levels? Blood. 2010;116:2861–2.
(Reference [7]).

mass per unit body mass is lower in females. This can be ascribed to
modulation of the vessel diameter — microvascular vasodilation will
raise the red cell content in the vessels through the Fåhraeus effect
[46–49]. The difference in the microvascular blood content between
adult males and females indicates that the Fåhraeus effect is modulated
differently in the sexes, in turn indicting that the mean diameter in the
female microvasculature is higher than in males. Human females have
higher vessel diameters than males, a direct oestrogen effect, consistent
with these observations: while direct observation of relative vasodilation in vivo in females has been limited to the larger vessels, increased
vascular responsiveness of microvascular beds to agonist induced-

vasodilation in females [57–59] indicates increased constitutive vasodilation in the microcirculation.
Androgens are potent agents of vasoconstriction in the renal microvasculature [60–63]. This effect, which is considered to account at least
in part for the sex difference in the incidence of hypertension, would be
expected to reduce red cell delivery to the JGA per unit of red cell mass,
and to lead to an associated relative increase in red cell mass to maintain
the same renal blood ﬂow and Epo levels. Angiotensin II blockade
reduces erythropoietin levels [64], demonstrating that the fall in
haemoglobin levels caused by angiotensin-converting enzyme inhibitors
and angiotensin II receptor blockers [64,65] is effected through renal
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vascular pathways. Since androgens enhance angiotensin II activity in
inducing hypertension [66], this is consistent with a haemoglobinraising effect of testosterone through a direct effect on the renal
microvasculature.
3. Causes: why are mean venous haemoglobin levels set at different
values between males and females?
Since the red cell mass and the venous haemoglobin levels differ
between the sexes, but the microcirculatory haematocrit does not, or
does so to a signiﬁcantly less extent, it is probable that it is the red cell
mass or the venous haemoglobin level that has evolved to different
levels between the sexes. Preserving the microcirculatory haematocrit
at the same level by different mechanisms in the two sexes would
have allowed the red cell mass, and the venous haemoglobin level, to
differ between the sexes while preserving tissue oxygenation. As stated
earlier, the red cell mass is an enormous resource in animals — one third
of the body's cells by number in adult humans, and demands enormous
effort to establish and maintain. Any reserve over and above a critical
baseline level will exact a very high price in biological matériel materiel particularly iron – to make, and in ongoing cardiorespiratory effort to
keep intact and mobile in the circulation. This price must be paid for
by increased ﬁtness. However that may be done, it appears probable
that the critical baseline haemoglobin level, from observations in
humans, is far below the mean level observed in healthy subjects.
From studies in surgical patients refusing blood transfusion, it may lie
around 60 g/L [67]; from studies in chronically iron deﬁcient children,
it may even be considerably lower than that [68]. The excess red cells
over the critical minimum that circulate in the large vessels (and slowly
through in the spleen in some species) and that constitute half or more
of the venous haemoglobin level probably provide a storage function for
the reserve red cell mass for use when the need arises for increased
work — ﬁght, ﬂight, food and reproduction. They may also act as reserves for heat exchange and iron storage. It is likely that the return in
ﬁtness from this reserve differs between the sexes, and therefore that
the optimal size for maximal cost beneﬁt also differs.
More basically perhaps, it is not clear why the prevailing
haemoglobin level is set at the level it is in either sex. There is always
going to be a trade-off between effort expended, and risk incurred,
against beneﬁt accrued, and it appears that this trade-off has balanced
out at a lower level of haemoglobin in females. However there is nothing beyond conjecture to inform why that might be the case. Mammals have mean haemoglobin levels of 147 g/L (s.d. 20 g/L; range
101–221 g/L); birds have mean haemoglobin levels of 153 g/L
(s.d. 18 g/L; range 103–193 g/L) and reptiles have mean haemoglobin
levels of 85 g/L (s.d. 19 g/L; range 51–120 g/L) [18,69]. Adult mammal
species without exception enucleate their mature red cells, while
birds and reptiles (with the exception of some species of salamander
that enucleate as much as 80% of circulating red cells [70]) do not. The
microvascular dynamics and Fåhraeus effects can be expected to work
differently for nucleated cells. (No one knows why red cell enucleation
conveyed advantage — it does not on its own increase performance ability or thermoregulation. Perhaps it no longer conveys any persistent advantage outside the ecology in which it evolved, at the point of
emergence of modern mammals.) The similarity in means and ranges
of haemoglobin levels among birds and mammals suggests that this
physiological equilibrium has emerged more than once by natural selection, and that it is of considerable importance and value.
There is a clear association between higher haemoglobin levels and
thrombotic risk both within and above the normal range [71–75]. In
addition to the epidemiological evidence, it seems very probable that
increasing haemoglobin to supra-physiological levels by pharmacological means raises performance in male and female athletes, and is associated with an increased risk of thrombosis [76], at least in men. It is
plausible that gains in performance above current mean physiological
levels in men are associated with increased thrombosis risk, but that
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can hardly account for the current setting for mean levels across the
animal kingdom, since if higher levels give signiﬁcant advantage in
the business of food and sex, selection pressure could have decreased
the risk of thrombosis by some means in the timescale that it has had
to do it. It may be more plausible that the competitive advantage was
outstripped by the maintenance costs of a high red cell mass at the
prevailing physiological level.
So if we can only guess why the levels are where they are in the ﬁrst
place, then why females set their levels at a value that is different than
that evolved in males can also only be guessed at. Understanding how
the effect is achieved may shed light on the reasons for the difference,
and perhaps on the reasons for the base physiological level. It may
also reveal useful pointers to interactions between haemoglobin levels
and disease. Since the difference is driven separately by oestrogen and
androgen it is reasonable to conclude that there is some advantage in
the lower haemoglobin levels in females. What this may be is impossible to know — however its persistence from reptiles to birds and
mammals (or its separate appearance in different lineages) implies
that it has to do with fundamental properties of adult femaleness: the
successful execution of the female side of reproduction. Within that
scope might be included, for example, the husbanding of resources, including iron, for the prenatal or post-natal nourishing of young. Diverting
some of the resource required for red cell mass to their young is a plausible reason for scaling back its demands and costs in females. During
pregnancy Epo production and venous haemoglobin levels uncouple in
response to very high circulating oestrogen levels suppressing the erythropoietic response to falling blood haemoglobin levels. This has the effect
of diverting iron to the developing foetus even though the red cell mass
increases [77]. Direct suppression by 17β-estradiol of Epo gene expression in response to hypoxia [78] may contribute to the effect of oestrogen
at the JGA. This implies that there is an increased tolerance of tissue
hypoxia in pregnancy that contributes to the attenuation of the increase
in the red cell mass. While this is possible – it is similar to some of the
adaptations of Tibetans to chronic hypoxia, though not of Andeans
[31] – oestrogen-induced vasodilation in contrast results in lowering
of the Epo response to a relative decline in red cell mass without a
signiﬁcant fall in tissue oxygen delivery. Instead the biological reserve
of circulating red cells is reduced.
4. Consequences
Mechanisms that evolved to maximise survival and reproductive
ﬁtness hundreds of millions of years ago are not necessarily best ﬁtted
for longevity beyond parenting in modern humans. Hypertension and
other causes of vascular degenerative diseases are major determinants
of lifespan as humans age far beyond their reproductive apotheosis.
Mean haemoglobin levels and red cell mass values, and their difference
between the sexes, evolved at a very ancient stage in mammal phylogeny. The upper level is likely to have been determined by a trade-off between the effort, resources and risk incurred in maintaining a huge red
cell mass, and the performance and reproductive advantages gained
from it. Maintaining a high red cell mass beyond a necessary minimal
reserve capacity in ageing humans may not serve any useful function
at the individual level. Lowering the haemoglobin level and the red
cell mass will reduce cardiac work. In this regard, the lowering of erythropoietic drive and haemoglobin levels caused by angiotensin II blockade [65,79–81] may be associated with the beneﬁts of these medicines
in heart failure and secondary erythrocytosis [65,82]. The haemoglobin
lowering effects of enalapril and similar drugs have been ascribed to a
direct suppression of erythropoiesis at the bone marrow, but the renal
vasodilation that the therapy produces is a more likely cause since the
anaemia is associated with a lowering of plasma Epo levels [79,82].
Whether prophylactic reduction of red cell mass in older humans will
improve cardiovascular risk, and whether that would apply in both
men and women remains to be seen. Women live longer, and have
a lower risk of cardiovascular disease at every age; whether the
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lower cardiovascular workload associated with the lower
haemoglobin level contributes to that cannot be determined or
ruled out, though recent evidence that higher haemoglobin levels
in young men are associated with increased long term risk of stroke
[73] may be of interest. Prophylactic pharmacological phlebotomy
using doses of angiotensin II blockade that induce renal vasodilation
but do not reduce arterial blood pressure – essentially reproducing
the premenopausal female state of affairs at the JGA – may be worth serious consideration, and may add to the therapies widely used to reduce
cardiovascular risk.
The ability of transfused red blood cells to participate in and
maintain the Fåhraeus effects in the microvasculature has never been
deliberately assessed. It is probably essential that the cells retain their
plasticity and elasticity to ﬂow through microvascular networks in a
physiological manner, so that it is unlikely that red cell stored beyond
a couple of weeks after collection will be unaffected. Red cells stored
for transfusion lose their plasticity as ADP and 2,3 DPG levels decline
after the ﬁrst week of storage [83,84]. Whether this contributes to, or
causes, the putative adverse effects associated with transfusion of
older blood [85,86] will be difﬁcult to explore. However, manufacturers
of red cell storage systems, and especially those attempting industrial
scale, pharmaceutical grade ex vivo culture of red cells [87,88] may
need to ensure that their products recapitulate the microvascular ﬂow
functions of the native system, if they are to avoid the fate of the
haemoglobin solutions [89,90].
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